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ABSTRACT 
 
Protein-protein interactions play a key role in biological processes. With experimental 

data showing an increasing number of protein-protein interactions being important in 

tumorigenesis and progression, structure-guided design of small molecules as 

potential inhibitors of such interactions offer attractive and exciting opportunities for 

therapeutic intervention. In this work, structural investigations were focused on two 

key proteins involved in cancer: the tetraspanin CD151 and the ubiquitin ligase SIAH, 

which are validated targets in prostate and breast cancers, respectively. In both cases, 

the proteins utilise protein-protein interactions for signalling. 

The tetraspanin CD151 has been associated with the regulation of cancer invasion and 

metastasis by initiating signalling events across the cell surface. Higher levels of 

CD151 are associated with poor prognosis in lung and prostate cancer, and 

overexpression of CD151 promotes metastasis in colon carcinoma and fibrosarcoma 

cells. In this study, CD151 EC2 (extracellular domain 2) has been successfully 

expressed and purified to facilitate structural and functional studies by X-ray 

crystallography and nuclear magnetic resonance. 

The SIAH (seven-in-absentia homologue) family of proteins functions as ubiquitin 

ligases for specific intracellular targets. SIAH proteins have been implicated in the 

ubiquitination and degradation of a range of proteins, including the PHD (prolyl-

hydroxylase) family of proteins, β-catenin and netrin receptor. Under hypoxia, SIAH 

proteins are up-regulated and target PHD for degradation, leading to an increased 

expression of HIF-1α, the major transcription factor controlling hypoxic and 

angiogenic responses. We are collaborating with other laboratories to discover small 

molecule inhibitors of SIAH signalling that might be developed into anti-cancer 

drugs. The crystal structures of the substrate-binding domain of SIAH, in apo and 

peptide-bound states, have been previously determined to moderate resolution. In this 

work, a high-resolution structure was achieved, enabling a fragment-based approach 

for the discovery of SIAH inhibitors. In addition, the improved structure is very 

valuable for guiding development of small molecules through high-throughput 

screening approaches. 
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UNITS OF MEASUREMENTS 
 
 
Å: Angstrom (1 Å = 1.0 x 10-10 metres) 
C: temperature in Celsius unit 
Da: Dalton 
g: gram 
g: centrifugal force 
K: temperature in Kelvin unit  
KD: dissociation constant 
kDa: kiloDalton 
L: litre 
M: molar (mole/litre) 
mg: milligram 
min: minute 
mL: millilitre 
mm: millimetre 
mM: millimolar 
nm: nanometre 
nM: nanomolar 
RU: Response unit 
s: second  
V: volt 
v/v: volume/volume 
w/v: weight/volume 
w/w: weight/weight 
µL: microlitre 
µM: micromolar 
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ABBREVIATIONS 
 
aa: Amino acid 
ADCC: Antibody-dependent cell-mediated cytotoxicity 
ANS: Amino naphthalene sulphonic acid  
AUC: Analytical ultracentrifugation 
BAK: A member of the pro-apoptotic protein family 
BCL: B-cell lymphoma 
BIR: Baculovirus inhibitors-of-apoptosis protein repeat 
BIS-TRIS: Bis(2-hydroxyethyl)-amino-tris(hydroxymethyl)-methane 
BLAST: Basic Alignment Search Tool 
BME: β-mercaptoethanol (2-mercaptoethanol) 
BPH: Benign prostatic hypertrophy 
BSA: Bovine serum albumin  
CAMs: Cell adhesion molecules  
CD: Circular dichroism  
CDC: Complement-dependent cytotoxicity 
CLogP: Calculated Log P 
DCIS: Ductal carcinoma in situ  
DELFIA: Dissociation-enhanced lanthanide fluorescent immunoassay 
DLS: Dynamic light scattering  
DMSO: polyethylene glycol dimethyl sulphoxide 
DPI: Diffraction-component precision index 
DTT: 1,4-dithio-L-threitol 
E1: Ubiquitin-activating enzyme  
E2: Ubiquitin-conjugating enzyme or carrier protein 
E3: Ubiquitin ligase-protein complex 
Ebi: A genetic pathway modifier of Tramtrack degradation 
EC: Endothelial cell  
EC2: Extracellular domain 2 
ECM: Extracellular matrix 
EDTA: Ethylenediaminetetraacetic acid 
EGFR: Epidermal growth factor receptor  
ELISA: Enzyme-linked immunosorbent assay 
EPCAM: Epithelia cell adhesion molecule 
ERK: Extracellular-signal-regulated kinase 
Fab: Fragment of antibody containing only one epitope binding site (after papain 
cleavage) 
FAK: Focal adhesion kinase  
Fc: Fragment crystallisable region of an antibody 
FIH: Factor inhibiting HIF-1 
FT: Flow through 
GPCR: G-protein-coupled receptor 
Grb2: Growth-factor-receptor-bound protein 2 
GST: Glutathione S-transferase 
HECT: Homologous to E6-associated protein C terminus  
HEK: Human embryonic kidney  
HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid 
HER2/neu: Human epidermal growth factor receptor 2  



 14 

HGF: Hepatocyte growth factor  
HIF: Hypoxia-inducible factor 
His: Protein purification tag containing six histidines 
HMM: Profile Hidden Markov Model 
hSIAH: human seven-in-absentia homologue 
HSQC: Heteronuclear single quantum coherence  
HTS: High-throughput screening 
I-domain: Inserted domain 
IAP: Inhibitors-of-apoptosis protein 
ICAM1: Intercellular adhesion molecule-1 
ICR: Institute of Cancer Research  
IgG: Immunoglobulin G  
IL-4: Interleukin-4  
IPTG: Isopropyl-γ-D-thiogalactoside 
IRAP: Insulin-regulated aminopeptidase 
ITC: Isothermal calorimetry  
LB: Luria-Bertani broth 
lbl: Late bloomer  
LEL (EC2): Large extracellular loop 
LFA-1: Lymphocyte function-associated antigen-1 
mAb: Monoclonal antibody 
MAPK: Mitogen-activated protein kinase 
MBP: Maltose-binding protein 
MDM2: Murine double-minute 2 
MEN: Menadione  
MES: 2-(N-morpholino)ethanesulphonic acid 
MMFF: Merck Molecular Force Field 
MPD: 2-methyl-2,4-pentanediol 
mSIAH: mouse seven-in-absentia homologue 
MST: Microscale thermophoresis 
MW: Molecular-weight marker 
NCS: Non-crystallographic symmetry 
NE: Neuroendocrine 
NF-κB: Nuclear factor kappa-light-chain-enhancer of activated B cells  
NMR: Nuclear magnetic resonance 
NSE: Neuron-specific enolase 
OD: Optical density 
pAPC: Adenomatous polyposis coli 
Parkin: A protein that forms part of the E3 ubiquitin protein-ligase complex 
PBS: Phosphate buffered saline 
PCa: Prostate adenocarcinoma 
PDB: Protein Data Bank (www.rcsb.org) (Nakayama et al, 2006) 
PHD: Prolyl-hydroxylases 
PHYL: Phyllopod 
PINK1: Parkinson’s disease associated genes 
PKC: Protein kinase C 
PTP: Protein tyrosine phosphatase 
qHTS: Quantitative high-throughput screening  
RBR: RING-between-RING 
RDC: Residual dipolar coupling. 
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RING: Really interesting new gene 
rmsd: Root mean square deviation 
rpm: Revolutions per minute 
RTK: Receptor tyrosine kinase  
SAG: Sensitive to apoptosis gene.  
SAR: Structure–activity relationships  
SBD: Substrate-binding domain 
SCF: SKP1-Cullin 1-F-box protein  
SCLC: Small-cell lung cancer 
SDS-PAGE: Sodium dodecyl sulphate polyacrylamide gel electrophoresis  
SEL (EC1): Small extracellular loop 
Sf: Spodoptera frugiperda 
shRNA: Short hairpin RNA 
SIAH: Seven-in-absentia homologue 
SINA: Seven-in-absentia (Drosophila) 
SIP: SIAH-interacting protein 
siRNA: Short interfering RNA 
SPR: Surface plasmon resonance  
STD: Saturation-transfer difference 
TB: Terrific broth 
TEM: Tetraspanin-enriched microdomain 
TFE: 2,2,2-trifluoroethanol 
TFIIIA: Transcription factor IIIA  
TGF: Transforming growth factor  
TNF: Tumour necrosis factor 
TLS: Translation libration screw-motion  
TRAF: Tumour necrosis factor-receptor associated factor 
TRAMP: Transgenic adenocarcinoma of the mouse prostate 
Tramtrack: A transcriptional repressor 
Tris-HCl: Tris(hydroxymethyl)aminomethane  
TTK: Tramtrack 
UbcD1: A class I ubiquitin-conjugating E2 enzyme 
Uniprot: Universal Protein Resource 
UPK: Uroplakin 
VCAM: Vascular cell adhesion molecule 
VDW: Van der Waals 
VEGF: Vascular endothelial growth factor  
XIAP: A member of the inhibitors-of-apoptosis protein family 
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CHAPTER 1 | LITERATURE REVIEW 
 

1.1  Protein-protein interactions 
 

The intricate work of a living cell is performed largely by proteins functioning 

individually or in concert with partners. Protein-protein interactions play a pivotal role 

in most biological processes; from viral self-assembly to intercellular communication 

and programmed cell death (Hipfner et al, 2004; Jordan et al, 2000; Pellegrini et al, 

2004). With the availability of complete genome sequences, it has been estimated that 

the number of interacting proteins in Escherichia coli may be 6,800 or more, while 

that in Saccharomyces cerevisiae may exceed 45,000 (Marcotte et al, 1999). In 

humans, more than 300,000 potential interaction pairs encoded have been identified 

so far.  

 

Given the ubiquitous nature of protein-protein interactions, and the knowledge that 

inappropriate protein-protein binding can lead to disease, it should not be surprising 

that such interactions have attracted the attention of scientists who are interested in 

producing modulators (both antagonists and inhibitors) for use as biochemical tools or 

therapeutic agents, particularly in the area of cancer therapeutics. As a compound 

class, therapeutic antibodies have some excellent properties, such as being highly 

specific for their molecular targets as well as being relatively stable in human serum 

(Stockwin et al, 2003a). However, antibodies are non-cell permeable, and antagonism 

of intracellular protein-protein systems has so far been limited to antisense therapies, 

which block the expression of the targeted protein (Stockwin et al, 2003b). While 

there has been much progress in the discovery of small, organic molecules that inhibit 

protein-protein interactions, particularly in the field of cancer, there remain many 

challenges in developing such small-molecule antagonists. 

 

When considering small molecules as potential pharmaceutical agents, the ultimate 

goal is in vivo efficacy. Unfortunately, developing such molecules is a long and 

laborious process with many obstacles along the way. These include the general lack 

of small-molecule starting points for drug design, the typical flatness of protein-

protein interfaces, the difficulty of distinguishing real from artifactual binding, as well 
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as the size and character of typical small-molecules libraries. Ideally, potential 

inhibitors of protein-protein interactions not only have high potency, but also low 

toxicity, few side effects and good bioavailability, preferably orally. Efforts have been 

made to analyse databases of existing drugs in order to define those properties that 

make a molecule ‘drug-like’ (Bemis et al, 1996; Teague et al, 1999). In 2001, the 

“Lipinski rule of 5” was devised to describe orally active drugs (Lipinski et al, 2001). 

The rule predicts that poor absorption or permeation is more likely when there are 

more than five H-bond donors; more than ten H-bond acceptors, the molecular weight 

is greater than 500 Da; the calculated Log P (CLogP), which is the criterion used in 

medicinal chemistry to assess the ‘drug-likeness’ of a given molecule’, is greater than 

five, and there are more than five rotatable bonds. Realistically, though, many drugs 

that reached the clinic have deviated from one or two rules (Wenlock et al, 2003). In a 

new screening technology using low molecular weight molecules (< 350 Da) called 

fragments, also referred to as needles (Boehm et al, 2000), seeds (Liebeschuetz et al, 

2002) and shapes (Fejzo et al, 1999), a “rule of 3” was developed to define the 

desirable properties of such libraries (Congreve et al, 2003). The different parameters 

of Lipinski rule of five and rule of three are summarised in Table 1.1. 

 

Historically, many efforts to discover low-molecular weight drug leads have focused 

on inhibiting enzymes implicated in a particular disease state or on modifying known, 

bioactive small molecules. There are some advantages to these choices; knowing even 

one substrate of an enzyme or the structure of a small molecule ligand provides 

information about what other molecules might bind to the target protein, hence 

facilitating further drug design. Protein contact regions can be identified by 

mutagenesis experiments or structural studies, which in turn can potentially elucidate 

contact regions or specific residues most critical to binding. Another approach to 

initial small molecule inhibitors to disrupt protein-protein interfaces has been to map 

the epitope of one of the proteins onto a small peptide or peptidomimetic. This 

approach has been successful for small, continuous peptide epitopes such as for 

integrins GPIIbIIIa, ανβ3 and α4β1 (Gibson et al, 2001; Mousa, 2002; Sulyok et al, 

2001). Occasionally, random screening identifies compounds that bind and potentially 

even recruit protein-protein interactions. For example, the vinca alkaloids were 

discovered as cytotoxic compounds, and were later found to promote polymerisation 
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of tubulin (Jordan, 2002). Cyclosporins, a class of drugs commonly used as 

immunosuppressant in organ transplants, also serve as starting points for small-

molecule design as they cause the formation of novel protein-protein complexes 

(Schreiber et al, 1992). However, these are just rare examples. To date, strategies for 

inhibiting protein-protein interactions are still actively being sought and the road to 

drug design and discovery is still paved with many challenges.  

 
Table 1.1 The different parameters of Lipinski rule of 5 and rule of 3. 

 

 

 
 

 

 

1.2  Types of protein-protein interactions 
 
Protein-protein interactions are defined by different interfaces. While it is generally 

assumed that protein-protein interactions occur on large surfaces in globular protein 

complexes, they can also be in the form of interactions between monomers in 

multimeric proteins, interactions in multi-molecular complexes, recognition of 

activation signals (such as phosphorylation, proteolysis and receptor–hormone 

interactions) and antibody–antigen binding events. Notably, many of such interactions 

are transient, not unlike the classic protein-small-molecule interface. Moreover, the 

interactions have varying degree of affinities and specificities. In view of such 

diversities, it is often difficult to generalise the characteristics of the binding sites.  

 

While many protein interfaces lack ‘deep’ or clearly defined pockets, there is a 

tendency of ligand-binding sites being close to or directly associated with the edge of 

the contact site/s between proteins. An analysis of 1,611 protein-protein complexes by 

Nero and co-workers revealed that the ligand-binding site in about half of them 

contained amino acids from both the protein partners (Nero et al, 2014). Among 

these, the binding pocket was situated with 6 Å of the protein-protein interface. Such 

 Lipinski rule of 5 Rule of 3 

Molecular weight <500 <300 

H-bond donors ≤5 ≤3 

H-bond acceptors ≤10 ≤3 

Rotatable bonds ≤5 ≤3 

Calculated LogP ≤5 ≤3 
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information is valuable as a starting point for studies in discovery of modulators of 

protein-protein interactions. 

1.3 Challenges in identifying and targeting protein-protein 
interactions 

 

While protein-protein interactions are attractive targets for therapeutics, they also tend 

to be extremely challenging. The ability to target particular protein-protein 

interactions in vivo will vary depending on both the levels of the proteins present and 

how they are distributed in the organism. In other cases, an interaction may also 

respond over a wide range of effector concentrations (Whitty et al, 1999), requiring 

more complete titration by an inhibitor. The understanding of molecular recognition 

of protein surfaces is also a challenging physical chemistry problem. It is well 

established that in protein-protein interfaces the critical contribution to binding energy 

is typically due to a small number of residues, which have been termed “hot spot 

residues” (Clackson et al, 1995; Dall'Acqua et al, 1996). It is unlikely that every part 

of a protein surface is suited to binding small molecules, and considerable effort has 

been made to identify those potential ligand sites that may be present. These efforts 

include computational searches for surface pockets in protein crystal structures (Liang 

et al, 1998), crystallisation of proteins in multiple organic solvents (Mattos et al, 

1996), and nuclear magnetic resonance (NMR)-based methods for screening libraries 

of small organic compounds (Fejzo et al, 1999; Hajduk et al, 1997a; Hajduk et al, 

1997b; Shuker et al, 1996). These methods have most often succeeded when targeting 

enzymes or proteins with known small-molecule binding sites. This includes the FK-

506 binding protein, a protein-folding chaperone (Shuker et al, 1996).  

 

The shape of a typical protein-protein interface adds to the difficulty of drug 

discovery. Approximately 750–1,500 Å2 of surface area is buried on each side of the 

interface (Lo Conte et al, 1999), and a survey of X-ray crystal structures of protein-

protein complexes do not usually show small, deep cavities that serve as suitable 

small-molecule binding sites (Anderson et al, 2004; Hwang et al, 2005). Moreover, 

for many protein-protein interactions, the apparent complementarity between two 

surfaces involves a significant degree of protein flexibility and adaptivity (DeLano et 

al, 2000; Sundberg et al, 2000). Hence, binding pockets that are well-suited to small 
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molecules may not be visible in crystal structures in the absence of the ligand 

(Teague, 2003; Wang et al, 1999; Xiong et al, 2002).  

 

Another challenge with discovering drug-like small molecules to disrupt protein-

protein interactions is characterising the stoichiometry and site of binding. Shoichet 

and co-workers have described a surprisingly common, non-specific inhibitory 

mechanism that arises when hydrophobic or amphipathic small molecules form large 

aggregates, micelles and liposomes (McGovern et al, 2002; McGovern et al, 2003; 

Seidler et al, 2003). In addition, some compounds act as protein denaturants or 

covalent inhibitors, which might inhibit the function of a number of proteins without 

binding to a discrete site (Carter et al, 2001; Way, 2000; Wiekowski et al, 1997). 

Although artefacts might arise for any protein target, they are particularly difficult to 

exclude when the target is a protein-protein interaction. These systems are usually 

screened in inhibition assays, in which the ratio of compound to protein is usually 

high and thus increasing the likelihood of non-specific effects. Also, while enzyme 

inhibitors can be characterised for competitive versus allosteric binding mechanisms 

using enzyme kinetics, such experiments are difficult to envision for protein-protein 

systems.  In some cases, it can even be difficult to determine which of the two protein 

partners binds to the inhibitor (Woska et al, 1996).  

1.4  Approaches to developing protein-protein modulators 

1.4.1  Scaffold reduction and epitope transfer 
 

A rational way to develop molecules that inhibit protein-protein interactions would be 

to reproduce the essential features of one of the protein partners in a much smaller 

form. A critical hypothesis is that only a subset of protein resides make energetically 

significant contacts in the complex, or that they are needed to stabilise the structure of 

the residues in contact. This approach has been tested by combining structural 

information, mutagenesis data and phage display to effectively reduce the size of the 

protein (Cunningham et al, 1997). An example of this approach is the reduction of the 

59-residue Z-domain from Protein A (Braisted et al, 1996), a three-helix bundle that 

binds to immunoglobulin G subclass I (IgG1) with a dissociation constant of 10 nM. 

Although one of the Z-domain helices makes no direct contact with IgG in the 

complex crystal structure, deletion of this helix abolishes binding. Selection for 
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variants that were capable of binding using phage-display methods identified 12 

mutations of the 33 remaining residues that, when combined, restored much of the 

original affinity for IgG. The stability and affinity of the minimised protein were 

further improved by adding a disulphide bond, resulting in highly structured molecule 

that consistently presented the essential features of the original domain (Starovasnik 

et al, 1997). 

 

A designed mimic of interleukin-4 (IL-4) illustrates again the principle of protein 

minimisation (Domingues et al, 1999). IL-4 is a four-helix bundle cytokine, one face 

of which displays the major binding contacts for the receptor IL-4Rα, primarily 

segregated within two of the four helices. Based on the superposition of the structures 

of IL-4 and the GCN4 coiled coil (a eukaryotic transcriptional activator protein with a 

two-helix structure (O'Shea et al, 1991), eight residues from IL-4 were transferred 

onto the surface of GCN4. The resulting mimic was found to bind weakly to IL-4Rα. 

Thermal denaturation studies indicated that the GCN4 mimic was partially unfolded. 

Stability and affinity could be improved 3-5 fold by addition of a disulphide bond to 

cross-link the dimeric coiled coil (Domingues et al, 1999). 

1.4.2  High-throughput screening 
 

High-throughput screening (HTS) is an approach to drug discovery that has gained 

widespread popularity over the past couple of decades. HTS is commonly defined as 

automatic testing of potential drug candidates at a rate in excess of 20,000 compounds 

per week (Thiericke, 2000). The aim of HTS discovery is to test large compound 

collections for potentially active compounds. The fundamental requirements for HTS 

are the availability of chemical libraries for testing and the capacity to test them in a 

rapid manner. Pharmaceutical companies have developed large collections of 

chemical compounds. Due to the need to process thousands of assays per day, HTS 

has employed the use of multiple-well microplates and robotic processing. For a 

number of years, HTS assays were run in the standard 96-well microplate with 

working volume of up to 250 µL. More recently, Industry has moved to higher-

density, lower-volume formats, with 384- and 1536-well microplates. The advantages 

of these formats include increased throughput and lower volume, which translates into 

lower cost. 
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First-pass HTS assays, also known as primary screens, are less quantitative than 

traditional biological assays. Often, compounds are only tested in duplicate and 

usually at one concentration (most often in the 1–10 µM range for combinatorial 

chemistry libraries). If a hit is discovered, more accurate secondary assays are used 

for follow-up and quantification. HTS assays fall into three general types: isolated 

molecular target assays, cell-free multi-component assays, and cell- or organism- 

based assays (Inglese et al, 2007). Assays on purified enzymes such as proteases or 

kinases, and assays on activities associated with cell extracts, membranes or 

reconstituted signalling cascades, are representative examples of the first two assay 

types. Cellular assays can be subdivided into 'reporter gene'–type assays and 

phenotypic assays that measure outputs, resulting from intact cellular processes. 

Recently, novel classes of drugs with anti-tumour activity against thyroid cancer cells 

were discovered by quantitative HTS (qHTS), where varying concentrations of 

compounds were used (Zhang et al, 2012). Multiple agents, across a variety of 

therapeutic categories and with different modes of action, were found to have an anti-

proliferative effect; 16 agents had an efficacy of greater than 60% and a 50% 

inhibitory concentration (IC50) in the nanomolar range. 

1.4.3  Structure-based design 
 

The three-dimensional structure of the target protein, obtained by techniques such as 

X-ray crystallography or NMR spectroscopy, has been employed as a guide for de 

novo design of inhibitors to disrupt protein-protein interactions. It has been reported 

that structure-based drug design has significantly improved the chances of producing 

potent inhibitors (Hajduk et al, 2007). One strategy that has proven useful is the 

selection of a scaffolding template upon which small molecule compounds can be 

designed to occupy the same relative regions of space as key side-chains of a known 

ligand (where the ligand is itself a peptide or protein) (Hajduk et al, 2007). These 

compounds may then be optimised through multiple rounds of synthesis, assay, 

structure and design. A main advantage of the structure-based approach is that 

synthetic considerations can be built into the ligand design, facilitating access to 

compounds that can be easily assembled to test the binding models.  



 23 

1.4.4  Peptidomimetics 
 

Although proteins may be reduced substantially in size but still mimic the function of 

the parent protein in a protein-protein interaction, “mini” proteins are still 

considerable larger than typical small molecule drugs and are generally not useful for 

targets inside cells. Thus it would be advantageous, in many instances, to bypass 

protein minimisation and go directly to a much smaller peptide or peptidomimetic. 

Peptides themselves have significant disadvantages. For example, they may be 

susceptible to proteolysis rendering them less stable and display low bioavailability 

due to their poor absorption caused by their relatively higher molecular weight. They 

might also lack target specificity because of their flexible nature. Peptidomimetics can 

be designed to overcome many of these issues. For example, disulphide bond 

constraints of protein surface loops have been reported to improve the success of 

peptide mimics.  

 

As an example of this approach the interactions between integrins and cell adhesion 

molecules (CAMs) have been blocked using short peptides and by non-peptide 

mimics of them (Fairbrother et al, 1994). The crystal structure of a two-domain 

fragment of vascular CAM (VCAM) was used to design eight residue cyclic peptide 

inhibitors intended to mimic the conformation of the integrin-binding loop. NMR 

structures of two peptides were consistent with this design. Subsequently, 

substitutions were made in the cyclic peptide to match mutations that had been 

examined previously in the protein. The changes in peptide IC50 values correlated 

with those observed for VCAM mutants, suggesting that the peptides and VCAM 

bind in the same way. Importantly, substitutions that increased inhibitory potency in 

the peptide suggested new VCAM mutations that improved its affinity for the integrin 

α4β1 (Quan et al, 1998).  

1.4.5  Virtual screening 
 

Virtual screening to identify small molecule inhibitors has been made possible by 

rapid developments in computing power and the increasing incorporation of 

computational methods into chemistry and biology. Potential ligands are 

computationally docked into putative binding pockets of target proteins and scored for 
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complementarity of shape, charge and hydrophobicity. The highest scoring 

compounds are purchased and tested in a biological assay The hit rates for virtual 

screening can, in favourable circumstances, approach ~30% compared with HTS 

methods which have typical hit rates of ~ 0.1%. One example of such an approach is 

the structure-based computational development of initial hits from a homology model 

of insulin-regulated aminopeptidase, a protein that when inhibited improves memory 

and so inhibitors maybe useful as a treatment for Alzheimer’s disease. A library of 

more than 1.5 million commercially available compounds were screened 

computationally against the active site. The top one hundred compounds were 

purchased and assessed for their ability to inhibit aminopeptidase activity against a 

fluorogenic substrate. Subsequent rounds of medicinal chemistry resulted in the 

production of inhibitors with nanomolar affinities (Albiston et al, 2008). Another 

example of ligand identification via virtual screening is the discovery of inhibitors of 

BCL-2 overexpression (Wang et al, 2000), whereby a homology model for BCL-2 

derived from the structure of BCL-xL (achieved through X-ray crystallography and 

NMR (Muchmore et al, 1996)) was used to screen for compounds in silico. Of the 28 

compounds with diverse scaffold and possible drug-like properties that were tested 

biologically, one compound, HA14-1, was eventually identified and shown to bind 

BCL-2 in vitro by competitive fluorescence polarisation assay. 

1.4.6  Fragment-based lead discovery 
 

Fragment-based lead discovery has been proposed as a method for probing a large 

chemical space with the aim to synthesise a minimal number of compounds (Boehm 

et al, 2000; Hajduk et al, 1997b). Typically, fragments are organic compounds that 

are less than 350 Da in molecular mass and are screened for binding to a protein 

target. Due to their small size, however, fragments are generally weak binders. Hence, 

active fragments are often linked or optimised to generate a small set of drug-sized 

molecules that are further screened to improve function (Figure 1.1).  

 

There are several advantages of using a fragment-based approach. Smaller screening 

libraries can cover a larger and more diverse range of chemical space. The estimated 

1063 of small drug-like compounds (Bohacek et al, 1996) makes it impossible to 

assemble HTS libraries that cover more than a very tiny portion of the chemical 
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space. On the other hand, smaller fragment libraries can explore the same chemical 

space as a larger library of drug-like molecules. The successful hits identified are 

likely to have a higher ligand efficiency (the measurement of the binding energy per 

atom of a ligand to its binding partner) compared to those obtained by other methods 

(Hopkins et al, 2004).  

 

 
Figure 1.1 Schematic representation of fragment-based lead discovery.  
High-resolution protein structures solved by X-ray crystallography or NMR spectroscopy are used to 
screen for low-affinity fragments (shown in blue and green). Information on the structure-activity 
relationships (SAR) from the screen can be used to rationally link fragments that bind in different parts 
of the target binding site to give larger, high-affinity ligands (shown in red). 

1.5  Validation of the mechanism of protein-protein inhibitors 
 

Whenever new compounds, or ‘hits’, have been identified, they must be validated in 

order to assess if they should be pursued. A high degree of validation is recommended 

for inhibitors of protein–protein interactions, because the targets are typically new to 

small-molecule discovery, and the initial compounds are often hydrophobic and have 

weak activities. Usually, compounds are first identified as hits when they show 

activity in a functional screen. By varying the conditions of the functional assays, two 

common mechanisms of non-specific activity can be potentially revealed: aggregation 

and irreversible binding (Carter et al, 2001; McGovern et al, 2002; Wiekowski et al, 

1997). Aggregators often show low specificity and extreme sensitivity to the presence 

of blocking proteins or detergents (McGovern et al, 2002). Such compounds can also 

be very sensitive to the concentration of the target protein in the assay. These 

screening results provide ‘red flags’ for ill-behaving compounds, but do not 

necessarily demonstrate that compounds are behaving in a drug-like fashion. 

 

Qualitative biophysical assays can be used in a screening mode to directly identify 

high-stoichiometry binding and unusual binding kinetics. A caveat of these methods is 



 26 

that they must detect fast binding kinetics (Hajduk et al, 1997b; Jahnke et al, 2003; 

Lepre et al, 2002; Mayer et al, 2001). In recent years, a number of NMR methods, in 

particular saturation-transfer difference (STD) NMR, have been developed for 

qualitative measurement of the binding of small molecules to proteins. Analytical 

ultracentrifugation (AUC), commonly used to measure self-association of 

biomolecules in solution (Lebowitz et al, 2002), is also being use to validate 

inhibitors, as it provides a positive signal for the compound whether or not it is bound 

(Arkin et al, 2001; Boehm et al, 2000; Niederhauser et al, 2000; Philo, 2000). 

Centrifuges used for AUC are equipped with an absorbance detector that measures the 

ultraviolet-visible spectrum of a sample placed in a specially designed rotor. Protein 

samples are centrifuged for several hours at 3,000 to 50,000 g until equilibrium is 

reached. From the shape of the protein sedimentation curve at equilibrium, the 

molecular weight of the protein species can then be determined. In the case of small 

molecules, they typically do not sediment when subjected to the same rotor speed as 

they have much lower molecular mass. However, if a small molecule is interacting 

with the protein, the small molecule will sediment with an apparent molecular weight 

equal to that of the target protein. AUC also detects changes in the aggregation state 

of the compound and/or protein and can allow determination of the stoichiometry or 

KD.  

 

Surface plasmon resonance (SPR) (Day et al, 2003; Rich et al, 2001) and 

fluorescence (Lleres et al, 2007) are two other common methods for studying drug–

protein interactions qualitatively and quantitatively. If the drug target is an enzyme, 

then kinetic measurements can also address issues of aggregation and reversibility. In 

general, a compound series is reasonably well validated when assay-dependent 

artefacts, aggregation and irreversible binding are ruled out. It can be valuable to 

measure the stoichiometry of the protein–ligand interaction and to demonstrate that 

the observed inhibition is related to the binding interaction by relating the IC50 to the 

KD. A number of biophysical methods are available for addressing these issues, and 

the most appropriate approach depends on the availability of instrumentation, the 

expected affinity of the interaction and the solubility and availability of the reagents. 

An example of these methods is isothermal calorimetry (ITC), which provides 

valuable data, including the KD, the enthalpy and entropy of the interaction and the 

binding stoichiometry (Leavitt et al, 2001). A method known as bimolecular 
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fluorescence complementation to study protein-protein or protein-ligand interactions 

has been reported (Kerppola, 2006). It is based on the association of fluorescent 

protein fragments interacting with the components within the same macromolecular 

complex. Proteins that are postulated to interact will bring the fluorescent fragments 

within proximity, allowing the reporter protein to reform in its native three-

dimensional conformation and emit a fluorescent signal. 

 

Finally, the most detailed level of characterisation obtained for a protein–ligand 

interaction and the binding site is by structural studies. X-ray crystallography and 

NMR are two of the most widely used techniques for protein structure determination. 

Advances in NMR sensitivity (Hajduk et al, 1999) and X-ray crystallography 

throughput (Blundell et al, 2002) have made these approaches valuable even in the 

early stages of a drug discovery study. In addition to validating the utility of a small-

molecule hit, binding site characterisation can have a major impact on compound 

optimisation. In this thesis, both NMR and X-ray crystallography were employed in 

the structural studies and compound discovery of the two target proteins, tetraspanin 

CD151 and E3 ubiquitin ligase SIAH. 

1.6  Inhibitors of protein-protein interactions in cancer 

1.6.1  The BCL2 family 
 

The B-cell lymphoma (BCL) family of proteins is composed of more than 20 

members (Reed, 1998; Reed, 2002). Among them, BCL-2 and BCL-XL are anti-

apoptotic proteins whose function is regulated by the binding of anti-apoptotic factors 

such as BCL-X1 and BCL-2 or pro-apoptotic factors such as BAK (Burlacu, 2003; 

Gross et al, 1999; Huang, 2002). BAK is a member of the pro-apoptotic proteins 

known as ‘BH3 only’ proteins because they share homology with the BCL proteins 

only in the third homology domain (Huang et al, 2000). The binding of BCL-XLto the 

16-residue BH3 domain from BAK has been characterised by NMR spectroscopy 

(Figures 1.2a, b & d) (Sattler et al, 1997). The NMR structure indicates that the 

BAK-derived peptide forms an α-helix and binds in a hydrophobic groove formed by 

the seven α-helices of BCL-XL. It has been suggested that small molecules could bind 

in this hydrophobic groove and inhibit BCL function, and that this site seems to bind 
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amino naphthalene sulphonic acid (ANS) (Kim et al, 2001), a hydrophobic dye used 

to detect exposed hydrophobic areas and partially denatured proteins.  

 

Several laboratories have reported identification of 100 nM - 10 µM small-molecule 

ligands for BCL-2 and/or BCL-XL through NMR (Degterv et al., 2001, Enyedy et al., 

2001; Jahnke et l., 2003), SPR (Kim et al., 2001), immunoblot analysis (Tzung et al., 

2001), fluorescence polarization assay (Wang, et al 2000; Kutzki et al., 2002). In each 

case, compounds were shown to inhibit binding of BAK peptide and to induce 

apoptosis in BCL-expressing cell lines. In particular, an Abbott compound, assigned 

ABT-737, was discovered by high-throughput NMR-based screening of a chemical 

library to identify small molecules that bind to the BH3-binding groove of BCL2L1 

(Fesik, 2005). Fesik and co-workers reported ABT-737 to be active both as a single 

agent or when used in combination with other chemotherapies or radiation, where it 

reduced the EC50 (the half maximal effective concentration - the concentration that 

produces a 50% effect compared with the maximum) of several anti-tumour agents by 

50% or more. As a single agent, it displayed potent cytotoxicity in several lymphomas 

and small-cell lung cancer (SCLC), where it had an EC50 of 0.13 - 0.85 µM when 

used in lymphoma cell lines carrying the t(14:18) chromosomal translocation (Fesik, 

2005). The crystal structure of ABT-737 in complex with BCL-XL at 2.2 Å resolution 

was reported in 2007, showing the binding of ABT-737 to the BH3-binding groove 

(Lee et al, 2007) (Figures 1.2c & d). ABT-737 binds to BCL-XL, BCL-2 and BCL-W 

with high affinity and are currently being used to treat various cancers including 

breast cancer, chronic lymphocytic leukaemia, lymphoma, prostate cancer, SCLC and 

solid tumours. 



 29 

 

Figure 1.2 BCL-XL in complex with BAK derived peptide and ABT-737.  
(a) Cartoon representation of the NMR structure of BCL-XL in complex with the 16-residue BH3 
domain from BAK (PDB: 1BXL). BCL-XL consists of seven α-helices and are highlighted, starting 
from the N-terminal, blue, cyan, green, yellow, dark yellow, orange and red.  The 16-residues of the 
BH3 domain from BAK have been shown as orange sticks. (b) Surface representation of the NMR 
structure of BCL-XL (yellow) binding to the BAK derived peptide of the BH3 domain (orange sticks) 
(PDB: 1BXL). (c) Surface representation of the 2.2 Å crystal structure of BCL-XL (light green) binding 
to the compound ABT-737 (green sticks) (PDB: 2YXJ). d) Structure overlay of BCL-XL-ABT-737 
(yellow) and BCL-XL-BAK (light green loops). BCL-XL from both structures superimposed with a 
high degree of similarity. The crystal structure of BCL-XL-ABT-737 have been solved as a dimer and 
they are highlighted as monomer 1 and 2. Both the 16-residues of the BH3 domain from BAK (orange 
loop) and the compound ABT-737 (coloured spheres) bind to the hydrophobic groove of BCL-XL.   
 

  



 30 

1.6.2  p53 interactions with MDM2 
 

The tumour suppressor protein p53 has been extensively studied in the field of cancer. 

It protects biological tissues from malignant transformation and forms a central part of 

the DNA-damage response. It is estimated that around 50% of all human tumours 

have mutations in the p53 gene, implying that cancer cells sustain viability by 

reducing the biological activity of p53 (Hollstein et al, 1994; Levine, 1997; May et al, 

1999). The activity of p53 is tightly regulated and, conversely, these regulatory 

systems and p53 itself are often deleted in the process of cellular transformation. 

Binding of murine double-minute 2 (MDM2), an E3 ubiquitin ligase, to p53 makes it 

a target for degradation. Overexpression of MDM2 is a common strategy in tumour 

cells for inactivating apoptosis. MDM2 contains a hydrophobic groove that binds to 

an α-helix in the transactivation domain of p53. Three contact points on the p53 helix 

confer most of the binding energy (Kussie et al, 1996), suggesting the tractability of 

this protein–protein interaction for drug targeting. Several reports have validated the 

concept of inhibiting the MDM2–p53 interaction with small molecules (Fischer et al, 

2004; Klein et al, 2004).  

 

To date, the discovery of drug-like inhibitors called Nutlins (Figure 1.3) has 

generated considerable interest in the field of inhibiting protein-protein interactions in 

cancer (Fry et al, 2004; Vassilev et al, 2004). The Nutlins have been shown by NMR 

and X-ray crystallography to bind to MDM2 at the p53-binding site (Fry et al, 2004; 

Vassilev et al, 2004)(Figure 1.4). Consistent with the proposed mechanism of action, 

Nutlins activate apoptosis in cells expressing wild-type p53 (IC50 ~1.5 mM) and show 

10 to 20-fold selectivity for cells with active versus mutated p53. Additional assays 

also support this mechanism; p53 and p53-dependent proteins are stabilised by 

treatment with Nutlins, cells undergo apoptosis, and Nutlin-resistant cells have 

mutations in p53 (Thompson et al, 2004). Most notably, Nutlin-3, when dosed orally, 

inhibits the growth of MDM2-overexpressing tumours in mice, hence validating the 

presence of compounds that act by inhibiting the MDM2–p53 protein complex.  
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Figure 1.3 Schematics of Nutlins.  
The Nutlins (also known as cis-imidazolines) are potent and selective small-molecule inhibitors of the 
p53-MDM2 interaction. Nutlin-2 has also been shown to have the highest affinity to NDM2 (Fry et al, 
2004; Vassilev et al, 2004). 

 

 
Figure 1.4 X-ray crystal structure of the MDM2–Nutlin-2 complex. 
(a) Cartoon representation of the MDM2–Nutlin-2 complex (PDB: 1RV1). The MDM monomer is 
coloured, starting from the N-terminal, blue, cyan, green, yellow, dark yellow, orange and red. The 
Nutlin-2 molecule (magenta) binds to the hydrophobic pocket of MDM2 (underneath the green α-
helix). (b) Surface representation of MDM2. Binding to the hydrophobic pocket is a Nutlin inhibitor 
(Nutlin-2), rendered as sticks (magenta). Note that the hydrophobic groups of Nutlin-2 projecting into 
the binding pocket mimic that of the p53 side-chains (Fry et al, 2004; Vassilev et al, 2004). 

1.6.3  XIAP and Smac interactions  
 

Inhibitors-of-apoptosis proteins (IAPs) are important negative regulators of apoptosis 

(Lewis et al, 2004; Wilkinson et al, 2004), binding to and inactivating caspases 3, 7 

and 9 (Shi, 2004). Caspases, also known as cysteine-dependent aspartate-directed 

proteases, are a family of cysteine proteases that play essential roles in apoptosis, 

necrosis and inflammation (Alnemri et al, 1996). IAPs use one domain, called 

baculovirus IAP repeat (BIR)-3, to bind caspase-9 and a separate domain, including 

BIR2 and an upstream linker region, and in turn bind to caspases 3 and 7. The most 

studied member of the IAP family, XIAP, is up-regulated in many cancers, and has 
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thus been the target of drug discovery. XIAP is thought to play a key role in the 

unchecked proliferation of cancer cells by interfering with the signalling cascade 

leading to cell death (Duckett et al, 1998). In developing prostate cancer, XIAP is one 

of four IAPs overexpressed in the prostatic epithelium, indicating that a molecule that 

inhibits all IAPs may be necessary for effective treatment (Watson et al, 2005). The 

pro-apoptotic protein Smac, a mitochondrial protein that promotes cytochrome c-

dependent caspase activation by eliminating IAP inhibition (Du et al, 2000), binds to 

IAPs and thereby releasing caspases and re-activating apoptosis. Both Smac and 

caspase-9 bind to the BIR3 domain of XIAP using a short, N-terminal segment that 

binds in a shallow groove on XIAP. The peptide derived from Smac also binds to 

XIAP with ~500 nM affinity (Liu et al, 2000). Several research groups have reported 

the discovery of cell-active ligands for XIAP. In three cases, compounds were derived 

from Smac peptides using information from the known Smac–BIR3 structure (Li et 

al, 2004; Oost et al, 2004; Sun et al, 2004). As hypothesised, these compounds 

inhibited the interaction between the BIR3 domain of XIAP and Smac, caspase-9, 

and/or Smac-derived peptides.  

1.6.4  Integrin LFA-1 and CAMs interactions  
 

Lymphocyte function-associated antigen-1 (LFA-1) is a member of the integrin 

family, a well-studied class of cell-surface proteins found primarily on immune cells. 

By binding to other cell-surface molecules known as CAMs, integrins mediate cell-

cell adhesion, extravasation and T-cell activation (Humphries, 2000; Yusuf-

Makagiansar et al, 2002). The integrin/CAM family is unique among protein–protein 

systems in that small molecule inhibitors have been discovered for many members. 

For integrins lacking a 180-amino-acid domain called the ‘inserted domain’ (I-

domain), these inhibitors mimic the CAM-binding epitope and bind to the integrin at 

the receptor’s binding site (Eldred et al, 1999; Gibson et al, 2001; Goodman et al, 

2002; Jackson, 2002; Mousa, 2002; Toogood, 2002). LFA-1 contains an I-domain, 

which serves as the binding site for its ligand, the intercellular adhesion molecule-1 

(ICAM1) (Randi et al, 1994; Shimaoka et al, 2003b). The isolated I-domain of LFA-1 

has been recombinantly expressed and characterised by NMR (Legge et al, 2000) and 

X-ray crystallography (Qu et al, 1995). Although no small molecules have been 

shown to bind to LFA-1 at the ICAM1 binding site, two classes of allosteric inhibitors 
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have been identified using enzyme-linked immunosorbent assay (ELISA)-based assay 

(Woska et al, 2003). In addition, a series of tri-cyclic compounds have been reported 

to inhibit the LFA-1/ICAM1 interaction (Sanfilippo et al, 1995). One class of 

allosteric small-molecule inhibitors binds to the inactive conformation of the I-domain 

in a deep, hydrophobic cleft next to the α7 helix (Kallen et al, 1999; Liu et al, 2001; 

Zhang et al, 2001a). The other class of allosteric inhibitors seems to bind at the 

junction between the I-domain and the I-like domain, blocking the interaction of the 

α7 helix with the I-like domain (Gadek et al, 2002; Shimaoka et al, 2003a; 

Welzenbach et al, 2002). Three distinct series of compounds have also been shown to 

bind in the hydrophobic cleft in the I-domain of LFA-1 (Gadek et al, 2002; Shimaoka 

et al, 2003a).  

 

A high-throughput screen identified lovastatin, a member of the class of cholesterol-

lowering drugs known as statins, as an inhibitor of the LFA-1–ICAM interaction 

(Kallen et al, 1999). The X-ray crystal structure of the lovastatin–I-domain complex 

was solved, verifying the NMR results and providing a detailed description of the 

small-molecule-binding site (Kallen et al, 1999)  (Figure 1.5). A compound 

analogous to BIRT377, an orally bioavailable small molecule that interacts 

specifically with LFA-1, was also crystallised and was shown to bind in the same 

region of the I-domain (Last-Barney et al, 2001). Optimisation of this scaffold and a 

diazapane scaffold resulted in compounds with IC50 values in the 100 nM range 

(Wattanasin et al, 2003; Weitz-Schmidt et al, 2001). A hydantoin series, represented 

by BIRT377, was found through HTS to be a nanomolar inhibitor of LFA-1-ICAM1. 

A third series was initially discovered through HTS and then optimised through 

medicinal chemistry and an NMR-based fragment-discovery approach (Liu et al, 

2001; Pei et al, 2001). All classes of allosteric compounds have so far provided useful 

drug leads for LFA-1, and have furthermore served as probes for understanding the 

allosteric regulation of this important class of adhesion proteins. 
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Figure 1.5 X-ray crystal structure of the human integrin LFA-1-lovastatin complex. 
(a) Cartoon representation of the human integrin LFA-1 binding to lovastatin. A molecule of lovastatin 
is shown here in magenta stick bound to the I-domain, which is the site of interaction of LFA-1 with 
ICAM1 (PDB: 1CQP). The LFA-1 monomer is coloured, starting from the N-terminal, blue, cyan, 
green, yellow, dark yellow, orange and red. (b) Surface representation of the human integrin LFA-1 
with the inhibitor lovastatin (magenta) bound to the I-domain. This was the first three-dimensional 
structure of an integrin inhibitor bound to its receptor (Kallen et al, 1999). 

1.6.5  Inhibition to the hypoxia-inducible factor pathway 
 

Homeostasis under hypoxic conditions is maintained through a coordinated 

transcriptional response mediated by the hypoxia-inducible factor (HIF) pathway and 

requires co-activation by the CBP and p300 transcriptional co-activators. Hypoxia is 

an almost universal hallmark of solid tumours (Vaupel et al, 1998; Zhong et al, 1999). 

Adaptation to hypoxia is critical for tumour survival and growth. It is mediated mostly 

by transcriptional activation of genes that facilitate short-term adaptive mechanisms 

such as increased vascular permeability, vasodilatation, glucose transport, a switch to 

anaerobic metabolism, as well as long-term adaptive mechanisms including 

angiogenesis (Harris, 2002; Huang et al, 2003; Pugh et al, 2003; Semenza, 2002). 

This coordinated homeostatic response is mediated in large part through an activation 

of the heterodimeric transcription factor, HIF-1. Tumour hypoxia and overexpression 

of HIF-1 have been associated with resistance to certain therapies, increased risk of 

invasion and metastasis, and poor outcome in some malignancies (Hockel et al, 

2001). Disrupting the normal interaction of p300/CBP with HIF-1α by retroviral 

overexpression of a blocking polypeptide resulted in diminished hypoxia-inducible 

transcription and decreased tumour growth in xenograft models (Kung et al, 2000). 

Through a target-based high-throughput screen, Kung and co-workers identified the 
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compound chetomin as a disrupter of HIF binding to p300. Chetomin, a 

dithiodiketopiperazine metabolite of the fungus Chaetomium species, has been 

previously characterised as having antimicrobial activity (Brewer et al, 1972; Sekita 

et al, 1981). At a molecular level, chetomin disrupts the structure of the CH1 domain 

of p300 and precludes its interaction with HIF, thereby attenuating hypoxia-inducible 

transcription. Systemic administration of chetomin inhibited hypoxia-inducible 

transcription within tumours and inhibited tumour growth (Kung et al, 2004). While 

further development of chetomin as a therapeutic may be limited by its local toxicity, 

the results demonstrate a therapeutic window for pharmacological attenuation of HIF 

activity and further establish the feasibility of disrupting a signal transduction 

pathway by targeting the function of a transcriptional co-activator with a small 

molecule. 

1.7  Inhibiting protein-protein interactions of cancer target CD151  
 

Despite the difficulties and challenges, there has been much progress in the discovery 

of small, organic molecules that inhibit protein–protein interactions, particularly in the 

field of cancer as described above. These scientific advances suggest that challenges 

in discovering small-molecule inhibitors are becoming less daunting.  

 

Cancer is a multi-step process of cellular transformation leading to unregulated cell 

growth. Hanahan and Weinberg have described the six ‘acquired capabilities’ during 

the multi-step development of human tumours (Hanahan et al, 2000), which include 

sustaining proliferative signalling, evading growth suppressors, resisting cell death, 

enabling replicative immortality, inducing angiogenesis, and activating invasion and 

metastasis. Underlying these hallmarks are genome instability, which generates the 

genetic diversity that expedites their acquisition, and inflammation, which fosters 

multiple hallmark functions (Hanahan et al, 2000). Conceptual progress in the last 

decade has added two emerging hallmarks of potential generality to this list: 

reprogramming of energy metabolism and evading immune destruction (Hanahan et 

al, 2011). The two target proteins in this thesis, tetraspanin CD151 and E3 ubiquitin 

ligase SIAH (seven-in-absentia homologue), act on five of these capabilities. 
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1.7.1  Introduction to tetraspanin CD151 

 
CD151 is one of the few members of the tetraspanin family that has been identified as 

a promoter of metastasis (Claas et al, 1998; Kanetaka et al, 2001; Testa et al, 1999). 

Tetraspanins are evolutionarily conserved, abundantly expressed transmembrane 

proteins of 25-50 kDa that regulate cell morphology, motility, invasion, fusion and 

signalling in the brain, immune system and on tumours (Boucheix et al, 2001a; 

Hemler, 2003; Maecker et al, 1997; Tarrant et al, 2003). The tetraspanins family of 

proteins share similar domain architectures with four transmembrane domains and 

two extracellular loops. The extracellular loops can be further classified as being a 

small extracellular loop (SEL) and a large extracellular loop (LEL). The LEL (also 

referred to as EC2 in this thesis) contains a conserved CCG motif and is stabilised by 

2-3 pairs of disulphide bonds (Charrin et al, 2014). To date, all identified tetraspanins 

contain a palmitoylation site. Palmitoylation allows attachment of fatty acids to 

tetraspanins, which plays an important role for its function and topography in the 

plasma membrane (Halova et al, 2016).  

 

CD151 was originally isolated from the megakaryoblastic cell line MO7e clone (Fitter 

et al, 1995). Although the precise biochemical function of CD151 is still uncertain, it 

is known to be a crucial member in signal transduction (Yauch et al, 1998b; Zhang et 

al, 2001b), cell adhesion (Hasegawa et al, 1998) and cell motility (Kohno et al, 2002; 

Testa et al, 1999; Yauch et al, 1998a).  CD151 is thought to be involved in an early 

step in the formation of secondary metastatic lesions probably through to its ability to 

mediate cell migration (Testa et al, 1999). Several studies have established that 

CD151 is expressed in a range of human cancers, including breast, pancreas and colon 

(Gesierich et al, 2005; Hashida et al, 2003; Romanska et al, 2011). In particular, it has 

been shown by our collaborators that CD151 expression is low in epithelial cells of 

non-malignant (hyperplastic) prostatic epithelial tissue, whilst expression is much 

higher in primary prostate cancer specimens (Ang et al, 2004). CD151 protein 

expression also correlates positively with the Gleason score (Gleason, 1966), a well 

established pathological classification of prostate cancer; that is, as prostate cancer de-

differentiation increases, the expression of CD151 increases. Moreover, there is a 
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significant difference in expression levels amongst well, moderately and poorly 

differentiated prostate cancer patients. 

 

A number of studies have suggested that CD151 is a promising target for drug 

discovery. It has been demonstrated that an increase of cell migration can be inhibited 

by an anti-CD151 antibody (Kohno et al, 2002; Testa et al, 1999). As well, it has been 

proposed that CD151 is likely to play an important role in angiogenesis, as 

demonstrated by impaired pathologic angiogenesis in CD151-null mice (Liu et al, 

2011; Takeda et al, 2007) and inhibition of endothelial cell (EC) migration by CD151 

antibodies (Sincock et al, 1999; Yanez-Mo et al, 1998).  

1.7.2  CD151-integrins interactions 

 
Like other tetraspanins, CD151 binds integrins (Brakebusch et al, 2002). The 

integrins, which serve as linkages between extracellular matrix (ECM) and structural 

elements inside the cell, are also essential for cell adhesion, migration and apoptosis 

(Serru et al, 1999). CD151 interacts directly with integrins α3β1 and α6β1 and it is 

likely that other tetraspanins interact indirectly with integrins through interactions 

with CD151 (Yauch et al, 1998a). Approximately 90% of α3β1 integrin associates 

with CD151 on the cell surface, therefore the interaction between CD151 with α3β1 

integrin has been described as strong and highly stoichiometric (Berditchevski, 2001; 

Yauch et al, 1998a). The binding of integrins to CD151 requires the extracellular 

domain 2 (EC2) of CD151 (Hemler, 2005; Kazarov et al, 2002; Lammerding et al, 

2003; Sincock et al, 1999; Yanez-Mo et al, 1998; Yang et al, 2002; Zhang et al, 

2002). The interactions between CD151 and integrins promote adhesion, cell 

spreading, motility and morphology in human solid tumours (Ang et al, 2010). 

1.7.3  Targeting CD151-integrin interactions 

 
Overexpression of CD151 in human prostate cancer cell lines has been shown to lead 

to an increase of cell invasion (Ang et al, 2010).  In addition, several laboratories have 

demonstrated that cell migration and metastasis can be inhibited by anti-CD151 

antibodies (Kohno et al, 2002; Testa et al, 1999), supporting CD151 as a target for 

therapeutic intervention. In particular, the EC2 of CD151 is an attractive target as this 
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region displays high sequence variability with other tetraspanins and is involved in 

protein-protein interactions with CD151 partners (Charrin et al, 2003a; Claas et al, 

2005).  

 

There may be an advantage in targeting CD151, rather than laminin-binding integrins 

to which it associates, as α3β1 and α6β1 integrins are needed for normal development 

of skin and kidney and other tissues in 129Sv and C57BL6 mice (Feltri et al, 1997; 

Georges-Labouesse et al, 1996; Kreidberg et al, 1996). By contrast, CD151 is not 

needed for normal development in those mouse strains (Takeda et al, 2007; Wright et 

al, 2004). Moreover, in the case of prostate cancer, although most cases are treatable 

upon early detection (Frankel et al, 2003), it can only be done through surgical 

removal of tumours. The discovery of therapeutics against CD151 may remove the 

necessity of surgeries for patients suffering from prostate cancers, and it may also be 

beneficial to the treatment of other form of cancers such as those of lung, colon and 

breast.  

 

Despite the evidence that CD151 and several other tetraspanins have been implicated 

in a number of pathological processes (to be discussed further in later chapters), there 

has not been any major drug discovery targeting tetraspanins to date. A structure of 

CD151 EC2 would be highly beneficial in developing potent inhibitors and thus the 

work described in this thesis will contribute significantly to the potential discovery of 

anti-cancer drugs that inhibit CD151 signalling. 
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1.7.4  Hypotheses for the structural study of CD151 EC2 
 

The structural study of CD151 EC2 and the virtual screening of potential CD151 

inhibitors in this thesis (reported in Chapter 3) were initiated with the following 

hypotheses: 

1. Overexpression of CD151 is a key player in the progression of primary 

prostate cancer; 

2. Compounds that bind to, and potentially antagonise the functional region of 

CD151, may confirm the role of CD151 in tumour metastasis; 

3. Homology model of CD151 EC2 will provide a basis for virtual screening of 

potential CD151 inhibitors; 

4. Three-dimensional crystal or NMR structure of CD151 EC2 will enable 

structure-guided drug design to develop high affinity anti-CD151 compounds 

in a future synthetic chemistry program; 

5. Compounds shown to have inhibitory effects on CD151 can be developed as 

prostate cancer therapeutics; 

6. Inhibition of CD151 overexpression will block tumour adhesion and 

metastasis through the targeting of interactions with integrins. 
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1.8 Inhibiting protein-protein interactions of cancer target E3 
ubiquitin ligase SIAH 

1.8.1  Introduction to SIAH 
 

Protein polyubiquitination functions as a signal for protein degradation by the 26S 

proteasome. Protein ubiquitination typically involves three steps: activation of 

ubiquitin by an E1 enzyme, transfer to a carrier protein (E2), and ligation to the target 

in the presence of a ligase-protein complex (E3). The E2, and more especially the E3 

proteins, confer specificity for targeting ubiquitination (Ciechanover, 1998). 

Drosophila seven-in-absentia (SINA) and mammalian SIAH1 are evolutionarily 

conserved E3 enzymes. SIAH has become an attractive target in discovering protein-

protein inhibitors due to its role in many diseases processes, particularly in cancer 

(Ahmed et al, 2008; Frasor et al, 2005; Qi et al, 2010b; Schmidt et al, 2007).  

 

SIAH consists of an N-terminal really interesting new gene (RING) domain, two zinc-

finger subdomains and a C-terminal substrate-binding domain (SBD) (Polekhina et 

al., 2002). The SBD is mainly responsible for dimer formation. A number of SIAH 

structures without the RING domain have been determined, with the highest 

resolution structure (at the time of study) at 2.2 Å (Santelli et al, 2005) and other 

structures of resolutions of between 2.4 and 3.0 Å (Polekhina et al., 2002; House et 

al., 2006; Stebbins et al., 2013).  Two high-resolution structures of SIAH1, at 1.95 

and 1.58 Å, were also reported (Rimsa et al, 2013). 

E3 ubiquitin ligases recognise a substrate for ubiquitination and determine 

ubiquitination specificity. E3 ubiquitin ligases are more specific enzymes compared 

with ligase E2 and ligase E1, and are therefore potential therapeutic targets (Moretti et 

al, 2013). E3 ubiquitin ligases can be a single peptide, such as MDM2 or XIAP, or 

consist of multiple components such as the anaphase-promoting complex/cyclosome 

or SKP1-Cullin 1-F-box proteins (SCFs) (Bielskienėa et al, 2015). Most of E3 ligases 

contain additional linker proteins and may be divided in two main types: the RING 

type and the homologous to E6-associated protein C terminus (HECT) type. The 

RING E3s contain a subunit or domain with a RING motif, which coordinates a pair 

of zinc ions. In HECT E3s, the ubiquitin is first transferred from the E2 to an active-

site cysteine in the conserved HECT domain of the E3. The thioester-linked ubiquitin 
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is then transferred to substrate. Recently, another group of E3 ligases has been 

proposed. They are RING-between-RINGs (RBRs) or RING/HECT E3s, which 

combine the features of both RING- and HECT-type ligases (Eisenhaber et al, 2007).  

 

The largest family of E3 ubiquitin ligases is the RING type SCF E3 ligases. They are 

conserved among eukaryotic cells and consist of four structural and functional 

components: a substrate-recognizing F-box protein (WD40 domain containing 

FBXWs, leucine-rich repeats-containing FBXLs and other diverse domains-

containing FBXOs), an adaptor protein SKP1, scaffold protein cullin (CUL-1, -2, -3, -

4A, -4B, -5, and -7) and two RING proteins, RBX1/ROC1 and RBX2/ROC2, also 

known as sensitive to apoptosis gene (SAG). All SCF E3 ligases share a similar 

structure in which CUL binds to SKP1 and an F-box protein at the N-terminus and a 

RING protein RBX1 or RBX2 at the C-terminus (Jin et al, 2004). Substrate 

specificity of SCF E3 ligases is determined largely by the F-box protein, which 

usually recognises phosphorylated target protein, whereas CUL-RBX1 or CUL-RBX2 

constitutes the core ligase activity, catalyzing the transfer of the ubiquitin from an E2 

to the substrate (Xie et al, 2013). 

 

MDM2 is an E3 ubiquitin ligase that has been extensively studied due to its ability to 

regulate the abundance of the tumor suppressor p53. The N-terminal hydrophobic 

pocket of MDM2 binds to p53 and thereby inhibits the transcription of p53 target 

genes. Additionally, the C-terminus of MDM2 contains a RING domain with intrinsic 

ubiquitin E3 ligase activity (Wade et al, 2012). Notably, DMX (also known as a 

MDM4 or HDMX), an MDM2 homolog, shares substantial structural homology with 

MDM2, and has an important role in regulating p53 (Wade et al, 2013). 

 

The main aim of studying E3-ligases is to develop a drug that specifically targets 

these enzymes for cancer therapy. Compared to the general proteasome inhibitor 

bortezomib, which blocks the proteasome-mediated protein degradation, inhibitors 

that target a particular E3 ligase are expected to have better selectivity with less 

associated toxicity. On the flip side, E3 ligases do not contain a canonical active site 

and to develop highly selective and specific inhibitors against these proteins is 

expected to be difficult. Their mode of action involves protein–protein interactions. 

For example, a small compound named Nutlins was shown to inhibit MDM2 (the 
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ligase for p53) by binding to its p53-binding pocket and resulting in p53 accumulation 

(Teoh et al, 2014). As a result, Nutlin has shown promising anti-cancer efficacy in 

cancer cell line xenograft assays. Nutlin-3 and its pharmacologically optimized form, 

RG7112 are currently undergoing phase I clinical trials for the treatment of 

retinoblastoma, liposarcomas, and hematological malignancies. 

1.8.2  SIAH interactions with other proteins 
 

In mammalian cells, SIAH-interacting protein (SIP) and a genetic pathway modifier 

(Ebi) have been shown to bind to adenomatous polyposis coli (pAPC) to facilitate the 

ubiquitination and degradation of β-catenin via a p53-dependent mechanism 

(Matsuzawa et al, 2003) (Figure 4.2). Other known substrates potentially targeted by 

SIAH for ubiquitination include the Netrin-receptor (Hu et al, 1997b), a membrane 

receptor that controls axonal patterning and cell migration; NcoR (Zhang et al, 1998), 

co-repressor of retinoid and nuclear receptor transcription factors; and Kid (Germani 

et al, 2000), a kinesin associated with microtubules involved in mitosis. In addition, 

mammalian SIAH has been found to bind the guanine nucleotide exchange factor Vav 

(Germani et al, 1999), suppressing its function without inducing its degradation, as 

well as Peg3/Pw1 (Relaix et al, 2000; Relaix et al, 1998), a zinc finger protein 

implicated in nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 

induction and in p53-mediated apoptosis. One of the most striking roles for SIAH has 

been its demonstrated involvement in hypoxia signalling, via regulation of the key 

pro-angiogenic factor, HIF-1α. SIAH proteins target for degradation prolyl-

hydroxylases (PHD) that are responsible for the post-transcriptional modification of 

HIF-1α. This facilitates HIF-1α stabilisation under hypoxic conditions, which is 

typical in most cases of human solid tumours (Nakayama et al, 2004). SIAH2 

knockout mice have a delayed and abrogated response to hypoxic conditions; while at 

a cellular and tissue level, exposure of SIAH2 mutants to hypoxia leads to 

significantly lower protein levels of HIF-1α, resulting in reduced hypoxia-induced 

gene expression (Nakayama et al, 2004). These data suggest a potential for inhibition 

of the protumorigenic hypoxic response pathway by inhibition of SIAH2 action. 
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1.8.3  Targeting SIAH interactions with other proteins 
 

In view of the involvement of SIAH proteins in hypoxia, oestrogen, and Ras 

signalling, blocking SIAH interaction with other proteins is an attractive approach to 

impairing angiogenesis and proliferation. The SBD of SIAH has been elucidated by 

the co-crystal structure of SIAH1 SBD with a synthetic peptide encompassing 

residues 107-130 of phyllopod (PHYL), a substrate of SINA (House et al., 2006). 

Proof-of-concept for small molecule inhibition of SIAH has been achieved through 

the competitive binding of PHYL with high affinity to the SIAH SBD, which resulted 

in the inhibition of the interaction between SIAH and PHD (Moller et al, 2009), a 

reduced growth of breast cancer cells (Jemal et al, 2006), and a reduced frequency of 

metastases in mice melanoma (Cox et al, 1994). Interfering with HIF-1α up-

regulation through SIAH inhibition is of significant clinical importance, as it may 

more broadly impact on the tumour’s adaptive responses to hypoxia than inhibition of 

individual downstream HIF-1α effectors, such as vascular endothelial growth factor 

(VEGF). A search for small-molecule inhibitors at the PHYL-binding site has been 

actively carried out in the last few years to investigate their potential as SIAH 

inhibitors and therapeutic value.   
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1.8.4  Hypotheses for the structural study of SIAH 
 
The structural study of SIAH and the structure-based discovery of potential SIAH 

inhibitors in this thesis (reported in Chapter 4) were carried out with the following 

hypotheses: 

1. Blocking SIAH interaction with substrates and other proteins are effective 

ways to inhibit SIAH function; 

2. High-resolution crystal structures of SIAH will aid the discovery and 

development of inhibitors; 

2. Inhibition of SIAH will slow tumour growth and metastasis through the 
targeting of multiple oncogenic and angiogenic pathways. 
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CHAPTER 2 | MATERIALS AND METHODS 
 

2.1  Materials 

2.1.1  Buffers and reagents 
 

The following solutions were prepared using MilliQ ultra pure water (Millipore):  

1. Lysis buffer: 500 mM NaCl, 50 mM TRIS-HCl, pH 8.0 (adjusted by addition 

of HCl), supplemented with 0.1% Triton X-100, 10% glycerol, 1 mg lysozyme 

and CompleteTM protease inhibitor cocktail tablets (Roche). 

2. GST wash buffer 1: 200 mM NaCl, 50 mM TRIS-HCl, pH 8.0 (adjusted by 

addition of HCl) 

3. GST wash buffer 2: 500 mM NaCl, 50 mM TRIS-HCl, pH 8.0 (adjusted by 

addition of HCl) 

4. GST elution buffer: 200 mM NaCl, 50 mM TRIS-HCl, pH 8.0 (adjusted by 

addition of HCl), 25 mM reduced glutathione 

5. His buffer 1: 500 mM NaCl, 50 mM TRIS-HCl, pH 8.0 (adjusted by addition 

of HCl), 20 mM imidazole 

6. His buffer 2: 500 mM NaCl, 50 mM TRIS-HCl, pH 8.0 (adjusted by addition 

of HCl), 300 mM imidazole 

2.1.2  Media 

2.1.2.1 E. coli culture media 
 

1. Luria-Bertani (LB) broth (per litre): 10 g tryptone, 5 g yeast extract, 10 g NaCl 

2. 2LB broth (per litre): Twice the concentration of components in LB 

3. LB agar: LB + 15 g/L agar 

4. Terrific broth (TB) (per litre):  12g tryptone, 24 g yeast extract, 4 mL glycerol, 

adjusted to 900 mL with distilled water, sterilised and allowed to cool to room 

temperature before adjusting volume to 1 L with 100 mL of a filter sterilised 

solution of 0.17 M KH2PO4 and 0.72 M K2HPO4 

5. Super optimal broth with carbon source (S.O.C) medium from Novagen. 

6. M9 minimal media (per litre): 6 g of sodium phosphate dibasic, 3 g of 

potassium phosphate monobasic and 0.5 g sodium chloride per litre, with 

additional supplements of 2 mM MgSO4, 1 g 15NH4Cl and/or 1 g 13C-glucose. 



 46 

2.1.2.2 Insect cell culture media 
 

1. EXPRESS FIVE® (Invitrogen) 

2. Insect-XPRESSTM (Lonza) 

3. SF-900 IITM (Gibco) 

4. SF-900 IIITM (Gibco) 

2.1.3  Plasmids, bacterial strains and cell lines 
 

Plasmids containing synthetic genes encoding CD151 EC2 were purchased from 

GeneArt® as summarised in Table 2.1. These genes were codon optimised for the 

respective expression systems. 
 
Table 2.1 Summary of plasmids used and the corresponding purification tags and expression 
systems.  

Vector ID Residue Purification tag Expression system 

pGEX-CD151113-220 113-220 N-terminal GST with thrombin 
cleavage site 
 

Bacteria 

pGEX-CD151113-220c6His 113-220 N-terminal GST with thrombin 
cleavage site, C-terminal non-
cleavable His-tag 

Bacteria 

pProEx-CD151113-220 113-220 N-terminal His-tag with TEV 
cleavage site 

Bacteria 

pET21-CD151113-220 113-220 C-terminal non-cleavable His-tag Bacteria 

pFastBac1-CD151113-220 113-220 N-terminal His-tag with cleavage 
site 

Baculovirus 

pFastBac2-CD151113-220 113-220 N-terminal His-tag with cleavage 
site and signal peptide for 
extracellular secretion 

Baculovirus 

pProEx-CD151115-217 115-217 N-terminal His-tag with TEV 
cleavage site 

Bacteria 

pProEx-CD151115-217Δ179-199 115-178, 
200-217 

N-terminal His-tag with TEV 
cleavage site 

Bacteria 

A total of eight constructs were trialled with both bacterial and baculovirus expression systems 
employed.  
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The following E. coli strains were used: 

1. BL21-Star (DE3) (Invitrogen)  

2. OrigamiTM (DE3) (Novagen) 

3. RosettaTM (DE3) (Merck) 

4. BL21-Gold (DE3) (Novagen) 

5. DH5α (Invitrogen) 

6. MAX Efficiency® DH10BacTM (Invitrogen) 

 

The following insect cell lines were used: 

1. High FiveTM (Invitrogen) 

2. Sf9 (Invitrogen) 

3. Sf21 (Invitrogen) 

2.1.4  Protein samples 
 

All SIAH1a SBD protein samples were supplied by our collaborator Colin House 

(Cancer and Genomics Laboratory, Peter McCallum Cancer Centre, East Melbourne, 

Australia). The samples supplied include: 

 

1. pMAL-SIAH90-282  

This construct was used for expression of SIAH1a SBD protein for crystallisation 

of the apo form of SIAH1a SBD (Polekhina et al, 2002). The His-tag was cleaved 

with trypsin and purification was done under reducing conditions by addition of β-

mercaptoethanol (BME). This construct was also used for the expression of 

SIAH1a SBD proteins for crystallisation work described in Section 4.8.1.1. 

Proteins expressed from this construct (whereby the His-tag was cleaved with 

trypsin) were not suitable for peptide substrate co-crystallisation studies as 

residual trypsin activity was found to proteolytically digest the substrate. 

However, this did not hinder co-crystallisation studies with non-peptide small 

molecules compounds and fragments. 
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2. pProEx-SIAH93-282   

This construct was used for the expression for SIAH1a SBD protein for co-

crystallisation with PHYL peptide. It has a TEV-specific cleavage site, instead of 

trypsin site, for removal of the His-tag. BME was not required during purification.  

 

Mouse monoclonal antibodies against human CD151 EC2 were a gift from Professor 

Leonie Ashman (School of Biomedical Sciences and Pharmacy, The University of 

Newcastle, Newcastle, Australia).  

2.1.5  Protein purification and analysis tools 
 

Glutathione Sepharose 4 Fast Flow (GE Healthcare) resin was used for purification of 

recombinant GST-CD151 EC2 fusion protein samples. Superdex75 Hi-Load 26/60 

Column (GE Healthcare) was used for size-exclusion chromatography after tag 

cleavage to obtain pure CD151 EC2. The column was calibrated using the Gel 

Filtration LMW Calibration Kit (GE Healthcare). HisTrapTM HP column (GE 

Healthcare) was used for immobilised metal ion affinity chromatography (IMAC) for 

purification of recombinant His-tagged CD151 EC2 protein samples. Amicon 

Ultrastart 3,000 Dalton micro-concentrator was used to concentrate purified CD151 

EC2 prior to crystallisation trials. NuPAGE® 12% Bis-Tris precast 1.0 mm x 17 wells 

polyacrylamide gels (Life TechnologiesTM), NuPAGE® 2-(N-

morpholino)ethanesulphonic acid (MES) running and Instant Blue (Expedeon) were 

used to assess protein purity. 

2.2  Methods  

2.2.1  Design of CD151 EC2 constructs 
 

The domain boundaries of the CD151 EC2 constructs used were determined based on 

the secondary structures of tetraspanin CD81 EC2 (UniProt: P60033) and the 

predicted secondary structure of CD151 EC2 (UniProt: P48509). Domains prediction 

was done via protein sequence database UniProt (http://www.uniprot.org) (UniProt, 

2015). 
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2.2.2  Transformation of plasmids  
 

An aliquot of 10 µL of E. coli competent cells (listed in Section 2.1.3) stored at -80°C 

was thawed on ice. Once thawed, 1 µL of purified plasmid DNA (see Section 2.1.3 

and 2.2.4) was added and incubated on ice for a further 30 min. The suspension of 

cells was then heat shocked at 42°C for 30 s and incubate on ice for a further minute. 

The cells were then resuspended in 250 µL of S.O.C media (Novagen) and incubated 

at 37°C for one hour. The cell suspension was then plated onto LB agar plates 

containing 100 µg/mL ampicillin. For plasmid preparation, individual colonies were 

picked and cultured in 5 mL of LB media containing 100 µg/mL ampicillin at 37°C, 

shaking at 135 rpm.  

2.2.3  Glycerol cell stock preparation 
 

For long-term storage of cells, 1 mL of overnight culture (as described in Section 

2.2.2) was mixed in a sterile vial containing 500 µL of glycerol and stored at -80°C. 

2.2.4  Plasmid purification from E. coli 
 

Cell pellets were obtained from 5 mL overnight cultures of each selected colonies by 

centrifugation at 5,000 g. Plasmid DNA were purified from the cell pellets using a 

QIAprep Spin Miniprep Kit (Qiagen).   

2.2.5  Expression of recombinant GST-CD151 EC2 fusion protein 
 

cDNA of the CD151 EC2 protein cloned into pGEX-CD151113-220 was expressed 

using BL21-Gold (DE3) E. coli cells. Cultures were grown in TB containing 100 

µg/mL ampicillin at 37°C with shaking at 125 rpm until an OD600 nm of ~2.0 was 

reached. CD151113-220 protein was expressed by E. coli cells and expression was 

induced (via the lac operon gene in the pGEX plasmid) through the addition of IPTG 

to a final concentration of 0.5 mM. The expression was carried out for 4 hours at 

37°C with shaking at 125 rpm. Cells were collected by centrifugation at 5,000 g and 

stored at -80°C before processing. 
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2.2.6  Purification of recombinant GST-CD151 EC2 fusion protein 
 

Frozen cell pellets stored at -80°C were thawed on ice then resuspended in lysis 

buffer with a 10 mL syringe and lysed using a Fresh Press. Following centrifugation 

at 50,000 g at 4°C for 30 min, supernatant was collected and incubated with 

Glutathione Sepharose 4 Fast Flow (GE Healthcare) resin at room temperature for 30 

min. The resin was washed extensively with GST wash buffer 1 then GST wash 

buffer 2 (minimum of 2 bed volumes). GST-CD151 EC2 fusion protein was then 

eluted with GST elution buffer. Separation from the GST-tag was carried out with the 

addition of 80 units of thrombin (GE Healthcare) and incubation at 37°C for 3 hours. 

Complete cleavage of GST-tag was confirmed with SDS-PAGE. Separation of GST, 

GST-tag and CD151 EC2 was done by size-exclusion using a Superdex75 Hi-Load 

26/60 Column (GE Healthcare) in running buffer (200 mM NaCl, 50 mM TRIS-HCl, 

pH 8.0) at a flow rate of 1.0 mL/min. The eluted CD151 EC2 protein was analysed 

with SDS-PAGE for purity and concentrated prior to crystallisation using Amicon 

Ultrastart 3,000 Dalton micro-concentrators. 

2.2.7  Expression of recombinant His-tagged CD151 EC2 fusion protein 
 

cDNAs of the CD151 EC2 protein cloned into pProEx-CD151113-220, pET21-

CD151113-220, pProEx-CD151115-217 and pProEx-CD151115-217Δ179-199 plasmids were 

expressed using BL21-Gold (DE3) E. coli cells. Cultures were incubated in LB 

medium containing 100 µg/mL ampicillin at 37°C with shaking at 125 rpm until an 

OD600 nm of ~0.6 was reached. Proteins were expressed by E. coli cells and were 

induced (via the lac operon genes in the plasmids) through the addition of IPTG to a 

final concentration of 1 mM. The expression was carried out for 4 hours at 37°C with 

shaking at 125 rpm. Cells were collected by centrifugation at 5,000 g and stored at -

80°C prior to processing. 

2.2.8  Purification of recombinant His-tagged CD151 EC2 fusion protein 
 

Frozen cells at -80°C were thawed, resuspended in lysis buffer and lysed using a 

French press. Following centrifugation at 50,000 g at 4°C for 30 min, the supernatant 

was applied to a 5 mL HisTrapTM HP column (GE Healthcare). Column resin was 
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washed extensively with His buffer 1 and recombinant His-tagged CD151 EC2 

protein was eluted with His buffer 2. The His-tag was removed by sequence specific 

TEV protease at 4°C overnight. Complete cleavage of the His-tag was confirmed by 

SDS-PAGE. Separation of His-tag, TEV protease and CD151 EC2 was done by size-

exclusion using a Superdex75 Hi-Load 26/60 Column (GE Healthcare) in running 

buffer (200 mM NaCl, 50 mM TRIS, pH 8.0). The eluted CD151 EC2 protein was 

analysed with SDS-PAGE for purity and concentrated using Amicon Ultrastart 3,000 

Dalton micro-concentrators. 

2.2.9  Expression of CD151 EC2 inclusion bodies for refolding  
 

cDNA of the CD151 EC2 protein cloned into pProEx-CD151113-220 was expressed 

using BL21-Gold (DE3) E. coli cells. Cultures were grown in 2LB medium 

containing 100 µg/mL ampicillin at 37°C with shaking at 125 rpm to an OD600 nm of 

~2.0. This allowed for overexpression that resulted in the generation of inclusion 

bodies in the E. coli cells. Protein induction, expression and collection were done as 

described previously in Section 2.2.5. 

2.2.10 Purification of CD151 EC2 refolded from denatured inclusion 
bodies         

                        
Frozen cells at -80°C were thawed, resuspended in lysis buffer and lysed using a 

French press. Further lysis was manually carried out by using a syringe pump. The 

pellet following cell lysis was resuspended in wash buffer (100 mM NaCl, 50 mM 

TRIS-HCl, pH 8.0) and centrifuged at 10,000 g for 10 minutes at 4°C and the 

supernatant was removed.  The pellet was washed three times in wash buffer. The 

pellet was subsequently resuspended in 50 mM TRIS-HCl; pH 8.0, 100 mM NaCl, 8 

M urea) and incubated at room temperature for 30 minutes. After the incubation 

period, the sample was centrifuged at 30,000 g for 30 min at 4°C.  The supernatant 

containing unfolded protein was stored at 4°C until required. 1 mL was taken out 

from the supernatant stock and added dropwise into 50 mL refolding buffer made up 

of 1 M arginine, 50 mM oxidised glutathione, 10 mM reduced glutathione (both at pH 

8.0) with the addition of 1 EDTA-free protease inhibitor cocktail tablet (Roche). The 

sample was incubated for 48 hours at 4°C. Following incubation, the sample was 
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dialysed against 1 M urea, 150 mM NaCl and 20 mM TRIS-HCl, pH 7.5 overnight 

and purified as described in Section 2.2.8. 

2.2.11 Baculovirus expression of His-tagged recombinant CD151 EC2 
fusion protein 

 

pFastBac2-CD151113-220 plasmid was expressed using MAX Efficiency® DH10BacTM 

cells in overnight culture and recombinant bacmid DNA was isolated and transfected 

into Spodoptera frugiperda (Sf21) insect cells using Cellfectin® II Reagent to generate 

baculovirus. Briefly, ~6x105 cells/mL Sf21 cells were cultured in a 6-well tissue 

culture plate containing 2 mL of High Five media at 27°C. Transfection mix was then 

added to the cells and incubated at 27°C for 72 hours. Media containing baculovirus 

(P1 baculovirus stock) was then collected by centrifugation at 500 g for five min. Sf21 

insect cells (5x105 cells/mL) were infected with recombinant baculoviruses at 27°C 

for another 72 hours. Cells were harvested by centrifugation at 1,000 g for 30 min and 

lysed with lysis buffer. His-tagged recombinant CD151 EC2 fusion protein was 

purified as described previously in Section 2.2.8. 

2.2.12 Expression of 15N-labelled and 15N-13C double-labelled CD151 EC2 
for NMR spectroscopy studies 

 

cDNA of the CD151 EC2 protein cloned into pGEX-CD151113-220 was expressed 

using BL21-Gold (DE3) E. coli cells grown in 2 L LB to an OD600 nm of ~0.8. Cells 

were pelleted by centrifugation at 5,000 g for 30 min. Cell pellets were then added to 

1 L M9 minimal media (containing 1 g/L of 15NH4Cl for single-labelled protein 

expression or 1 g/L each of 15NH4Cl and 13C-glucose for double labelling) with 100 

µg/mL ampicillin and grown at 37°C to an OD600 nm of ~0.8. Protein expression by E. 

coli was induced through the addition of 1.0 mM IPTG and incubated for three hours 

at 37°C with shaking at 125 rpm. Cells were collected by centrifugation at 5,000 g 

and stored at -80°C.  

2.2.13 Purification of 15N-labelled and 15N-3C double-labelled CD151 EC2 
for NMR spectroscopy studies 

 

Purification steps as described in Section 2.2.6 with size-exclusion done using a 

Superdex75 Hi-Load Column 26/60 (GE Healthcare) in PBS pH 6.5 running buffer. 
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2.2.14  SDS-PAGE 
 

Analysis of protein purity was carried out via SDS-PAGE. NuPAGE® 12% Bis-Tris 

precast 1.0 mm x 17 wells polyacrylamide gels (Life TechnologiesTM) were used with 

NuPAGE® MES running buffer subjected to a current of 180 V for 45 mins in a gel 

tank. Gels were stained with Instant Blue (Expedeon) and visualised under visible 

light to assess protein purity. 

2.2.15  Protein quantification 
 

Protein quantification was determined by micro-volume spectrophotometry using the 

NanoDrop2000c (Thermo Scientific). 1 µL of protein sample was measured at 

absorbance wavelength of 280 nm. An extinction coefficient of 1.54 per M/cm 

derived from ProtParam (Wilkins et al, 1999) based on the sequence of CD151 EC2 

was used to calculate protein concentration. 

2.2.16  Preparation of anti-CD151 EC2 Fab fragments 
 

Preparation and purification of anti-CD151 EC2 fragment antigen-binding (Fab) was 

carried out with a Pierce® Fab Preparation Kit (ThermoScientific) according to the 

accompanying manufacturer’s instructions. Immobilised papain protease was used to 

digest anti-CD151 EC2 to generate separate Fab and Fc fragments. Fab fragments 

were purified using Protein A agarose according to instructions included in the kit.  

2.2.17  Circular dichroism  
 

Circular dichroism (CD) was carried out in-house with a JASCO J-815 CD 

spectrometer to investigate the folding and unfolding of proteins and to estimate the 

secondary and tertiary structures of proteins. Secondary structure of purified CD151 

EC2 was studied in the far-UV region at wavelengths (180-250 nm) where the peptide 

bond absorbs. The presence of α-helices is reflected by the CD-spectra having 

minima at 208 and 222 nm and at 218 nm for β-sheet and at 198 nm for random coil. 

Tertiary structure was studied at the near-UV region (250-350 nm).  Spectra data were 

analysed using the Dichroweb Reference set 1 (Whitmore et al, 2008). 
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2.2.18  Dynamic light scattering 
 

Protein samples were centrifuged (10 min, 10,000 g) in a refrigerated Sigma tabletop 

ultracentrifuge. Protein samples were then filtered on 2 µm membranes 

(MilliporeTM). Bovine serum albumin (BSA) at 2 mg/mL in aqueous 0.9% m/v was 

used as control.  Dynamic light scattering (DLS) measurements were performed using 

the in-house ZetasizerTM NanoS (Malvern Instruments). Corresponding quartz cells 

were filled with 100 µL sample solution. Before a cell was introduced into the 

instrument, its outer surfaces were wiped with a sheet of soft lens cleaning tissue. At 

least five successive DLS measurements were performed per sample after 2 mins 

waiting time to allow solutions to be at rest. D0, the diffusion coefficient at zero 

concentration, was extrapolated from a series of samples, at six or more 

concentrations between 1 and 10 mg/mL. 

2.2.19  Surface Plasmon Resonance 
 

Experiments were temperature controlled at 25°C and carried out using a Biacore 

T200 instrument (GE Healthcare) at a flow rate of 5 µl/mL.  Sensor chip were 

prepared in buffer containing 10 mM HEPES; pH 7.4, 150 mM NaCl. Ligand was 

coupled onto a CM5 chip (GE Healthcare) using an amide coupling kit (GE 

Healthcare). Sensogram data were analysed using BIAevaluate (GE Healthcare). 

2.2.20  Crystallisation trials of CD151 EC2 
 

Crystallisation trials were carried out in-house and at the CSIRO C3 Robotic 

Crystallisation Facility (www.csiro.au/c3). Protein samples were dispensed by the 

TTP Labtech Crystal Mosquito robot into the wells containing the crystallant. Vapour 

diffusion via the sitting-drop method was used for crystallisation. A 300 nL droplet 

containing 150 nL purified protein, and 150 nL buffer and precipitant, was 

equilibrated with a larger reservoir containing similar buffers and precipitants in 

higher concentrations (mother-liquor). All other conditions for screening and 

optimisation were made in-house using ultra high purity chemicals from 

SigmaAldrich and Fluka. Pre-greased VDX multi-well (4 x 6 wells) plates and 

siliconised cover slips (both from Hampton Research) were used for setting up these 

screens.  
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2.2.21  Expression of mSIAH1a SBD (pProEx-SIAH93-282) 
 

cDNA encoding residues 93-282 of mSIAH1a was inserted into pProEx HTB (Life 

Technologies Inc.), between the BamHI and HindIII multiple cloning sites of the 

vector, which allows the generation of mSIAH1a SBD tagged with a TEV cleavable 

N-terminal His-tag. Protein was expressed in BL21 (DE3) pLysS E. coli cells and 

culture was incubated in 200 mL of TB media containing 100 µg/mL ampicillin at 

37°C with shaking at 125 rpm until an OD600nm of ~0.8 was reached. Protein 

expression by the E. coli cells was induced via the lac operon gene in the plasmid 

through the addition of IPTG with a final concentration of 0.2 mM. Protein expression 

was carried out at 22°C with shaking at 125 rpm for 18 hours. Cells were harvested by 

centrifugation at 5,000 g and stored at -80°C prior to processing.  

2.2.22  Purification of mSIAH1a SBD (pProEx-SIAH93-282) 
 

Cell pellets were lysed in 40 mL of equilibration buffer: 200 mM NaCl, 50 mM Tris-

HCl, pH 8.0 with the addition of 0.5% Triton X-100, 0.2 mg/mL lysozyme. The cell 

suspension was pulsed 4 times for 30 seconds using a sonicator and clarified by 

centrifugation at 20,000 g for 15 min. The supernatant was applied to a column 

containing 1.4 mL of Talon resin (Clontech) at 4ºC and washed with equilibration 

buffer before eluting with equilibration buffer containing 200 mM imidazole. Protein 

sample was buffer exchanged into 50 mM Tris-HCl, pH 8.0 using a PD-10 desalting 

column (GE Healthcare). The sample was then applied to a Mono Q HR 5/5 anion-

exchange column (GE Healthcare) that was equilibrated in 50 mM Tris-HCl, pH 8.0 

and was washed extensively until the baseline is zero. mSIAH1a SBD was eluted over 

a 30 mL 0 to 0.4 M NaCl gradient at 1 mL/min. After analytical SDS-PAGE analysis, 

fractions containing mSIAH1a SBD were combined and concentrated to less than 1 

mL using a Centricon centrifugal device (10 kDa molecular weight cut-off, 

Millipore). Using the ProTEV Plus kit (Promega), the His-tag was cleaved from 

mSIAH1a SBD. After SDS-PAGE analysis, cleaved mSIAH1a SBD was purified 

using a Superdex 200 10/300 (GE Healthcare) size-exclusion column that was 

equilibrated in equilibration buffer at flow rate of 0.5 mL/min. The purest fractions of 

mSIAH1a SBD, adjudged by analytical SDS-PAGE, were combined and concentrated 

to ~7mg/mL for crystallisation trials. 
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2.2.23  Expression of apo mSIAH1a SBD (pMAL-SIAH90-282) 
 

cDNA of mSIAH1a encoding residues 90-282 was cloned into pMAL-C2, which 

allows for the generation of mSIAH1a SBD tagged with a trypsin cleavable maltose-

binding protein (MBP). The fusion protein was expressed using BL21 (DE3) E. coli 

cells and cultures were incubated in 1.5L of TB medium containing 100 µg/mL 

ampicillin at 37°C with shaking at 125 rpm until an OD600nm of ~0.8 was reached. 

Protein expression by the E. coli cells was induced via the lac operon gene in the 

plasmid through the addition of IPTG with a final concentration of 0.2 mM. Protein 

expression was carried out at 22°C with shaking at 125 rpm for 5 hours. Cells were 

harvested by centrifugation at 5,000 g and stored at -80°C prior to processing. 

2.2.24  Purification of mSIAH1a SBD (pMAL-SIAH90-282) 
 

Cell pellets were lysed in 80 mL of equilibration buffer: 200 mM NaCl, 50 mM Tris-

HCl, pH 8.0 with the addition of 0.5% Triton X-100 and 0.2 mg/mL lysozyme. The 

cell suspension was pulsed 4 times for 30 seconds using a sonicator. The sample was 

clarified by centrifugation at 20,000 g for 15 min and the supernatant was incubated 

(on a rotating wheel) for 1 hour at 4ºC with 1 mL of pre-equilibrated amylose resin 

(New England Biolabs). The mSIAH1a SBD-MBP bound amylose resin was washed 

3 times with 5 mL of equilibration buffer and the protein was eluted with 5 mL of 

equilibration buffer containing 10 mM maltose. The MBP tag was cleaved from 

mSIAH1a SBD by incubating 5 mg of trypsin for 5 min at 0ºC. The reaction was 

terminated with the addition of 5 mg of leupeptin and 0.5 mM phenylmethylsulfonyl 

fluoride.  At 0ºC, cleaved mSIAH1a SBD was partially purified through the gradual 

addition of ammonium sulphate crystals until a final concentration of 40% (w/v) was 

achieved. After centrifugation at 20,000 g for 20 min, the pellet was resuspended in 

equilibration buffer, and buffer exchanged into 50 mM Tris-HCl, pH 8.0 using a PD-

10 desalting columns (GE Healthcare). The sample was then applied to a Mono Q HR 

5/5 anion-exchange column (GE Healthcare) that was equilibrated in 50 mM Tris-

HCl, pH 8.0, and was washed extensively until the baseline is zero. mSIAH1a SBD 

was eluted over a 30 mL 0 to 0.4 M NaCl gradient at 1 mL/min. After SDS-PAGE 

analysis, fractions containing mSIAH1a SBD were combined and concentrated to less 

than 1 mL using a Centricon centrifugal device (10 kDa molecular weight cut-off, 
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Millipore). The sample was loaded onto a Superdex 200 10/300 (GE Healthcare) size-

exclusion column that was equilibrated in equilibration buffer at flow rate of 0.5 

mL/min. Fractions containing mSIAH1a SBD were combined, diluted 5-fold and re-

applied to the Mono Q anion-exchange column, and eluted as described earlier. The 

purest fractions of mSIAH1a SBD, adjudged by analytical SDS-PAGE, were 

combined and concentrated to ~7mg/mL for crystallisation trials. 

2.2.25  Protein crystallisation and optimisation of mSIAH1a SBD 
 

Screening of crystallisation conditions of mSIAH1a SBD was set up around the 

conditions reported previously (Polekhina et al, 2002). Crystallisation trials were 

carried out both in-house and at the CSIRO C3 Robotic Crystallisation Facility 

(Appendix I). Optimisation of the conditions included varying the concentration and 

pH of buffer, the concentration of crystallant as well as the introduction of additives 

such as salt, sugars and alcohols etc. 

2.2.26  Crystal soaking of potential inhibitors 
 

Different approaches for soaking were used. Stocks were prepared with 100 mM of 

each compound dissolved in 100% DMSO. Solutions of the compounds in the 

crystallisation buffer were prepared using the stock solution at different concentration 

ranges: 1 mM, 2 mM, 5 mM and 10 mM with corresponding amounts of DMSO 1% 

(v/v), 2% (v/v), 5% (v/v) and 10% (v/v) respectively. Soaking times varied between 

30 sec, 10 min, 30 min, 1 hour, 2 hours, 4 hours, 24 hours, one week and up to 3 

weeks. Stepwise soaking was carried out by gradually increasing the compound 

concentration in order to minimise the effect of DMSO. Compound solutions were 

prepared in solutions of the crystallisation conditions as described in Section 2.2.25. 

The crystals were transferred by gradually changing the conditions of the original 

crystallisation solution to the final condition of 100 mM MES; pH 7.0, 20 mM CaCl2, 

20% (v/v) ethanol with an additive of 50 µM zinc acetate at room temperature. 

2.2.27  Co-crystallisation of mSIAH1a SBD with potential inhibitors 
 

The protein was incubated with the compounds at different concentration ranges; 1 

mM, 2 mM, 5 mM and 10 mM with corresponding concentrations of DMSO 1% 
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(v/v), 2% (v/v), 5% (v/v) and 10% (v/v) respectively, for 1 hr at room temperature. 

Crystallisation trials were similar to that of the CD151 E2 set up as described in 

Section 2.2.20. 

2.2.28  X-ray diffraction studies 
 

X-ray diffraction measurements of crystals were performed in-house using CuΚα X-

rays generated by a Rigaku MicroMaxTM-007 HF rotating anode generator (Rigaku 

International) and focused by AXCO optics (Australian X-ray Capillary Optics Pty 

Ltd). X-ray diffraction was detected using an R-Axis IV++ dual imaging plate X-ray 

area detector (Rigaku International). Cryo-cooling of crystals at 100 K was done with 

a dry nitrogen stream generated from liquid nitrogen by a Cryojet® system (Oxford 

Instruments).  

 

X-ray diffraction measurements of SIAH1a SBD crystals at the Australian 

Synchrotron were performed on the MX1 beamline using a 210 x 210 mm ADSC 

Quantum 210r area detector and the MX2 beamline using a 315 x 315 mm ADSC 

Quantum 315r area detector. In some instances where initial autoindexing of a 

crystal’s space group was unsuccessful, datasets of 360 degrees were collected to 

ensure completeness. The images were indexed and integrated by XDS (Kabsch, 

2010). Diffraction intensities were converted to structure factor amplitudes using 

SCALA (Evans, 2006). The structures were solved by likelihood-scoring molecular 

replacement using the program PHASER (McCoy et al, 2007) and the coordinates of 

the apo SIAH1a SBD structure (PDB: 1K2F) as a probe. The σ-weighted 2Fo-Fc and 

Fo-Fc electron-density maps were visualised to allow rebuilding and refitting using 

Coot (Emsley et al, 2004) and the resultant models refined with PHENIX (Adams et 

al, 2010) or BUSTER (Bricogne et al, 2016). Structure models were presented in 

figures using PyMOL (Schrödinger, LLC). 
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CHAPTER 3 | STRUCTURAL STUDIES OF TETRASPANIN 
CD151 EXTRACELLULAR DOMAIN 2 
 

3.1  The tetraspanin superfamily 
 

Tetraspanins are abundantly expressed transmembrane proteins of 25-50 kDa that 

regulate cell morphology, motility, invasion, fusion and signalling in the brain, 

immune system and on tumours (Boucheix et al, 2001a; Hemler, 2003; Maecker et al, 

1997; Tarrant et al, 2003). A tally of tetraspanins yields a total of at least 33 in 

mammals, 35 in flies and 20 in worms (Boucheix et al, 2001a; Boucheix et al, 2001b; 

Hemler, 2003; Todres et al, 2000). Despite their conservation throughout evolution 

and their wide range of functions, tetraspanins were only discovered in 1990 (Oren et 

al, 1990). Individual tetraspanin proteins are often expressed at 30,000-100,000 

copies per cell, and several different tetraspanins are present in almost all cell and 

tissue types of all animal species (Hemler, 2003). To be classified as a member of the 

tetraspanin superfamily, a protein must have four transmembrane regions and several 

conserved amino acids including an absolutely conserved CCG motif and two other 

cysteine residues that contribute to two crucial disulphide bonds within the second 

extracellular loop (Hemler, 2005; Seigneuret et al, 2001; Stipp et al, 2003). Although 

there are other similarly sized proteins such as the L6 family proteins, the connexins 

and the Claudin superfamily of proteins that contain four transmembrane domains, 

they are not members of the tetraspanin family because they lack sequence homology 

and the key structural features.  

3.2  Characteristics features of tetraspanins 
 

Structural data from homology models of full-length tetraspanins (Kovalenko et al, 

2005; Seigneuret, 2006) indicate close packing of the four transmembrane domain 

helices (Figure 3.1). An overall rod-shaped structure was revealed by a 6 Å resolution 

cryo-EM structure of tetraspanin uroplakin (UPK) 1a and 1b (Min et al, 2006). The 

rod-shaped structure consists of four closely packed transmembrane helices extending 

out with two extracellular loops, capped by a disulphide-stabilised head domain. 

Tetraspanins have several conserved amino acids including an absolutely conserved 

CCG motif and two other cysteine residues that contribute to two of the crucial 
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disulphide bonds within the second extracellular loop (Hemler, 2005; Seigneuret et al, 

2001; Stipp et al, 2003). UPKs form primary complexes with their partners through 

tight interactions of the transmembrane domains as well as the extracellular domains.  

In support of this model, the tetraspanin extracellular domain, transmembrane 

domains (Berditchevski, 2001; Charrin et al, 2003a; Kazarov et al, 2002) and 

intracellular membrane-proximal cysteine (Kovalenko et al, 2005) are in close contact 

with neighbouring proteins. Tetraspanins are known for their ability to organise 

laterally into tetraspanin-enriched microdomains (TEMs).  

 

 
Figure 3.1 Tetraspanin structural features.  
(a) Shown in this general “expanded” structure of tetraspanin are membrane-proximal palmitoylations 
(shown in red zig-zag lines), hydrophilic residues within transmembrane domains (grey spheres) and 
extracellular loops EC1 and EC2. EC2 is divided into a constant region, containing A, B and E helices, 
and a variable region, containing the CCG motif, two conserved disulphide bonds (shown in red 
straight lines) and a third loop and disulphide bond (red dashed line) that is present in some 
tetraspanins. (b) This figure of a tetraspanin emphasises the close packing of the four transmembrane 
domains, the proximity of EC1 and EC2, and the overall rod shaped structure of tetraspanins. 
Disulphide bonds are not shown. This figure scheme is based on structural results seen for uroplakin 
tetraspanin UPK1a and UPK1b (Min et al, 2006). Figure adapted (Hemler, 2008). 
 

Of the 200-350 amino acids that are found in tetraspanins, 12-31 of them are within 

the SEL (also referred to as EC1 in this thesis) (Seigneuret et al, 2001), for which 

structural information is not available. The LEL (EC2) of 69-132 amino acids 
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(Hemler, 2003), is subdivided into a constant region and a variable region. The 

variable region is a site of hypervariability among family members, and is thought to 

mediate specific protein-protein interactions (Hemler, 2003; Stipp et al, 2003). Within 

the EC2, the existence of two disulphide bonds involving four conserved cysteines is 

documented from the known crystal structure of CD81 EC2 – the only crystal 

structure available so far for a tetraspanin member (Kitadokoro et al, 2001). 

Sequences displaying only these four cysteines (therefore two disulphide bonds) 

correspond to the simplest EC2 type (Group 1). Most EC2, however, contain an 

additional pair of cysteines (Group 2), as in the case of CD151 EC2. Disulphide 

formation by these two additional cysteines seems likely as it has already been 

suggested for two members of this group, ROM and RDS, for which their mutation 

(as well as the other four conserved cysteines) precludes a proper membrane insertion 

(Goldberg et al, 1998). A few EC2 sequences (Group 3) contain two more cysteines, 

making it a total of eight, that are located relatively close to each other potentially 

forming four disulphide bonds.  

3.3  Tetraspanins and their binding partners 
 

There is evidence that tetraspanin do not only associate with each other. They also 

associate with integrins (Boucheix et al, 2001a; Boucheix et al, 2001b), growth factor 

receptors (Murayama et al, 2008; Sridhar et al, 2006), G-protein-coupled receptors 

(GPCRs) and their associated intracellular heterotrimeric G-proteins (Little et al, 

2004), various peptidases (Le Naour et al, 2006), transmembrane proteins associated 

with tumour progression such as CD44 and epithelial cell adhesion molecule 

(EPCAM) (Le Naour et al, 2006), as well as immunoglobulin superfamily members 

such as EWI-F and EWI-2 (Claas et al, 2005; Stipp et al, 2001). Notably, tetraspanins 

and many of their partner proteins such as integrins, EWI proteins and Caludin-1 

undergo protein palmitoylation, which does not contribute to primary interactions but 

helps to stabilise secondary interactions within TEMs (Berditchevski et al, 2002; 

Charrin et al, 2002; Yang et al, 2002). Among the 8 β and 18 α subunits that 

comprise the integrin family, the only subunits that undergo palmitoylation are α3, α6, 

α7, and β4. Perhaps unsurprisingly, these subunits form the most robust associations 

with tetraspanins. Cholesterol can also physically and functionally associate with 

TEMs (Charrin et al, 2003b; Silvie et al, 2006). Treatment of cells with methyl-β-
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cyclodextrin to deplete cholesterol reduces CD81 oligomerisation (Silvie et al, 2006), 

and with more extensive treatment, intact TEMs can be released into the media in 

microvesicles (Kovalenko et al, 2007; Silvie et al, 2006). 

 

Interactions of tetraspanin and their binding partners have been classified into three 

levels in terms of binding strength (Serru et al, 1999; Stipp et al, 2003). The first level 

includes primary interactions between specific tetraspanins and other proteins. These 

interactions are direct and resist disruption by detergents such as digitionin and Triton 

X-100. The second level of interaction is indirect and much more sensitive to 

disruption by detergents. Soluble second level complexes arise as tetraspanins 

associate with each other.  

 

Tetraspanin CD151 palmitoylation does not markedly alter tetraspanin complex 

density or decrease detergent solubility, but nonetheless plays a role during the 

assembly of level 2 complexes (Kazarov et al, 2002). A third level of tetraspanin 

complex assembly occurs in the context of insoluble complexes, resistant to 

detergents such as CHAPS, Brij-99 and Brij-58. Resistance of tetraspanin complexes 

to detergent solubilisation is consistent with their partial lipid raft-like properties 

(Yashiro-Ohtani et al, 2000). Direct tetraspanin-ganglioside association, as seen by 

covalent cross-linking of GM3 to CD9 (Geary et al, 2001), may also contribute to 

stabilisation of detergent-resistant level 3 tetraspanin complexes. The most prominent 

non-tetraspanin partners are integrins, particularly α3β1, α4β1 and α6β1. Association 

with other integrins, such as α6β4, is more restricted (Berditchevski, 2001). The 

majority of tetraspanin-integrin and tetraspanin-tetraspanin interactions are level 2 

interactions, which are robust under milder lysis conditions.  

 

3.4  Genetic evidence for tetraspanin function 
 

Genetic studies of tetraspanins have established that at least six mammalian 

tetraspanins (peripherin/RDS, ROM, CD151, CD37, CD81, CD9 and TM4SF2) are 

functionally relevant in non-diseased state signalling. For example, both CD9 and 

CD81 are involved in oocyte fertilisation, (Higginbottom et al, 2003; Rubinstein et al, 

2006) while CD151 is essential for normal platelet function and wound healing 
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(Cowin et al, 2006; Lau et al, 2004). From the studies, two major discoveries were 

made: the importance of tetraspanin LELs, and the importance of tetraspanin complex 

formation with other proteins.  

 

Mutation of peripherin/RDS leads to several retinal diseases in humans (Kohl et al, 

1998), and targeted deletion of peripherin/RDS from mice leads to disrupted 

photoreceptor morphogenesis (Sanyal et al, 1980). Most of the peripherin/RDS 

mutations that cause human disease, including the vast majority of known missense 

mutations, are located within the EC2 (Kohl et al, 1998). The related protein, ROM, is 

less essential, but nonetheless important for photoreceptor viability and 

morphogenesis in mice (Sanyal et al, 1980). Disease-causing mutations prevent 

peripherin and ROM from forming homo and heterotetrameric core complexes that 

link together into higher order structures that are required for photoreceptor disk 

formation (Loewen et al, 2000; Loewen et al, 2001). The human tetraspanin 

TM4SF2/A15 complex, when activated by a chromosomal translocation (Hemler, 

2001) by a premature stop codon or by a point mutation (P172H), is associated with 

mental retardation (Zemni et al, 2000). Incidentally, the TM4SF2 tetraspanin is highly 

expressed in areas of the brain involved in learning and memory. The P172H mutation 

demonstrates again an essential role for the EC2 of a tetraspanin.  

 

While the tetraspanin CD81 plays a critical role in hepatitis C virus attachment and 

cell entry (Kitadokoro et al, 2001), targeted deletion of CD81 in mice resulted in 

impaired B cell functions (Deng et al, 2000; Maecker et al, 1997; Miyazaki et al, 

1997; Tsitsikov et al, 1997) and enhanced T cell proliferation. Reduction in levels of 

CD19 in CD81-null mice confirms the importance of CD81-CD19 signalling 

complexes in B cells. Associations with molecules such as CD4 and CD8 could 

contribute to a signalling role of CD81 on T cells (Levy et al, 1998). 

 

Tetraspanin CD9 plays a key role in the fusion process, or in the binding of sperm 

fertilin/ADAM2 protein to eggs (Le Naour et al, 2000; Miyado et al, 2000). CD9-null 

mice produce oocytes that are deficient in sperm-egg fusion, The occurrence of CD9-

α6β1 integrin complexes is consistent with α6β1 integrin which also participates in 

fertilisation (Takahashi et al, 2001). Besides oocytes and lymphocytes, many other 
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cells and tissues, such as the brain, show high levels of expression of CD81 and CD9 

(Schmidt et al, 1996; Sullivan et al, 1998). 

 

Tetraspanin CD37 regulates B cell humoral responses as well as T cell-B cell 

interactions (Knobeloch et al, 2000). It has been shown that disruption of CD37 in 

mice yielded a relatively subtle alteration in B cell IgG production, and a T cell-

dependent immune response deficiency that was especially obvious under suboptimal 

stimulation conditions. The biochemical basis for CD37 functions on B cells in 

unclear, but could involve CD37 associations with CD19, CD21, MHC class II 

molecules, or other tetraspanins (Angelisova et al, 1994). 

 

Other genetic evidence for tetraspanin functions was demonstrated in flies and fungi. 

Among the 37 Drosophilia tetraspanins, the only one identified in a genetic screen is 

late bloomer (lbl), a facilitator of synapse formation (Kopczynski et al, 1996). 

Complementation and functional overlap among many Drosophilia tetraspanins are 

likely to account for the absence of additional genetic evidence. In another example, 

the rice blast fungus Magnaporthe grisea contains a tetraspanin-like protein Pls1p that 

is essential for penetration of the fungus into host leaves (Clergeot et al, 2001). 

Drosophilia and M. grisea tetraspanins display functions (synapse formation and 

fungal penetration) resembling the membrane organising, cell migration and invasion 

functions of mammalian tetraspanins (Boucheix et al, 2001a). 

 

3.5  Tetraspanin family member CD151 
 

CD151 is expressed in various cell types, including epidermal basal cells, epithelial 

cells, skeletal, smooth and cardiac muscle, ECs, platelets and Schwann cells (Geary et 

al, 2001). Like other tetraspanins, CD151 interacts with itself, forming small 

microdomains on the cell surface that incorporate integrins together, with other 

integrin-associated proteins (Charrin et al, 2003a; Claas et al, 2001) and cadherins 

(Chattopadhyay et al, 2003). Among the tetraspanins, CD151 stands out because of its 

stable association with ~100% of cellular α3β1 integrin in several cell lines, and the 

majority of α6 integrins on a lymphoid cell line (Serru et al, 1999; Yauch et al, 2000). 

The association of CD151 with the α3β1 integrin is particularly strong and highly 
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stoichiometric (see Section 1.7.2) (Yauch et al, 1998a), and can be captured by 

covalent cross-linking and requires the CD151 EC2 with the α3β1 integrin subunit 

extracellular stalk region (Berditchevski et al, 2001; Yauch et al, 2000). Supporting 

functional relevance of the CD151-α3β1 complex, anti-CD151 antibody inhibited 

neutrite outgrowth when α3 integrin was engaged with laminin-5 ligand, but not when 

other integrin ligands were used and α3β1 was unengaged (Stipp et al, 2003). As part 

of CD151-α6β1 complex, CD151 exerts a major influence on α6β1 integrin-

dependent morphogenesis when fibroblasts and ECs are grown on basement 

membrane matrix gel (Zhang et al, 2002).  

 

The molecular basis of stable interaction between CD151 and integrin α3β1 remains 

unclear. However, it has been proposed that a stretch consisting of three amino acid 

residues (Gln194, Arg195, Asp196; thereafter referred to as the QRD motif) in the 

variable region of EC2 is involved in the stable association of CD151 with integrin 

α3β1  (Kazarov et al, 2002). The contribution of CD151 to adhesion-dependent 

signalling might also be linked to its ability to recruit signalling enzymes into the 

integrin complexes, such as type II protein kinase C (PKC) (Shiomi et al, 2005). 

CD151 has also been proposed to be a molecular linker between laminin-binding 

integrins and growth factor receptors such as epidermal growth factor receptor 

(EGFR) and c-Met (Gesierich et al, 2005; Kohno et al, 2002; Zijlstra et al, 2008), and 

also to function as a positive regulator of the transforming growth factor β (TGFβ) 

signalling pathway (Sadej et al, 2009).  

3.6  Overexpression of CD151 in tumours 
 

CD151 has been suggested to regulate cancer invasion and metastasis by initiating 

signalling events as a result of its binding with α3β1 integrin. There is evidence that 

CD151 is associated with tumour progression at multiple levels. For example, CD151 

expression is significantly increased in prostate cancer compared with benign 

hyperplasia (Ang et al, 2004). Higher levels of CD151 are also associated with poor 

prognosis in lung and prostate cancer (Tokuhara et al, 2001) and overexpression of 

CD151 promotes metastasis in colon carcinoma and fibrosarcoma cells (Kohno et al, 

2002). In addition, CD151 expression is increased in a subset of human breast cancer 

samples, particularly those of high grade and triple negative basal-type (Ahmed et al, 
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2008). The ablation of CD151 from basal-like breast cancer cells impairs both ectopic 

and orthotopic growth in xenograft models. This result is consistent with CD151 

having a functional role in cancer development.  

 

In vitro inhibition of CD151 expression by short interfering RNA (siRNA) was also 

shown to reverse the resistance of mammary tumour cells to different anti-ErbB2 

agents clinically used for cancer treatments, such as trastuzumab and lapatinib, which 

can be induced by adhesion of the cells to laminin 5 (Klosek et al, 2005). Experiments 

with CD151-overexpressing cells and siRNA-silenced cells have also demonstrated 

that CD151 is involved in epithelial cell-cell adhesion as a modulator of PKC, Cdc42, 

cadherin-catenin and RhoA-dependent actin cytoskeletal reorganisation. 

3.7  CD151 contributes to tumour progression 
 

CD151 is one of the few members of the tetraspanin family that have been identified 

as promoter of metastasis (Claas et al, 1998; Kanetaka et al, 2001; Testa et al, 1999). 

CD151 was originally isolated from the megakaryoblastic cell line MO7e clone (Fitter 

et al, 1995). Although its precise biochemical function is still uncertain, it is known to 

be a crucial member in signal transduction (Yauch et al, 1998a), cell adhesion and cell 

motility (Hasegawa et al, 1998).  CD151 is thought to be involved in an early step in 

the formation of secondary metastatic lesions. Its role in tumour dissemination 

probably being due to its ability in mediating cell migration (Testa et al, 1999). The 

distribution of several tetraspanins using tumour cell and EC mosaic monolayers 

grown on 2-dimensional collagen has been recently investigated (Longo et al, 2001); 

CD151 was found to be concentrated at the TC-EC contact regions, suggesting a role 

in the molecular interactions required for transendothelial invasion by tumour cells.   

 

Our collaborator on this project, Professor Albert Frauman (Department of Medicine, 

Austin Health, Heidelberg, Australia), has shown that CD151 expression is low in 

epithelial cells of non-malignant (hyperplastic) prostatic epithelial tissue, whilst 

expression is much higher in primary prostate cancer specimens (Ang et al, 2010; 

Ang et al, 2004), as shown in Figure 3.2. CD151 protein expression correlates 

positively with Gleason score (Gleason, 1966), a well established pathological 

classification of prostate cancer, i.e. as prostate cancer de-differentiation increases, the 
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expression of CD151 increases, there being a significant difference amongst well, 

moderately and poorly differentiated prostate cancer patients (Figure 3.2). 

 

 

(a)      

 
(b) 

 
Figure 3.2 Expression levels of CD151 in prostate cancer specimens.  
(a) CD151 expression in benign prostatic hypertrophy (BPH) and prostate cancer specimens. CD151 
expression among prostate cancer specimens varied from 1.15 to 34.35, with a median of 8.31. CD151 
expression in BPH control specimens ranged from 1.45 to 9.03, with a median of 4.37 and CD151 
expression in BPH surrounding cancer specimens ranged from 1.17 to 21.62, with a median of 4.03. (b) 
CD151 expression in different grading of prostate cancer specimens. Well-differentiated cancer 
specimens expressed the weakest staining of CD151 protein (median, 3.35; range, 1.15-10.33).  
Elevated expression of CD151 was observed in the moderately differentiated cancer specimens 
(median, 7.68; range, 2.55-27.65).  The strongest CD151 expression was found in the poorly 
differentiated cancer specimens (median, 20.28; range, 5.69-34.35). Figures adapted from Frauman, 
AG, (unpublished results). 
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Primary tumour growth and metastasis are strongly supported by CD151 not only 

when it is present on tumour cells, but also when present in the host animal. Lewis 

lung carcinoma cells implanted into CD151-null mice show markedly reduced 

primary tumour growth through a mechanism that may involve diminished tumour 

angiogenesis in the host mouse (Takeda et al, 2007). Furthermore, host CD151 

contributes to experimental metastasis; for example, in CD151-null mice, lung 

melanoma colonies are diminished in number but not in size, suggesting that CD151 

affects the initiation of metastatic growth but not proliferation (Takeda et al, 2007). It 

has also been demonstrated that CD151 is required for the synthesis of Met, the 

tyrosine kinase receptor for hepatocyte growth factor (HGF), and β4 integrin, a 

known amplifier of HGF-induced tumour cell growth and survival (Franco et al, 

2010). 

 

CD151-null mice are defective in angiogenesis in vivo, in assays involving 

implantation of corneal pellets, subcutaneous Matrigel plugs and subcutaneously 

injected tumour cells (Sachs et al, 2006; Takeda et al, 2007; Wright et al, 2004). 

However, vascular development appears normal in these mice, emphasising that the 

angiogenesis defect may be restricted to pathological conditions. In support of a pro-

angiogenic role for CD151, overexpression of CD151 promotes neovascularisation 

and improves blood perfusion in a rat hind limb ischaemia model due to a mechanism 

that involves activation of the phosphotidylinositol 3-kinase-AKT signalling pathway 

(Lopez-Bergami et al, 2008; Zheng et al, 2007). The absence of CD151 does not 

affect angiogenesis in an in vivo oxygen-induced retinopathy model (Takeda et al, 

2007), as retinal vascularisation depends more on a specialised astrocytic template 

rather than a typical laminin-containing basement membrane (Dorrell et al, 2002). 

CD151, which is abundant at EC-cell junctions, supports several in vitro EC functions 

that are of relevance to angiogenesis. These include EC invasion, chemotactic 

migration, cable formation, Matrigel contraction, tube formation, sprouting and 

signalling through AKT and RAC1 (Takeda et al, 2007). The mechanistic 

consequences of CD151 ablation include subcellular redistribution of α6 integrins, 

reorganisation of integrin partner proteins and altered migration and invasion (Ahmed 

et al, 2008). Focal adhesion kinase (FAK) -mediated silencing of CD151 expression 

in tumoural cells was shown to impair not only HGF-stimulated migration and 
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morphogenesis (Klosek et al, 2009; Klosek et al, 2005), but also HGF-driven 

proliferation, anchorage-independent growth and survival (Franco et al, 2010; Klosek 

et al, 2005). These results strongly suggest that CD151 could also be involved in the 

regulation of downstream pathways of growth factor/growth factor receptor systems. 

Moreover, CD151 was also shown to form functional complexes with c-Met 

signalling pathways such as mitogen-activated protein kinase (MAPK) activation via 

recruitment of growth-factor-receptor-bound protein 2 (Grb2) (Franco et al, 2010). 

CD151 depletion was shown to be able to disrupt integrin-mediated activation of 

EGFR and c-Met (Zijlstra et al, 2008). Considering all these studies, a new role for 

CD151 as a membrane-associated scaffold for optimisation of tyrosine receptor-

integrin cross-talk could be proposed. 

 

The role of CD151 in the progression of cancer has been extensively verified. Most 

recently, a study showed that CD151 is positively associate with the metastasis of 

triple negative breast cancer cell line, MDA-MB-231 (Gayatri et al, 2016). 

Furthermore, a subpopulation of CD151 has been demonstrated to exist on the surface 

of tumor cells that is not associated with integrin partners that regulate tumor cell 

migration (Palmer et al, 2014). Clinical correlation of this population of CD151 with 

prostate cancer progression demonstrates that it has independent prognostic value may 

be used to predict cancer progression. 

3.8  Anti-tumoural activity of anti-CD151 antibodies 
 

One of the obstacles in studying tetraspanins involved in cancer is due its large family 

size and the lack of mAb against them. However, several anti-CD151 monoclonal 

antibodies (mAbs) have been shown to display anti-metastatic activity in vivo. The 

anti-CD151 mAbs inhibited tumour cell invasion through the basal membrane in 

chick embryo and mouse xenograft models, as well as in epidermoid carcinoma, 

fibrosarcoma and colon carcinoma cells (Kohno et al, 2002; Testa et al, 1999; Zijlstra 

et al, 2008). The inhibition of metastasis was not attributed to any effect of these 

mAbs on tumour cell growth, but was essentially attributed to inhibition of cell 

motility. 
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CD151 was originally identified in platelets and ECs using mAbs known as 14A2.H1 

(Ashman et al, 1991) raised against human acute myeloid leukaemia cells. Since then, 

other anti-CD151 mAbs have been generated by various laboratories (Table 3.1). 

Some of these mAbs were shown to display different patterns of binding to cells and 

tissues, depending on their ability to recognise the interaction between CD151 and 

integrins (Geary et al, 2001). For example, mAb TS151 was able to strongly co-

precipitate integrins α3 and β1 from cell lysates, while mAb TS161r and mAbs 

14A2.H1 showed very weak co-precipitating activities owing to their high specificity 

for the site of interaction with integrins (Yamada et al, 2008). The majority of the 

mAbs studied are specifically directed at amino acids located within the EC2, with the 

aim to disrupt binding with integrins. Several anti-CD151 mAbs were shown not only 

to inhibit in vitro migration and invasion of tumoural cells, but also inhibit metastasis 

in different animal models (Table 3.1) (Kohno et al, 2002; Testa et al, 1999; Zijlstra 

et al, 2008).  
 
Table 3.1 Summary of in vivo and in vitro properties of different anti-CD151 antibodies.  
 
mAb In vivo anti-tumoural 

activity  

In vitro activity References 

    

14A2.H1 Not determined Increased platelet aggregation Ashman et al., 1991; 
Roberts et al., 1995 
 

11B1.G4 Not determined Homotypic aggregation, 
platelet agonist 

Fitter et al.,1999;  
Sincock et al., 1997 
 

TS151R Not determined Directed at integrin 
interaction site 

Serru et al., 1999 

TS151 Not determined Non-restricted, 
immunoprecipitation/Western 
blot studies 

Charrin et al., 2001 

8C3 Not determined Inhibited adhesion (laminin) Nishiuchi et al., 2005 

50-6 Inhibited metastasis Inhibited invasion, migration 
and angiogenesis 

Testa et al., 1999 

SFA1.2B4 Inhibited metastasis Inhibited migration 
 

Kohno et al., 2002 

1A5 Inhibited metastasis Inhibited, increased adhesion 
(matrix) 

Zijlstra et al., 2008 
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Different mechanisms of action can be hypothesised for anti-CD151 mAbs (Figure 

3.3). First, they could induce antagonistic effects by blocking lateral interactions with 

key partners such as integrins α3β1 and α6β4, leading to their modulation. Such an 

effect was described for mAb 8C3, which was able to dissociate CD151 from integrin 

α3β1  and thereby attenuating the binding activity of integrin α3β1 to laminin 10/11 

(Nishiuchi et al, 2005). Cell proliferation and tumoural growth could be inhibited 

directly by this integrin activity modulation, and also indirectly by disrupting the 

collaborations of integrins with growth receptors such as c-Met or EGFR. 

 

 

 
Figure 3.3 Potential mechanisms of action of anti-CD151 mAbs.  
(1) Anti-CD151 Abs could induce antagonistic effects by blocking lateral interactions with key 
partners. (2) CD151 potentially interacts with cell-cell adhesion proteins and regulates the dynamic 
stability of carcinoma cell-cell contacts (Chattopadhyay et al, 2003; Johnson et al, 2009). The anti-
proliferative signals induced by EGFR-cadherin complexes can be opposed to pro-proliferative signals 
generated by ligand-activated integrin/RTKs (Muller-Kuhrt, 2003) (3) ADCC and CDC (Kubota et al, 
2009) could potentially be induced by anti-CD151 Abs leading to cytotoxicity in tumoural cells. Figure 
reprinted with permission from publisher (Haeuw et al, 2011). 
 

Second, a potential mode of action of anti-CD151 mAbs is that they could exert an 

antagonistic effect by activating partner functions or inducing tetraspanin partner 

clustering. For example, Zijlstra and co-workers demonstrated that mAb 1A5 inhibits 

spontaneous metastasis in animals (chicks and mice) bearing human epidermoid 
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carcinoma HEp3 and fibrosarcoma HT1080 tumours through injection. (Zijlstra et al, 

2008).  The large differences in CD151 expression between HEp3 and HT10180 did 

not affect the ability of mAb 1A5 to inhibit metastasis, nor did the antibody recognise 

any antigen in normal chick tissue, further emphasising the importance of tumour 

CD151 in metastasis. Furthermore, the disruption of interaction between CD151 and 

integrins by mAbs has been demonstrated to alter survival (Stupack et al, 2006) and 

morphology of tumour cells within the matrix (Kenny et al, 2003).  

 

Third, activation of the ability of CD151 to stabilise cell-cell contacts might suggest 

another mode of action of anti-metastatic mAbs. CD151 potentially interacts with 

cell-cell adhesion proteins and regulates the dynamic stability of carcinoma cell-cell 

contacts (Johnson et al, 2009) by organising multi-molecular complexes containing 

protein tyrosine phosphatase µ (PTPµ), E-cadherin and β-catenin (Chattopadhyay et 

al, 2003; Johnson et al, 2009). Hence, the in vivo use of an anti-CD151 mAb could 

induce cell-cell junctions and favour homotypic cell adhesion, as described previously 

for mAb 11B1.G4 (Fitter et al, 1999), by clustering cell junction proteins such as 

cadherins into TEMs. The increase cell-cell contacts might then block the epithelial-

mesenchymal transition, which constitutes one of the important steps in the metastasis 

process. E-cadherin clustering and homophilic binding can also induce growth 

inhibition by a β-catenin-dependent mechanism that inhibits selective signalling 

functions of growth factor receptors such as EGFR (Perrais et al, 2007), as well as by 

reducing the level of active form of Rho family proteins, especially RhoA and Cdc42 

(Asnaghi et al, 2010). CD151 itself was also shown to participate in these Rho-

suppressive functions (Johnson et al, 2009). The anti-proliferative signals induced by 

EGFR-cadherin complexes can be opposed to pro-proliferative signals generated by 

ligand-activated integrin/receptor tyrosine kinases (RTKs) (Muller-Kuhrt, 2003).  

 

Finally, anti-tumoural activity of anti-CD151 mAbs is demonstrated through 

antibody-dependent cell-mediated cytotoxicity (ADCC) and complement-dependent 

cytotoxicity (CDC) (Kubota et al, 2009). Induction of these cytolytic effector 

functions is highly dependent on the antibody isotype. Among the different human 

IgG isotypes used in therapeutics antibodies on the market and in clinical 

development, IgG1 antibodies are found to be the most potent in mediating both 
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ADCC and CDC. Altogether, these findings clearly suggest that targeting CD151 may 

be of significant interest for cancer biotherapy. 

3.9  Virtual screening of potential CD151 EC2 binders 

Upon virtual screening of the homology model of CD151 EC2 performed by Hooi-

Ling Ng (St. Vincent’s Institute), two potential small-molecule compound binding 

sites have been identified: site 1 located close to Tyr202 and Cys192 (homologous to 

Phe186 and Cys175 in CD81, which bind to hepatitis C virus), and is solvent exposed. 

This site has been indicated in other studies to be the contact site for integrin binding 

(Kazarov et al, 2002) (Figure 3.4) and site 2, located at the dimerisation interface 

close to an area of conserved hydrophobic residues involving intermolecular 

interactions.  

 
 

 
 
Figure 3.4 Integrin-binding site of CD151 EC2 and potential binding site for inhibitors.  
(a) A putative ligand is shown docked into a cavity on the surface of the protein. Residues Cys192 and 
Tyr202 are highlighted in purple. (b) Schematics of the starting model of the putative ligand that could 
occupy the integrin-binding site of CD151 EC2.  
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Forty-five best fitting compounds to site 1 were identified and purchased for 

inhibition assays of CD151 induced-cell motility. The testing of the compounds was 

carried out by our collaborator Professor Albert Frauman (Department of Medicine, 

Austin Health, Heidelberg, Australia). Seven of the 45 compounds tested in a dual-

chamber motility assay were found to inhibit enhanced motility of a CD151-

transfected human prostate cancer cell line, LNCAP, but not transfected cell controls 

that express low levels of endogenous CD151. The compounds were also found to 

inhibit motility of a human prostatic cancer cell line, PC3, which endogenously 

overexpresses CD151. On the other hand, these compounds showed no inhibition of 

motility of CD151-knock down PC3 cells. These findings suggest that the 

compounds, predicted by computer modelling to bind CD151 EC2, do in fact inhibit 

cell motility via a CD151-dependent effect.  
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3.10  Aims for structural studies of CD151 EC2 
 
 

1. Expression and purification of CD151 EC2 to facilitate biochemical studies, 

biophysical characterisation and structural studies.  

2. To confirm and quantitate interactions of potential inhibitors of CD151 

function with CD151 EC2 by direct binding assays.  

3. To determine the three-dimensional atomic structure of CD151 EC2 as a basis 

for guiding a medicinal chemistry program to aid the search for potent drug-

like inhibitors. 
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3.11  Results 

3.11.1  Bioinformatics  

3.11.1.1 Characterisation of CD151  
 

Bioinformatics was performed as a basis for the design strategy for CD151 EC2 

production and structural studies. Information on human full-length CD151 retrieved 

from UniProt (2015) indicated that it is a 28 kDa protein with 253 amino acids 

(Figure 3.5). A phylogenetic tree generated with the sequence of CD151 in Basic 

Alignment Search Tool (BLAST) (Johnson et al, 2008) reveals that the earliest 

species of CD151 is found in Caenorhabditis elegans (roundworm) and that human 

CD151 evolved from Chlorocebus aethiops (primates). According to UniProt, CD151 

has four helical, transmembrane regions (amino acids 19-39, 58-78, 92-112, 222-242) 

(Figure 3.6), each containing 21 amino acids. As seen with other tetraspanins (Fitter 

et al, 1998; Karamatic Crew et al, 2004; Yauch et al, 2000), CD151 has short 

cytoplasmic N- and C-termini (amino acids 1-18, 243-253) with 18 and 11 amino 

acids, respectively. The other cytoplasmic region (amino acids 79-91) is located 

between the two extracellular regions; namely, EC1 (40-57) and EC2 (113-221), each 

containing 18 and 109 residues, respectively. Within the EC2, there are six cysteines 

in total, out of which four are conserved across all tetraspanin members. Cys11, 

Cys15, Cys242 and Cys243 (all of which are outside of EC2) have been demonstrated 

to go through palmitoylation (Yang et al, 2002).  
 

 

        10         20         30         40         50         60  
MGEFNEKKTT CGTVCLKYLL FTYNCCFWLA GLAVMAVGIW TLALKSDYIS LLASGTYLAT  
 
        70         80         90        100        110        120  
AYILVVAGTV VMVTGVLGCC ATFKERRNLL RLYFILLLII FLLEIIAGIL AYAYYQQLNT  
 
       130        140        150        160        170        180  
ELKENLKDTM TKRYHQPGHE AVTSAVDQLQ QEFHCCGSNN SQDWRDSEWI RSQEAGGRVV  
 
       190        200        210        220        230        240  
PDSCCKTVVA LCGQRDHASN IYKVEGGCIT KLETFIQEHL RVIGAVGIGI ACVQVFGMIF  
 
       250  
TCCLYRSLKL EHY 

 

Figure 3.5 Sequence of human CD151.  
Sequences are highlighted in green for intracellular regions, blue for transmembrane domains and red 
for extracellular regions. EC2 (UniProt: P48509) is shown in red and underlined. Sequence analysis 
was conducted based on information retrieved from UniProt (2015).  
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Figure 3.6 Predicted domains of tetraspanin CD151.  
CD151 has four helical, transmembrane regions (shown in red rods). As seen with other tetraspanins, 
CD151 has short cytoplasmic N- and C-termini. The other cytoplasmic region is located between the 
two extracellular regions, namely EC1 and EC2. Within the EC2, there are six cysteines in total (shown 
in yellow circles), out of which four are conserved forming two pairs of disulphide bridges (shown in 
green lines). Amino acid numbers are shown in parentheses. 
 

According to the BLAST results, CD151 shares various degrees of sequence 

similarity with other tetraspanins including those well-identified ones such as human 

CD81, CD63, CD53, CD9 and TSN2 (Figure 3.7). Alignment of these sequences was 

then performed using online sequence alignment tool ClustalW (McWilliam et al, 

2013). Notably, amongst the conserved residues, is the CCG motif, a hallmark of the 

tetraspanin superfamily (Berditchevski, 2001). While it was known that there are two 

conserved cysteines in the EC2 region, the gaps present in this alignment of full-

length tetraspanins resulted in only one conserved cysteine being revealed. Distant 

tetraspanin members such as RDS, ROM and UPK were not included in this analysis.  
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CD9             ------MPVKGGTKCIKYLLFGFNFIFWLAGIAVLAIGLWLRFDSQTKSIFEQETNNN-- 
TSN2            -----MGRFRGGLRCIKYLLLGFNLLFWLAGSAVIAFGLWFRFGGAIKELSSEDKSP--- 
CD81            ------MGVEGCTKCIKYLLFVFNFVFWLAGGVILGVALWLRHDPQTTNLLYLELGDKPA 
CD151           MGEFNEKKTTCGTVCLKYLLFTYNCCFWLAGLAVMAVGIWT-------LALKSDYISLLA 
CD63            ------MAVEGGMKCVKFLLYVLLLAFCACAVGLIAVGVGAQLVLSQTIIQGATPGS--- 
CD53            -------MGMSSLKLLKYVLFFFNLLFWICGCCILGFGIYLLIHNNFGVLFHN------- 
TSN5            -MSGKHYKGPEVSCCIKYFIFGFNVIFWFLGITFLGIGLWAWNEKGVLSNISSITDLG-- 
                               :*:.:      *   .  .:...:                      
 
CD9             NSSFYTGVYILIGAGALMMLVGFLGCCGAVQESQCMLGLFFGFLLVIFAIEIAAAIWGYS 
TSN2            -EYFYVGLYVLVGAGALMMAVGFFGCCGAMRESQCVLGSFFTCLLVIFAAEVTTGVFAFI 
CD81            PNTFYVGIYILIAVGAVMMFVGFLGCYGAIQESQCLLGTFFTCLVILFACEVAAGIWGFV 
CD151           SGTYLATAYILVVAGTVVMVTGVLGCCATFKERRNLLRLYFILLLIIFLLEIIAGILAYA 
CD63            -----LLPVVIIAVGVFLFLVAFVGCCGACKENYCLMITFAIFLSLIMLVEVAAAIAGYV 
CD53            -LPSLTLGNVFVIVGSIIMVVAFLGCMGSIKENKCLLMSFFILLLIILLAEVTLAILLFV 
TSN5            ---GFDPVWLFLVVGGVMFILGFAGCIGALRENTFLLKFFSVFLGIIFFLELTAGVLAFV 
                         ::: .* .::  .. ** .: :*   ::  :   * :::  *:  .:  :  
 
CD9             HKDEVIKEVQEFYKDTYNKLKTKDEPQ--RETLKAIHYALNCCG----LAGGVEQFISD- 
TSN2            GKGVAIRHVQTMYEEAYNDYLKDRGKG--NGTLITFHSTFQCCG----KES--SEQVQP- 
CD81            NKDQIAKDVKQFYDQALQQAVVDDDANNAKAVVKTFHETLDCCGSSTLTALTTSVLKNN- 
CD151           YYQQLNTELKENLKDTMTKRYHQPGHEAVTSAVDQLQQEFHCCGSNNSQDWRDSEWIRSQ 
CD63            FRDKVMSEFNNNFRQQMENYPKN---NHTASILDRMQADFKCCGAANYTDWEKIPSMSKN 
CD53            YEQKLNEYVAKGLTDSIHRYHSD---NSTKAAWDSIQSFLQCCGINGTSDWTSGPPAS-- 
TSN5            FKDWIKDQLYFFINNNIRAYRDDIDLQN---LIDFTQEYWQCCGAFGADDWNLNIYFNCT 
                        .     :       .             :   .***                 
 
CD9             ---------ICPK-K-D----VLETFTVK------S-------------CPDAIKEVFDN 
TSN2            ---------TCPK-----ELLGHK---------N---------------CIDEIETIISV 
CD81            ---------LCPSGSN----IISNLFKE-------D-------------CHQKIDDLFSG 
CD151           EAGGRVVPSCCKT------VVALCGQR----------DHASNIYKVEGGCITKLETFIQE 
CD63            RVPD----SCCIN------------------VTVGCGINFNEKAIHKEGCVEKIGGWLRK 
CD53            ----------CP------------------------------SDRKVEGCYAKARLWFHS 
TSN5            ---SRERCGSCCTK----DPAEDVINTQCGYDARQKPEVDQQIVIYTKGCVPQFEKWLQD 
                          *                                      *       :   
 
CD9             KFHIIGAVGIGIAVVMIFGMIFSMILCCAIRRNREMV-- 
TSN2            KLQLIGIVGIGIAGLTIFGMIFSMVLCCAIRNSRDVI-- 
CD81            KLYLIGIAAIVVAVIMIFEMILSMVLCCGIRNSSVY--- 
CD151           HLRVIGAVGIGIACVQVFGMIFTCCLYRSLKLEHY---- 
CD63            NVLVVAAAALGIAFVEVLGIVFACCLVKSIRSGYEVM-- 
CD53            NFLYIGIITICVCVIEVLGMSFALTLNCQIDKTSQTIGL 
TSN5            NLTIVAGIFIGIALLQIFGICLAQNLVSDIEAVRASW-- 
                :.  :.   : :. : :: : ::  *   :          
 
Figure 3.7 Sequence comparison of human CD151 with other well-identified members of the 
tetraspanin superfamily.  
The hallmark conserved CCG motif (Berditchevski et al, 2001) is highlighted in green, while the two 
conserved cysteines are highlighted in purple. Sequence alignment was done with ClustalW 
(McWilliam et al, 2013). Sequences of tetraspanins were retrieved by UniProt (2015). 
 

3.11.1.2 Sequence conservation and variability of tetraspanin EC2s 
 

It is well documented that the specific activity of each tetraspanin is determined by 

the EC2 region due to its association with integrins (Kazarov et al, 2002; Yauch et al, 

2000). Here, a more in-depth analysis of the CD151 EC2 sequences was carried out 

(Figure 3.8). The sequence of CD151 EC2 across different species is highly 

conserved with a sequence identity of 86% and sequence similarity of 95%. 

Interestingly, the QRD motif suggested to be involved in integrin binding is only 

present in primate CD151 EC2s. Sequence comparison of CD151 EC2 with EC2 of 

some well-identified members of the tetraspanin superfamily (as described in previous 

section) (Thompson et al, 2002) show a low sequence identity (Figure 3.9). Apart 
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from the conserved CCG motif, an additional conserved cysteine residue was 

revealed, making a total of two pairs of conserved cysteines within the EC2. This is 

consistent with the documented sequences of tetraspanin EC2s where the conserved 

CCG motif, together with two invariant cysteines, was observed. 

 

To date, CD81 is the only tetraspanin member with its structure experimentally 

determined. This includes the crystal structure of the EC2 domain of human CD81 

(Kitadokoro et al, 2001) and was used as a basis for the generation of a CD151 EC2 

homology model. A comparison of the EC2 of human CD151 and with the equivalent 

domain in human CD81 (Figure 3.10), reveals there is 32% sequence identity and a 

sequence similarity of 70%.  

 
 
 
 

113   120   130       140       150       160       170       180 
CD151 human AYYQQLNTELKENLKDTMTKRYHQPGHEAVTSAVDQLQQEFHCCGSNNSQDWRDSEWIRSQEAGGRVV 
CD151 bovine IYYQQLNAELKENLKDTMTRRYHQPGHEGVTSAVDKLQQEFHCCGSNNSRDWQDSEWIHSGEAGGRVV 
CD151 rat      VYYQQLNTELKENLKDTMIKRYHQSGHEGVTNAVDKLQQEFHCCGSNNSRDWRDSEWIRSGEADSRVV 
CD151 mouse    VYYQQLNTELKENLKDTMVKRYHQSGHEGVTSAVDKLQQEFHCCGSNNSQDWQDSEWIHSGEADSRVV 
CD151 gm  VYYQQLNTELKENLKDTMAKRYHQPGHEAVTSAVDQLQQEFHCCGSNNSQDWRDSEWIRSGEAGGRVV 
CD151 rm   VYYQQLNTELKENLKDTMAKRYHQPGHEAVTSAVDQLQQEFHCCGSNNSQDWRDSEWIRLREARGRVV 
                ******:********** :**** ***.**.***:*************:**:*****:  ** .***       
                
 
        190     200       210       220 
CD151 human PDSCCKTVVALCGQRDHASNIYKVEGGCITKLETFIQEHLR 
CD151 bovine PDSCCKTVVPGCGRRDHASNIYKVEGGCITKLETFIQEHLR 
CD151 rat PDSCCKTVVTGCGKREHASNIYKVEGGCITKLESFIQEHLR 
CD151 mouse PDSCCKTMVAGCGKRDHASNIYKVEGGCITKLETFIQEHLR 
CD151 gm PDSCCKTVVAGCGQRDHASNIYKVEGGCITKLETFIQEHLR 
CD151 rm PDSCCKTVVAGCGQRDHAFNIYKVEGGCITKLETFIQEHLR 
               *******:*  **:*:** **************:******* 
 
Figure 3.8 Sequence comparison of CD151 EC2 in different species.  
CD151 EC2 is highly homologous across different species with sequence identity of 86% and sequence 
similarity of 95%. The hallmark conserved CCG motifs (Berditchevski et al, 2001) are highlighted in 
green while the two conserved cysteines found across all tetraspanin EC2s are highlighted in magenta. 
Classified as a Group 2 tetraspanin, CD151 possesses two more cysteines in the EC2 (shown in blue 
bars). The QRD motif that has been proposed to be involved in human CD151 association with integrin 
α3β1 (Thompson et al, 2002) is highlighted in red. Sequence alignment was done with ClustalW 
(McWilliam et al, 2013). Sequences of tetraspanins are retrieved by UniProt (2015) (Green monkey 
(Chlorocebus sabaeus): gm,  Rhesus monkey (Macaca mulatta) : rm). 
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           113    120      130       140        150       160       170        
CD151 human      AYYQQLNTELKENLKDTMTKRYHQPGHEAVTSAVDQLQQEFHCCGSNNSQDWRDSEWIRSQEAGGRV- 
TSN5 human      VFKDWIKDQLYFFINNNIRAYRDDIDLQN---LIDFTQEYWQCCGAFGADDWNLNIYFNCTDSNASRE 
CD63 human      VFRDKVMSEFNNNFRQQMENYPKNNHTAS---ILDRMQADFKCCGAANYTDWEKIPSMS-----KNR- 
CD53 mouse      VYEQKLNTLVAEGLNDSIQHYHSDNSTMK---AWDFIQTQLQCCGVNGSSDWTSGPPSS--------- 
CD81 human      VNKDQIAKDVKQFYDQALQQAVVDDDANNAKAVVKTFHETLDCCGSSTLTALTTSVLKN--------- 
CD9 human      SHKDEVIKEVQEFYKDTYNKLKTKDEPQR--ETLKAIHYALNCCGLAGGVEQFISDI----------- 
TSN2 human      IGKGVAIRHVQTMYEEAYNDYLKDRGKGN--GTLITFHSTFQCCGKESSEQVQPT------------- 

    .     :       .             :     ***                                   
                        180           190             200       210       220 
CD151 human         ---VPDSCCK--T----VVALCGQR-------DHASNIYKVEGGCITKLETFIQEHLR 
TSN5 human         RCGVPFSCCTKDPAEDVINTQCGYDARQKPEVDQQIVIYTKG--CVPQFEKWLQDNLT 
CD63 human         ---VPDSCCI--N----VTVGCGIN-------FNEKAIHKEG--CVEKIGGWLRKNVL 
CD53 mouse         --------CPSGAD----VQG-----------------------CYNKAKSWFHSNFL 
CD81 human         -----NL-CPSGSN----IISNLFKE-------D----------CHQKIDDLFSGKLY 
CD9 human         --------CPK-KD----VLETFTVK-------S----------CPDAIKEVFDNKFH 
TSN2 human         --------CPK---------ELLGHK-------N----------CIDEIETIISVKLQ 
                             *                                    *       :  :.       
 

Figure 3.9 Sequence comparison of predicted CD151 EC2 with other members of the tetraspanin 
superfamily.  
CD151 EC2 has low sequence identity with the other tetraspanin members. Green bar indicates the 
conserved CCG motifs in all tetraspanin EC2s (Berditchevski et al, 2001), while purple bar indicate the 
two other conserved cysteines that are involved in disulphide bridges. Being a Group 2 tetraspanin, 
CD151, together with TSN5 and CD63, possesses two more cysteines in the EC2, shown in blue bars. 
Sequence alignment was done with ClustalW (McWilliam et al, 2013). Sequences of tetraspanins are 
retrieved from UniProt (2015). 
 
 
 
 

              113    120       130       140       150       160       170 
CD151 human         AYYQQLNTELKENLKDTMTKRYHQPGHEAVTSAVDQLQQEFHCCGSNNSQDWRDSEWI 
CD81 human         VNKDQIAKDVKQFYDQALQQAVVDDDANNAKAVVKTFHETLDCCGSSTLTALTTS--- 

              .  :*: .::*:  .::: :   : . : ..:.*. ::: : ****..      *    
          114   120       130       140       150       160     
 
 

                       180       190       200       210       220        
CD151 human         RSQEAGGRVVPDSCCKTVVALCGQRDHASNIYKVEGGCITKLETFIQEHLR 
CD81 human         --------VLKNNLCPSGSNII------SNLFKED--CHQKIDDLFSGKLY 

                      *: :. * :   :       **::* :  *  *:: ::. :*  
170        180               190       200      

 
 
Figure 3.10 Sequence comparison of CD151 EC2 and CD81 EC2.  
There is 32% sequence identity and a sequence similarity of 70%. Green bar indicates the conserved 
CCG motifs in all tetraspanin EC2s (Berditchevski et al, 2001), while purple bar indicate the two other 
conserved cysteines that are involved in disulphide bridges. Being a Group 2 tetraspanin, CD151, 
together with TSN5 and CD63, possesses two more cysteines in the EC2, shown here in blue bars. 
Sequence alignment was analysed using ClustalW (McWilliam et al, 2013). 
 

 

3.11.1.3 Characterisation of CD151 EC2 
 

The predicted molecular weight of CD151 EC2 by online bioinformatics platform 

ProtParam (Gasteiger et al, 2005) was 12.3 kDa with a theoretical pI of 5.67, and 

extinction coefficient (Abs 0.1% = 1 g/L) of 1.409 in oxidised condition and 1.378 in 

reduced condition. Analysis of CD151 EC2 sequence by the protein motif database 

PROSITE (Sigrist et al, 2010) identified the 194QRD196 integrin binding motif and a 
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potential asparagine glycosylation site (159NNSQ162). However, a literature search did 

not provide any support for this post-translational modification. To investigate 

potential proteolytic sites, an analysis was done with online bioinformatics tool 

PeptideCutter (Gasteiger et al, 2005). Notably, Arg165 may potentially be cleaved by 

five proteases including Arg-C proteinase, Asp-N endopeptidase, Asp-N 

endopeptidase + N-terminal Glu, clostrioain and trypsin.  
 

3.11.2  Homology modelling of CD151 EC2 
 

Kitadokoro et al. reported the first crystal structure of the tetraspanin CD81 EC2, 

which was solved as a non-crystallographic homodimer (Kitadokoro et al, 2001) 

(Figure 3.11). Each monomer consists of five helices stabilised by two disulphide 

bridges, suggesting that key structural features and the protein fold are conserved 

among tetraspanins. To investigate this hypothesis in more detail, prediction of the 

structure of CD151 EC2 was done using secondary structure predictions and 

homology modelling. 

 

From the structure of CD81 EC2, sixteen amino acid residues are observed to be 

located along the dimer interface, out of which nine are hydrophobic residues and one 

is uncharged. This suggests that dimerisation in large was most likely a result of 

hydrophobicity of the residues involved. An alignment of sequence CD81 and CD151 

EC2s revealed that these sixteen residues showed low sequence identity with 

corresponding residues in CD151 EC2 (Figure 3.12). However, six of the 

corresponding residues are of hydrophobic nature and three are uncharged. In view of 

this, it was hypothesised that CD151 EC2 could possibly still exist as a dimer. 
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Figure 3.11 Cartoon representation of the crystal structure of human CD81 EC2.  
CD81 EC2 (PDB: 1G8Q) (Kitadokoro et al, 2001) is organised into a homodimeric structure with each 
monomer represented by grey and coloured cartoons. Each subunit in the dimer is composed of five α-
helices. To highlight individual helices in monomer 2, the helices have been coloured, starting from the 
N-terminal, red, orange, blue, cyan and purple. The four cysteines, conserved across all tetraspanins, 
are involved in the formation of two disulphide bonds (shown in yellow sticks). 
 

 

 
 

             120       130       140       150       160       170 
CD151 human        AYYQQLNTELKENLKDTMTKRYHQPGHEAVTSAVDQLQQEFHCCGSNNSQDWRDSEWI 
CD81 human        VNKDQIAKDVKQFYDQALQQAVVDDDANNAKAVVKTFHETLDCCGSSTLTALTTS--- 
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           114   120       130       140       150       160     

 
 

                       180       190       200       210       220        
CD151 human         RSQEAGGRVVPDSCCKTVVALCGQRDHASNIYKVEGGCITKLETFIQEHLR 
CD81 human         --------VLKNNLCPSGSNII------SNLFKED--CHQKIDDLFSGKLY 

                       *: :. * :   :       **::* :  *  *:: ::. :*  
                     170        180               190       200      

 

Figure 3.12 Comparison of residues involved in dimer interface.  
Residues involved in the CD81 EC2 dimer interactions are in bold. Hydrophobic residues (highlighted 
in red) located at the dimer interface of CD81 EC2 display some sequence similarity with 
corresponding residues in CD151 EC2. Hence, it is hypothesised that CD151 EC2 may still exist in a 
dimeric form.  
 
Detection of protein homology on the sequence of CD151 EC2 was performed using 

HHpred (Soding, 2005), an online server that aligns protein sequences to different 
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alignment databases through the implementation of the Profile Hidden Markov Model 

(HMM). Distant homologous relationships between proteins could be detected based 

on this method. The HMM-HMM comparison of the CD151 EC2 sequence picked up 

ten structures (PDB: 1G8Q, 2GX1, 4DBG, 2OQ9, 1YM0, 1Y29, 1YLX, 1SG7, 

1DME, 1ANS), which were subsequently merged to create a threaded model 

template. Among them, structure 1G8Q is particularly noteworthy as it is that of 

CD81 EC2. The model template has 75% sequence identity to that of CD151 EC2. 

This template was then submitted to protein structure modelling tool Modeller (Sali et 

al, 1993), which automatically calculates a model containing all non-hydrogen atoms 

based on the template sequences. The resulting model was then subjected to energy 

minimisation to repair any distorted geometries, under Merck Molecular Force Field 

(MMFF), by web-based software package SyBil (Systems Biology Linker) (Crabtree 

et al, 2007). Finally, the stereochemical quality of the model was investigated using 

Procheck (Laskowski et al, 1993). All residues were in the allowed region of the 

Ramachandran plot. Structure evaluation by VERIFY3D (Bowie et al, 1991; Luthy et 

al, 1992) model quality plot showed all residues to be in a sensible location. 

 

The resulting CD151 EC2 homology model has two large α-helices and three smaller 

ones, as well as the six cysteines within the EC2 (Figure 3.13). Four of these 

cysteines are involved in two disulphide bonds (Cys155 and Cys208, Cys156 and 

Cys185) and their positions are consistent with the conserved cysteines as revealed in 

sequence alignments (as described in Section 3.11.1.2). The additional two cysteines 

in CD151 EC2, Cys184 and Cys192, are likely to be involved in disulphide formation 

(although it is not observed in the homology model). Cys184 is buried while Cys192 

is surface exposed and located within the proposed integrin-binding site that includes 

the QRD motif. The involvement of these two cysteines in disulphide formation was 

further investigated and confirmed by mass spectroscopy. The results are described in 

later sections. 
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Figure 3.13 Cartoon representation of CD151 EC2 homology model and crystal structure of 
CD81 EC2.  
(a) CD81 EC2 monomer (blue ribbon) consists of five α-helices with four conserved cysteines forming 
two pairs of disulphide bonds (shown in yellow sticks). (b) Homology model of CD151 EC2 (green 
ribbon) is composed of five α-helices, which is consistent with that to the crystal structure of CD81 
EC2 and previously predicted secondary structures of tetraspanins EC2. The CD151 EC2 monomers 
include six cysteines, four (shown in orange) of which are forming two disulphide bonds (shown in 
yellow sticks) conserved in all tetraspanins. The additional two cysteines (shown in pink sticks) make 
CD151 a Group 2 tetraspanin. (c) Homology model of CD151 EC2 monomer shown in a different 
angle clearly revealing all six cysteines. Cys155 and Cys156 form disulphide bonds (yellow) with 
Cys208 and Cys185 respectively (shown in orange sticks). According to the model, Cys184 and 
Cys192 are not involved in disulphide formation. Cys184 is buried while Cys192 located adjacent to 
the integrin-binding motif QRD (highlighted in red) is surface exposed.  
 

3.11.3  Design of initial CD151 EC2 constructs 
 

According to UniProt (2015), the EC2 of CD151 is composed of residue 113 to 

residue 221 while CD81 runs from residue 113 to residue 201. As residue 221 of 

(a) (b) 

(c) 
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CD151 was predicted to be the start of a transmembrane helix (Figure 3.6), it was not 

included in the construct. Accordingly, the constructs initially made (pGEX-

CD151113-220, pProEx-CD151113-220, pET21-CD151113-220, pFastBac1-CD151113-220) 

included residues spanning from 113 to 220 (Figure 3.14).   

 
    113               120                     130                       140                     150                      160  
    AYYQQLNT ELKENLKDTM TKRYHQPGHE AVTSAVDQLQ QEFHCCGSNN SQDWRDSEW  
 
    170                    180                      190                      200                    210                   220 
    IRSQEAGGRVV PDSCCKTVVA LCGQRDHASN IYKVEGGCIT KLETFIQEHL 

 

Figure 3.14 Residue sequences of CD151 EC2 constructs.  
Full-length CD151 EC2 spans from residue 113 to 221 but residue 221 was excluded from the 
construct boundary as it was predicted to be the start of a helix, resulting in the final sequence of 
residue 113 to 220 for the initial constructs synthesised.  
 

3.11.4  Bacterial expression and purification of CD151 EC2 
 

Recombinant GST-CD151 EC2 fusion proteins (pGEX-CD151113-220) were first 

expressed in BL21-Star (DE3) Escherichia coli in LB media. Although GST-CD151 

EC2 GST fusion proteins were successfully expressed, a proteolytic product of lower 

molecular weight was detected, compromising the purity of the expressed product. In 

addition, upon separation of GST from CD151 EC2 by thrombin cleavage, a large 

amount of GST was seen by SDS-PAGE in comparison to the amount of CD151 EC2 

purified. Attempts to remove excess GST by incubating with Glutathione Sepharose 4 

Fast Flow resin proved futile as contamination by residual GST remained after 

elution. Moreover, the cleaved CD151 EC2 displayed a tendency to bind 

promiscuously to glutathione sepharose despite varying the pH, salt concentration, 

temperature and concentration of glutathione. 

 

Size-exclusion chromatography was used to further purify CD151 EC2 from the 

cleaved GST-tag and excess thrombin. While the problem of contamination by 

residual GST was successfully eradicated, a sizeable amount of CD151 EC2 had to be 

sacrificed as both proteins eluted with overlapping curves in the size-exclusion profile 

(Figure 3.15). The same problem arose for the elution curves of full-length and 

proteolytically cleaved CD151 EC2, compounding of the problem of low yield and 

purity. To that end, CD151 EC2 elution fractions were pooled together and further 

purified by an additional step of size-exclusion chromatography. While this process 
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removed all GST proteins, trace amount of the proteolytic product persisted in the 

concentrated sample (~5 mg/ mL), as revealed by SDS-PAGE analysis (Figure 3.16). 

 

In view of the above issues with pGEX-CD151113-220, alternatives were explored. 

Constructs encompassing CD151 residues 113-220, pProEx-CD151113-220 and pET21-

CD151113-220, were tested in expression trials. While the problem of GST 

contamination did not exist (as both constructs carried a His purification tag instead of 

GST), the yield was not desirable, averaging 1 mg of purified protein harvested from 

8 L of LB culture. In addition, the problematic proteolysis remained.  

 

Attempting to remove both problems, the method of purifying CD151 through the 

refolding of denatured recombinant pProEx-CD151113-220 from inclusion bodies was 

employed (described in Section 2.2.10). While this method gave promising results 

initially yielding purified soluble CD151 EC2 without generating any proteolytic 

product, it proved to be non-reproducible despite multiple attempts.  
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Figure 3.15 Chromatograms of purified CD151 EC2 from Superdex75 size-exclusion column.  
(a) Step 1: While CD151 EC2 could be isolated from GST, a lower molecular weight proteolytic 
product was observed. A significant amount of CD151 EC2 protein had to be sacrificed due to 
overlapping elution time of the three species of proteins. (b) Step 2: Fractions of CD151 EC2 from Step 
1 were pooled together and further purified by size-exclusion chromatography. 
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Figure 3.16 SDS-PAGE analysis of purified CD151 EC2 from bacterial expression.  
Lane 1: The starting sample before size-exclusion chromatography contains a large amount of GST. 
Lane 2: Empty lane. Lane 3 and 4: Upon separation of GST and CD151 EC2 with a Superdex75 size-
exclusion column (GE Healthcare), CD151 EC2 was obtained, but with traces of proteolytic product.  
 

3.11.5  Trials of two new constructs to improve stability 
 

The use of two constructs with shorter sequences, pProEx-CD151115-217 and pProEx-

CD151115-217Δ179-199 (Figure 3.17), was employed with the aim of improving stability 

and chances of crystallisation. The two shorter sequences were derived from 

homology modelling (carried out with Dr. Jessica Holien, St. Vincent’s Institute) 

(Figure 3.18). By comparison, the pProEx-CD151115-217 construct was five residues 

shorter than the original CD151 EC2 construct with two and three residues deleted at 

the N- and C-terminus respectively (residue number 113-115 and 218-220). On the 

other hand, the pProEx-CD151115-217Δ179-199 construct had the helix-loop region 

excluded (residue number 179-199). This generated a CD151 construct with residue 

number 115–178 and residues 200-217 linked by a commonly used G-S-G linker. 

However, both constructs resulted in an insoluble form of CD151 EC2 expressed in 

both 37°C and 22°C bacteria culture. Therefore, these constructs were not pursued 

any further due to higher priorities (see below).  
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a) 
      115        120                     130                       140                     150                      160  
    YQQLNT ELKENLKDTM TKRYHQPGHE AVTSAVDQLQ QEFHCCGSNN SQDWRDSEW  
 
    170                    180                      190                      200                    210           217 
    IRSQEAGGRVV PDSCCKTVVA LCGQRDHASN IYKVEGGCIT KLETFIQ 
 

  

b) 
    115        120                     130                       140                     150                      160  
    YQQLNT ELKENLKDTM TKRYHQPGHE AVTSAVDQLQ QEFHCCGSNN SQDWRDSEW  
 
    170                         200                    210            217 
    IRSQEAGGRGSGN IYKVEGGCIT KLETFIQ 

 
Figure 3.17 Residue sequences of two shorter CD151 EC2 constructs.  
(a) pProEx-CD151115-217 was shorten by five residues with two and three residues removed at the N- 
and C-termini (residue number 113-114 and 218-220 respectively). (b) pProEx-CD151115-217Δ179-199 had 
the loop region excluded resulting in residue number 115-178 followed by residues 200–217 (blue) 
with a G-S-G linker (red) inserted between the two regions. 
 

 
Figure 3.18 Cartoon representation of homology models of the two shorter sequences of CD151 
EC2. 
 The diagram on the left illustrates the original pProEx-CD151115-217 construct (green) with its five 
helices highlighted. Deletion of residues at the N- and C-termini in the pProEx-CD151115-217 construct 
resulted in a slightly trimmed CD151 molecule (orange). The diagram on the right represents the 
pProEx-CD151115-217Δ179-199 construct (blue) with the number 4 helix-loop region, highlighted in red, 
excluded in the construct. 

3.11.6  Baculovirus expression and purification of CD151 EC2 
 

In parallel with bacterial expression studies to aid in the determination of an optimal 

protein expression system, baculovirus expression of CD151 EC2 was performed at 

the in-house tissue culture facility. A matrix of 36 conditions in 5 mL volumes 

cultured for 48 hours was initially used to screen for optimal expression conditions for 

media, temperature and cells is to media ratio (Table 3.2).  
 
It was found that Sf21 cells in combination with SF-900TM III at a ratio of 1:30 gave 

the best results in terms of yield, as demonstrated by SDS-gel analysis. A scale up 
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from 5 mL to 2 L was then carried out. However, a protein of ~70 kDa that co-

purified with CD151 EC2 on nickel affinity column was observed (Figure 3.19). The 

unknown protein was eventually identified by mass spectrometry to be HSP70, a 

member of the heat shock proteins that is ubiquitously expressed in living organism 

aiding protein folding and solubility (Flaherty et al, 1990; Tavaria et al, 1996). Upon 

removal of HSP70 with ATP and 1 mM MgCl2, CD151 EC2 was proved to be 

insoluble.  

 

To overcome the issue of insolubility, a new construct was designed with the same 

sequence and purification scheme but with an additional signal peptide to facilitate the 

secretion of the expressed recombinant His-tagged CD151 EC2 protein. In spite of 

overcoming the issue of HSP70 being present and insolubility of purified CD151 

EC2, the yield was very low, averaging less than 1 mg of target product expressed per 

litre of medium. Subsequently, the baculovirus expression system was not further 

pursued for the study of CD151 EC2.  

 
Table 3.2 Summary of matrix used in initial screen for optimum expression conditions in 
baculovirus. 

  Cell Type 
  High FiveTM Sf9 Sf21 

M
ed

ia
 EXPRESS FIVE®  

 
 

1:10 

 
 
 

1:30 

 
 
 

1:100 

 
 
 

1:10 

 
 
 

1:30 

 
 
 

1:100 

 
 
 

1:10 

 
 
 

1:30 

 
 
 

1:100 

Insect-XPRESSTM 
SF-900 IITM 
SF-900 IIITM 

 
 
A total of eight constructs were trialled with both bacterial and baculovirus expression systems 
employed. 
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Figure 3.19 SDS-PAGE analysis of purified CD151 EC2 from baculovirus expression.  
Lane 1, 2 and 3: CD151 EC2 fractions following nickel affinity chromatography co-purified with a 
protein of ~70 kDa. The unknown protein was later identified by mass spectrometry to be HSP70. 
 

3.11.7 Mass spectrometry analysis of purified CD151 EC2 from bacterial 
expression 

 

A purified CD151 EC2 sample (described in Section 3.11.4) was subjected to native 

mass-spectrometry analysis (carried out with David Ascher, St. Vincent’s Institute, 

with an Agilent QTOF LC/MS system) to characterise both full-length and proteolytic 

product. Two peaks were primarily observed; a parent peak with a predicted mass of 

12,443 Da and another of 6,528 Da (Figure 3.20). At the same time, N-terminal 

amino acid analysis was performed to determine the first 14 amino acid residues of 

both the full- length and the degraded product. The results gave the identities of the 

first 14 residues as GSAYYQQLNTELKE for both protein species.  

 

Taking into account the first two residues (Gly-Ser) which are non-native, the parent 

peak corresponds to the molecular weight of intact CD151 EC2 (residues 113-220), 

while the smaller mass peak corresponds to that of the degraded product. As the 

degraded product was also purified through affinity chromatography, and in this case 

glutathione sepharose, it was postulated that proteolytic cleavage occurs at the C-
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terminus rather than the N-terminus as the construct was designed with an N-terminal 

GST-tag. As the 6,528 Da peak appeared as distinct species in the mass spectrometry 

results, it is unlikely that it formed intermolecular disulphide bonds with the full-

length product.  

 

The sequences that are likely to be compatible to the experimental mass include the 

following: 

 

A. Residues 113-166 (predicted mass 6,502 Da); 

B. Residues 114-167 (predicted mass 6,532 Da); 

C. Residues 117-169 (predicted mass 6,526 Da); 

D. Residues 127-181 (predicted mass 6,529 Da); 

E. Residues 128-182 (predicted mass 6,530 Da); 

F. Residues 147-202 (predicted mass 6,524 Da); 

G. Residues 166-220 (predicted mass 6,536 Da). 

 

Sequences C, D, E and F require two independent proteolysis events. Another 

possibility is that the thrombin cleavage is non-specific. This has proven to be 

unlikely as analysis of the CD151 EC2 sequence by bioinformatics databases found 

no possible cleavage sites for thrombin (described in Section 3.11.1.3). While 

Sequence G would only require one proteolysis event, it is also an unlikely 

consequence as the degraded product would not have been purified by glutathione 

affinity due to the absence of the N-terminal GST-tag. As Sequence B suffers from 

the fact that the loss of the first glycine cannot be explained, Sequence A is therefore 

the most likely solution despite the fact that it does differ significantly (by 26 Da) 

from the experimental mass of 6,528 Da.  

 

This affirmed the fact the truncation takes place from the C-terminal end, and that 

Sequence A (amino acids 113-168) is the most likely candidate for the degraded 

product that has a mass of ~6.5 kDa.  
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Figure 3.20 Mass spectra of purified CD151 EC2 to determine purity and identity of proteolytic 
product.  
A parent peak with experimental mass of ~12.4 kDa (corresponding to that of full length purified 
CD151 EC2) and a contaminating peak of experimental size of 6,528 Da (corresponding to that of 
degraded product) were seen. Using this information and results obtained from N-terminal amino acid 
analysis, it can be deduced that the degraded product is a 56-amino acid species with residue sequence 
113 to 168.  

 

3.11.8 Design of new construct and establishment of a robust expression 
and purification protocol 

 
Using the newly acquired information obtained from the mass spectrometry analysis, 

a new construct, pGEX-CD151113-220c6His, was designed and synthesised (Figure 

3.21). This new construct was designed with the aim to address two of the three main 

issues encountered so far in the production of pure CD151 EC2: contamination by 

excess GST expression, and proteolytic breakdown. In addition to the existing GST-

tag within the pGEX-CD151113-220c6His vector, a hexa histidine-tag was added to the C-

terminus.  

 

With the new construct, an additional step of purification (through a HisTrapTM HP 

column, GE Healthcare) following the separation of GST and CD151 EC2 was 

necessary. The rationale was that the first purification step by binding to glutathione 

sepharose would remove the truncated N-terminal product (that does not have an N-

terminal GST-tag) while the second purification step through the HisTrapTM HP 

column would remove all cleaved GST-tag as well as the 6.5 KDa proteolytic product 

(that does not have a C-terminal His-tag and hence, would not bind to the nickel 
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matrix). Meanwhile, TB broth (described in Section 2.1.2.1) was used instead of LB 

for bacterial culture in an attempt to improve expression yield.  

 

The use of the new construct, in combination with the use of TB broth and the two 

purification steps described, resulted in milligram quantities of pure CD151 EC2 

being successfully obtained. There was no contamination by either GST or the 

proteolytic product (Figure 3.22). Moreover, a clean sample was obtained even 

without the use of size-exclusion chromatography, hence minimising the loss of 

sample. CD151 EC2 was expressed in both the monomeric and dimeric forms, with 

traces of higher molecular weight oligomers (as confirmed by native mass 

spectrometry; Figure 3.23). Upon addition of 1 mM DTT, the sample was reduced to 

predominantly monomers (Figures 3.24 & 3.25), most likely due to the reduction of 

two surface cysteine residues that formed intermolecular disulphide bonds. 

 

 
      113               120                     130                       140                     150                      160  
    AYYQQLNT ELKENLKDTM TKRYHQPGHE AVTSAVDQLQ QEFHCCGSNN SQDWRDSEW  
 
    170                    180                      190                      200                    210                   220 

         IRSQEAGGRVV PDSCCKTVVA LCGQRDHASN IYKVEGGCIT KLETFIQEHLHHHHHH  
 
 
Figure 3.21 Residue sequence of new CD151 EC2 construct.  
A new construct with a C-terminal hexa-His sequence (pGEX-CD151113-220c6His) was used to 
successfully overcome the problem of contamination by excess GST.  
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Figure 3.22 SGS-PAGE analysis of purified CD151 EC2 from pGEX-CD151113-220c6His.  
Lane 1 – 7: Eluted fractions containing CD151 EC2 separated from GST and the 6.5 kDa proteolytic 
product (that has its C-terminal His-tag truncated) by IMAC using a nickel column. FT (Flow through): 
Sample that did not bind to the nickel column contained cleaved GST-tag and proteolytic product. 
CD151 EC2 eluted as monomers predominantly with traces of dimers and higher molecular weight 
oligomers.  
 
 
 
 
 

 
 
Figure 3.23 Mass spectrum of purified CD151 EC2 to determine presence of dimers.  
Two major peaks were observed with the monomeric form of CD151 EC2 having an experimental 
mass of ~13 kDa and the dimeric form of the protein having an experimental mass of exactly twice that 
of the monomeric form at ~26 kDa. While it is difficult to distinguish between CD151 EC2 dimers and 
GST on SDS-PAGE analysis (due to the two proteins having similar molecular mass), native mass 
spectrometry data is consistent with the presence of CD151 EC2 dimers and rules out the possibility of 
residual GST contamination. 
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Figure 3.24 SDS-PAGE analysis of purified CD151 EC2 under reducing and non-reducing 
conditions.  
Lane 1 shows a non-reduced sample with purified CD151 EC2 existing in monomeric, dimeric and 
oligomeric forms. Upon addition of 1 mM DTT (as shown in Lane 2), the same sample displayed 
mostly monomers. This is likely due to the reduction of the two surface cysteine residues in CD151 
EC2 that formed intermolecular disulphide bonds. 
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Figure 3.25 Chromatograms of purified CD151 EC2 (pGEX-CD151113-220c6His) from Superdex75 
size-exclusion column.  
(a) Under non-reduced conditions, CD151 EC2 elutes as a combination of monomers, dimers, trimers 
and higher molecular oligomers (species validated by mass spectrometry). (b) In the presence of 1 mM 
DTT (added to sample and column running buffer), CD151 EC2 elutes primarily as monomers. This is 
most likely due to the reduction of the two predicted surface cysteine residues that caused CD151 EC2 
to form intermolecular disulphide bonds. 
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3.11.9  Circular dichroism (CD) to determine secondary structure 
 

The CD spectrum of purified CD151 EC2 samples was analysed to investigate its 

secondary structure. The spectrum of lectinolysin was used as a control during the 

analysis CD151 EC2. The secondary structure of the protein as indicated by CD was 

then compared with the predicted structure of CD151 EC2 as well as the crystal 

structure of CD81 EC2. From the data obtained, it was calculated that 84% of the 

protein was helical (Figure 3.26). This calculation from the CD spectra is consistent 

with the secondary structure of CD81 EC2 (80% helical) and in line with the 

homology model of CD151 EC2 (56% helical), as well as with the predicted 

secondary structure of CD151 EC2 by bioinformatics databases (43% helical).  

 

 

 
 
Figure 3.26 CD spectroscopy of purified CD151 EC2 to determine secondary structures.  
The green curve denotes CD151 EC2 while the red curve denotes that of lectinolysin, which consists 
mainly of β-sheets. From the data, it was deduced that CD151 EC2 is primarily composed of α-helices 
with few β-sheets present. This is consistent with the predicted secondary structure of CD151 EC2 
based on bioinformatics and the homology model. 
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3.11.10 Dynamic light scattering 
 

The data showed that the reduced purified sample of CD151 EC2 (in 1 mM DTT) is 

primarily monomeric and monodispersed with no aggregates present in the buffer 

conditions (Figure 3.27). This result indicates that the protein sample is suitable for 

crystallisation trials.   
 
 

   
 
Figure 3.27 DLS profile of reduced CD151 EC2.  
The protein sample is homogeneous with no aggregates present. It consists of mainly monomers of the 
protein. 
 

3.11.11 Crystallisation trials of CD151 EC2 
 

The highest concentration sample achieved was 10 mg/mL and was used for 

crystallisation trials utilising a selection of Commercial sparse matrix screen 

consisting of 864 crystallisation conditions (Appendix I) at the CSIRO C3 Robotic 

Crystallisation Facility. Trials were carried out at 20°C and 8°C. No crystal formation 

was observed, and precipitation and “protein islets” (resembling half-formed crystals) 

were present in just 12 out of the 768 drops (Figure 3.28), suggesting that a higher 

sample concentration may be needed for crystallisation to take place. In-house 

screening was done around these conditions but no crystals were obtained. 
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Figure 3.28 Visualisation of crystallisation drops of CD151 EC2.  
Crystallisation trials were performed at CSIRO C3 using vapour diffusion sitting-drop method. 
Precipitation and ‘protein islets’ were observed, indicating potentially promising crystallisation 
conditions.  
 

3.11.12 Structural characterisation by nuclear magnetic resonance 
spectroscopy  

 

Nuclear magnetic resonance (NMR) studies are currently underway in collaboration 

with Dr. Luke Miles at St. Vincent’s Institute. The use of NMR provides an 

alternative approach for structure determination of CD151-drug complexes.  

Moreover, NMR can also inform on the appropriate constructs for structure 

determination either by NMR or crystallographic approaches. 15N-labelled CD151 

EC2 was expressed (as described in Section 2.2.12) for NMR heteronuclear single 

quantum coherence (HSQC) experiment, which generates a spectrum to investigate if 

the protein is folded with secondary structures. The quality of the spectrum would 

also give a good indication if it is worth recording other spectra and possibly 

proceeding on to double labelling schemes. It is also possible to record a variety of 

dynamics experiments using 15N-labelled protein as well as N-H residual dipolar 

couplings (RDCs). 15N-labelled protein can also be useful for titrations with ligands or 

other proteins with which it forms a complex. 

 

Figure 3.29 shows a preliminary NMR HSQC spectrum for 15N-enriched CD151 EC2 

protein correlating amide protons and nitrogen atoms. The sample was reduced with 1 
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mM DTT and contained 30% (v/v) TFE, which promotes helix formation by 

destabilising backbone exposure (Kentsis et al, 1998). The spectrum was measured at 

303.15 K on the 500 MHz magnet housed at the Bio21 Institute, and fitted with a 

cryoprobe. The spectrum demonstrates a concentrated and well-folded protein 

consistent with the helical structure identified by CD. The spectroscopic line widths, 

chemical shift dispersion and signal to noise, suggesting the determination of the 

solution structure for this protein by NMR is highly feasible. 

 

 
Figure 3.29 HSQC NMR spectrum of 15N-enriched CD151 EC2 protein.   
NMR-HSQC experiment was performed at 303.15K acquired on the Bio21 Bruker 500 MHz 
spectrometer fitted with a cryoprobe. The X-axis represents the amide (NH) proton hydrogen chemical 
shift and the Y-axis represents the amide (NH) nitrogen chemical shift. Thus, each peak is the proton 
and nitrogen NMR signal for each amide. Peaks are well resolved and distributed, suggesting that each 
amide is in a unique magnetic environment with reference to its neighbours. Hence, it can be deduced 
that the protein is properly folded. 
 

3.11.13 Generation and purification anti-CD151 EC2 Fab fragments 
 

A Fab Pierce® Fab Preparation Kit (ThermoScientific) was used according to 

manufacturer’s instructions to generate Fab from anti-CD151 EC2 mAb (11B1.G4) 

(described in Sections 2.2.16 & 3.8). Upon digestion and separation of Fab and Fc, 

Fab was purified using Protein A agarose. A pure sample of anti-CD151 EC2 Fab 

fragment was successfully obtained (Figure 3.30). The purified Fab fragment and 
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CD151 EC2 were mixed at a 1:1 molar ratio and concentrated to 7 mg/mL for 

crystallisation trials. No crystals were obtained (Figure 3.31). Due to limited supply 

of mAb, this work was not further pursued. 

 

 
 

 
 
 
Figure 3.30 SDS-PAGE analysis of purified Fab fragment.  
(a) Lane 1-7: Fractions of Fab fragment of molecular weight ~50 kDa were obtained by papain 
digestion followed by Protein A affinity chromatography. (b) The sample was further purified by 
Supderdex 75 26/60 size-exclusion chromatography and concentrated to 7 mg/mL for crystallisation 
trials. 
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Figure 3.31 Visualisation of crystallisation drops of anti-CD151 EC2 Fab fragment.  
Crystallisation trials were performed at CSIRO C3 using vapour diffusion sitting-drop method. 
Precipitation and ‘protein islets’ were observed, indicating potentially promising crystallisation 
conditions that will require further optimisation. 

3.11.14  Measurement of CD151 EC2 interaction with compound inhibitor 
SVI919 by Surface Plasmon Resonance 

 

Through the testing of potential CD151-binding compounds on two human prostate 

cell lines (Clinical Pharmacology and Therapeutics, Austin Health, Heidelberg, 

Victoria, Australia), the best “hit” from the cell-based assays, SVI919, was tested for 

binding to the recombinant CD151 EC2 using a Biacore T200 instrument (GE 

Healthcare) (with Larissa Doughty, St. Vincent’s Institute). A running buffer 

containing 10 mM HEPES; pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.005% Surfactant 

P20, 5% DMSO was used. There are four flow cells on a CM5 Sensor Chip (GE 

Healthcare). The first flow cell was uncoupled and used as a blank reference control. 

Approximately 3000 response unit (RU) of anti-His mAb was amide coupled onto the 

second, third and forth flow cell of the chip.  CD151 EC2 was passed through flow 

cell two and was captured by the anti-His mAb (~1000 RU). The pore-forming toxin 

lectinolysin, an unrelated protein, which was recombinantly expressed and purified 

was used as a control and was captured to flow cell three of the sensor chip (~1000 

RU) via its N-terminal His-tag. The capture of CD151 EC2 and lectinolysin was 
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evident due to the increase in RU in the flow cells compared to the baseline and this 

was not observed in the blank reference (flow cell 1).  

 

SVI919 was found to interact with CD151 EC2 with an estimated KD of 75 µM 

(Figure 3.32). The compound was injected in a concentration series of 1 nM, 3 nM, 9 

nM, 27 nM and 81 nM. Following each compound injection, the surface of the chip 

was regenerated using 10 mM Glycine pH 3.0 and fresh CD151 EC2 and lectinolysin 

were bound to the chip. Flow cell 1 (bank surface), flow cell 3 (lectinoysin) and flow 

cell 4 (anti-His mAb) were used as a reference flow cells and SVI919 was not found 

to interact with any of the controls.  

 

 
Figure 3.32 SPR studies of CD151 with potential inhibitor SVI919.  
The potential inhibitor was found to bind to CD151 surface with an estimated KD of 75 µM, but not to a 
control surface with a reference protein immobilised. 
 

3.12  Discussion and future directions 
 

Despite the evidence that CD151 and several other tetraspanins have been implicated 

in a number of pathological processes (Hemler, 2005; Iwamoto et al, 1994; 

Kitadokoro et al, 2001; Rocha-Perugini et al, 2009; Stipp et al, 2003), there have not 

been any studies focusing on their recombinant production. To our knowledge, with 

the exception of tetraspanin CD81 EC2, there are no other publication of working 

protocols on the expression and purification of tetraspanin EC2s. In this study, 

considerable effort was carried out to achieve a feasible protocol for the expression 

and purification of CD151 EC2. The initial protocol used was based on that for the 

production of CD81 EC2 (Kitadokoro et al, 2001). However, that resulted in low 

protein yield coupled with several purification issues. In total, eight vectors, three 

purification methods and two expression systems were trialled. Eventually, an optimal 
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construct design, robust expression and optimised purification protocol was 

established. This was verified using mass spectrometry and sequence anlyses. The 

quality of the CD151 EC2 protein produced was validated by biophysical analyses 

such as CD and DLS. CD data indicated that recombinant CD151 EC2 expressed is 

folded and DLS indicated that CD151 EC2 is predominantly a monomer in the 

presence of 1 mM DTT. 

 

The optimised expression and purification protocol established in this study allows 

pure CD151 EC2 to be obtained in sufficiently quantity (1 mg of purified monomers 

from 1 L of expression media) for the purpose of structural and functional studies. In 

addition, a reliable protocol for the expression of CD151 EC2 labelled with 15N and/or 
15N/13C in M9 minimal media has been established which enables structural studies by 

NMR spectrometry. The preliminary NMR-HSQC results suggest that future work in 

obtaining a NMR structure of CD151 EC2 is feasible. Any resulting structure of 

CD151 EC2 will be invaluable for the virtual screening of new families of inhibitors, 

thus increasing our chances of identifying promising drug leads. The findings in this 

thesis would contribute significantly in the future discovery of small-molecule 

compounds that are specific against the interactions between CD151 and integrins, 

subsequently reduce the enhanced adhesion and motility of tumour cells that 

overexpress CD151. This provides hope in the development of cancer therapeutics.  

 

Attempts to crystallise CD151 EC2 failed to produce any crystals for X-ray 

crystallographic studies. One parameter that needed to be explored is the oligomeric 

state of CD151 EC2. CD81 EC2, which was used as a model for CD151 EC2, has 

been proposed to exist as a homodimer at the cell surface for its biological function 

(Kitadokoro et al, 2001). Sequence alignment of CD81 EC2 and CD151 EC2 

indicated that the residues involved in homodimer formations are not highly 

conserved. Upon purification, evidence of small amount of dimers and higher 

oligomers of CD151 EC2 was observed. DTT was used during the purification due to 

the presence of surface exposed cysteines that allows CD151 EC2 to form 

intermolecular disulphide bonds. The exposed cysteines may be of functional 

importance that allows CD151 EC2 to be stabilised in vivo, perhaps an alternative 

process for dimer or oligomer clusters in the cell surface. Methods of promoting and 

stabilising these dimers and oligomers in vitro such as chemical cross-linking could 
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be utilised. Purified samples of these dimers or oligomers can then be utilised for 

crystallisation trials and further biophysical studies.  

 

Attempts to co-crystallise CD151 EC2 with anti-CD151 EC2 mAb Fab fragments was 

also initiated in this study. This method has previously been successful in gaining the 

crystal structure of the caustic portion of the amyloid precursor protein (Miles et al, 

2008). It was demonstrated that Fab fragments of anti-CD151 EC2 could be generated 

and purified. This, however, could not be proceeded further due to the amount mAb 

available at the time. On that note, there are many other options of crystallising 

CD151 EC2 that had not been exploited during the time of this study. Firstly, to aid in 

protein stability and recombinant expression, CD151 EC2 from other species as well 

as constructs with different N or C terminal boundaries and tags can also be further 

explored. Secondly, to reduce or prevent the problem of contaminating tags following 

cleavage, short affinity tags such as hexa-histidine or streptactin can be left on the 

construct prior to crystallisation. Thirdly, different crystallisation techniques 

involving different temperature, “under oil” (batch crystallisation), free interface 

diffusion (fluid filed capillaries) can be trialled. In addition, surface entropy reduction 

mutants (using CD81 as the model to predict which residues to mutate) or seeding 

from CD81 crystals can also be experimented.  

    

The testing of potential CD151-binding compounds, identified through virtual 

screening of the CD151 EC2 homology model, is still on-going on two human 

prostate cell lines (Clinical Pharmacology and Therapeutics, Austin Health, 

Heidelberg, Victoria, Australia). Together with this study, a greater insight on the 

conformational elements and peptide characterisation within the CD151 EC2 binding 

site that are important could be gained. 

 

The best putative CD151 hits from the cell-based assays were tested for binding to the 

purified form of CD151 EC2 by SPR. The assay allows a high-throughput screening 

of potential inhibitors, including our existing class of compounds, calculation of 

binding constants and direct evidence that CD151 EC2 is the target for the inhibitors. 

Initial results from the SPR have revealed the conditions required for such screening 

and kinetic analysis. However, a sigmoidal curve was not achieved as the highest 

concentration of compound did not reach saturation.  This was partially due to the 
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quantity of the amount of compound available and the solubility of the compound. 

When the concentration of SVI919 is higher than 10 µM, it started to precipitate in 

the SPR running buffer. Therefore, the KD of the interaction between CD151 EC2 and 

SVI919 can only be estimated from the affinity curve. One way of over coming this is 

to increase the concentration of DMSO present in the SPR running buffer. This will, 

however, require further experimental testing in which the stability of CD151 EC2 in 

higher concentration of DMSO can be determined. One experiment that can be carried 

out is to titrate increasing amount DMSO into CD151 EC2 and monitor the secondary 

structure of CD151 EC2 using CD; a technique that has already been optimised for 

CD151 EC2 in this thesis.   

 

During the preparation of this thesis, a microscale thermophoresis (MST) experiment 

involving CD151 EC2 and SVI919 was carried out on a Monolith NT.115 instrument 

(Nanotemper Technologies) by Dr Larissa Doughty (St Vincent’s Institute, 

unpublished). The MST experiment provided an alternate method of measuring the 

interaction of CD151 EC2 and SVI919 without the need of an immobilised surface 

(Englebienne et al, 2003; Rich et al, 2004). CD151 EC2 and SVI919 were diluted 

using the same buffer as for the Biacore studies. Briefly, 50 nM of CD151 EC2 was 

added to a concentration series of compound at 4 nM, 8 nM, 10 nM, 13 nM, 16 nM, 

19 nM, 500 nM, 800 nM, 1 µM, 4 µM, 7 µM and 10 µM. SVI919 was found to bind 

with a calculated KD of ~ 0.3 µM (Figure 3.33). The disparity in binding affinity 

value of SVI919 to CD151 EC2 was not surprising. In the SPR experiment, the 

concentration of SVI919 did not reach saturation due to the solubility of SVI919 in 

the SPR running buffer. Therefore, the affinity value derived from the SPR 

experiment is only an estimate and will require further experimental optimisation. 

Another possibility could be due to the difference in biophysical technique being 

used. It would therefore be vital to repeat both experiments and quote the technique 

used while comparing the affinity of other compounds in the future. Nevertheless, 

results from SPR and MST proved that compound interaction with CD151 EC2 can 

be measured and SVI919 can bind to CD151 EC2 around the µM range.  
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Figure 3.33 MST studies of CD151 with potential inhibitor SVI919.  
The potential inhibitor was found to bind to CD151 with a KD ~ 0.3 µM. 
 

It is noteworthy that while both MST and SPR are powerful techniques for 

investigating protein-protein/peptide relationships, they have their limitations. MST 

allows for quantitative analysis of protein interactions in free solution, an approach 

that does not require immobilization procedures and hence eliminates possible surface 

artefacts. Moreover, MST can be performed with low sample consumption (usually 

just several microlitres) with almost no limitation in molecule size, affinity or buffer. 

However, one major drawback of MST is that is not able to measure the “on” and 

“off” rates of binding. SPR is a commonly used method for such measurements and it 

can be performed in an automated fashion, thus increasing sample throughput (Grote 

et al, 2005). However, SPR is not performed in free solution and cannot easily 

discriminate between specific and non-specific interactions with the sensor surface 

(Englebienne et al, 2003; Rich et al, 2004). Also, binding of low molecular weight 

compounds is more difficult to detect and establishing a new assay can be labour 

intensive. In view of these advantages and disadvantages of both techniques, it is 

advantageous to perform binding assays using more than one biophysical method.  

 

Other techniques of fragment screening exist and should be considered in the future 

work involving CD151 EC2. One such technique is thermal shift assay (Lo et al, 

2004), in which a change in the denaturing profile of CD151 EC2 upon successful 

fragment binding can be interpreted from that of unbound. On the other hand, the 
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promising NMR data on CD151 EC2 in this thesis can also be further optimised for 

STD-NMR. 

 

It was demonstrated previously in other studies that homology models could be used 

successfully for in silico virtual screening which in turn led to identification of small-

molecule inhibitors. For example, structure-based computational development of 

initial hits from a homology model of insulin-regulated aminopeptidase (IRAP), a 

protein involved in memory loss associated with Alzheimer’s disease, has resulted in 

the production of inhibitors with nanomolar affinities (Albiston et al, 2008). In the 

event that the structures of small molecule drugs bound to CD151 EC2 cannot be 

visualised by either X-ray crystallography or NMR, further virtual screening of the 

homology model would be an option (Kitchen et al, 2004). Hence, the improved 

CD151 EC2 homology model in this study would be of significant value in the pursuit 

of such an approach. 
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Chapter 4 | STRUCTURAL STUDIES OF E3 LIGASE SEVEN-IN-
ABSENTIA (SIAH) 

 

4.1  Introduction to the ubiquitination proteasome pathway 
 

Ubiquitin-mediated proteolysis is an important cellular event in the turnover and 

regulation of proteins. Ubiquitination is a multi-step process that requires the 

concerted action of at least three classes of transfer proteins known as E1 (ubiquitin 

activating), E2 (ubiquitin conjugating) and E3 (ubiquitin ligating) (Ciechanover, 

1998; Pickart, 2001; Varshavsky, 2005) (Figure 4.1).  

 

E1 initiates ubiquitination by activating the ubiquitin peptide monomer (Handley et 

al, 1991). Ubiquitin activation begins with the formation of an ubiquitin-adenylate 

intermediate that serves as the donor of ubiquitin to a conserved cysteine residue in 

the E1 active site, where it is exchanged for adenosine monophosphate. In a 

subsequent transthiolation reaction, the activated ubiquitin moiety is passed from the 

E1 cysteine residue to the active-site cysteine of the E2 ubiquitin-conjugating enzyme.  

 

E2 enzymes may attach ubiquitin either to target proteins directly or to E3 ubiquitin 

ligases, depending on the kind of E3 in the interaction. However, most ubiquitination 

require both E2 and E3 enzymes, although in some cases E2 enzymes can 

autoubiquitinate (Deffenbaugh et al, 2003). Further complexity in the ubiquitination 

process is conferred by E3 ubiquitin ligases, which bind to specific protein substrates 

and promote the transfer of ubiquitin from a thioester intermediate to amide linkages 

with proteins or polyubiquitin chains (Hershko et al, 1986). The HECT and RING 

classes of E3 ubiquitin ligases make up for more than 600 different E3 ligases that 

provide the versatility and specificity involved in the recognition of a large number of 

target proteins (Metzger et al, 2014; Nakayama et al, 2006).  
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Figure 4.1 The ubiquitin-proteasome pathway.  
Ubiquitination is a multi-step process that requires the concerted action of at least three classes of 
transfer proteins known as E1, E2 and E3 (Ciechanover, 1998; Pickart, 2001; Varshavsky, 2005). The 
E1 enzyme activates ubiquitin and transfers it to one of several E2 conjugating enzymes. To form a 
polyubiquitin chain, E3 proteins transfer ubiquitin to a substrate protein. Subsequent synthesis of a 
polyubiquitin chain serves as the signal for degradation in the 26S proteasome.  
 

To mediate transfer of ubiquitin from E2s to protein substrates, the E3 enzymes 

recognise the distinct degradation signals in the substrate. The HECT E3 ligases 

actively take up E2-bound ubiquitin via thioester linkages and then transfer the 

ubiquitin to the substrate. A conserved cysteine within the HECT domain serves as 

the site for ubiquitin transfer from E2 via a transthiolation reaction catalysed by the 

HECT E3 ligase (Huibregtse et al, 1995). The highly variable N-terminal domain is 

responsible for specific substrate recognition and binding. RING finger E3s contain a 

characteristic structure composed of conserved histidine and cysteine residues in 

complex with two zinc ions that is conserved across the family of RING E3 ligases 

(Joazeiro et al, 2000; Saurin et al, 1996). The RING E3s serve as docking sites that 

bring together the target substrate and E2 enzymes to mediate transfer of the ubiquitin 

moiety but do not form thioester bonds with ubiquitin. The RING domains of E3 

enzymes are reported to bind to E2 ligases (Zheng et al, 2000). The 26S proteasome, a 
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large subcellular organelle, is the eventual site for ATP-dependent degradation of 

ubiquitin-tagged proteins (Hough et al, 1986). 

4.2  SIAH and its substrates as part of the E3 complex 
 

Drosophila SINA and mammalian SIAH are evolutionarily conserved E3 

components. Homologues of the mammalian SIAH gene can also be found in frog, 

zebrafish, mosquito and Caenorhabditis elegans. These proteins contain an N-

terminal RING domain that binds E2s, followed by a cysteine-rich domain, and a 

domain implicated in binding various substrate and non-substrate proteins. SINA was 

the first member identified and has been shown to bind with substrates PHYL, Ebi 

and a class I ubiquitin-conjugating E2 enzyme (UbcD1) to facilitate the ubiquitination 

and degradation of the transcriptional co-repressor Tramtrack88 (TTK88), a requisite 

step in neuronal differentiation of R7 photoreceptor cells in the developing fly eye 

(Boulton et al, 2000; Dong et al, 1999; Li et al, 1997; Tang et al, 1997). In 

mammalian cells, a similar complex comprising SIAH1, SIP and Ebi has been shown 

to bind to pAPC to facilitate the ubiquitination and degradation of β-catenin, a central 

component of the cadherin cell adhesion system, via a p53-dependent mechanism 

(Santelli et al, 2005). Other substrates potentially targeted by SIAH for ubiquitination 

include the netrin receptor (Hu et al, 1997b), a membrane receptor that controls 

axonal patterning and cell migration; NcoR (Zhang et al, 1998), a co-repressor of 

retinoid and nuclear receptor transcription factors; and Kid (Germani et al, 2000), a 

kinesin associated with microtubules involved in mitosis. In addition, mammalian 

SIAH have been found to bind the guanine nucleotide exchange factor Vav (Germani 

et al, 1999), suppressing its function without inducing its degradation, as well as 

Peg3/Pw1 (Relaix et al, 2000; Relaix et al, 1998), a zinc finger protein implicated in 

NF-κB induction and in p53-mediated apoptosis.  

 

The majority of the known SINA/SIAH substrates possess the sequence, Pro-X-Ala-

Val-X-Pro (where X is not conserved). Since SIAH interaction with proteins bearing 

this motif leads many to be degraded, the motif has been designated the SIAH 

‘degron’ by our collaborator Colin House and co-workers (Peter McCallum Cancer 

Centre) (House et al, 2003). Aside from substrates such as TIEG1 that interact 

directly with SIAH (Johnsen et al, 2002), the degron motif can also facilitate the 
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interaction of SIAH with adaptor proteins as in the case of SIP and PHYL. In 

Drosophila, for example, TTK is recruited and polyubiquitinated by the SINA/PHYL 

complex for proteasomal degradation (Tang et al, 1997), where PHYL functions as an 

adaptor of SINA in recruiting different substrates for polyubiquitination during 

Drosophila neurogenesis (Chang et al, 2008). The pathways involving SIAH/SINA 

proteins are shown in Figure 4.2. 

 

 
 
Figure 4.2 Pathways involving SIAH/SINA family of proteins.  
SINA controls R7 photoreceptor development through a pathway in which SINA binds to substrate 
phyllopod (PHYL) to degrade the transcriptional factor TTK88 (Boulton et al, 2000; Dong et al, 1999; 
Li et al, 1997; Tang et al, 1997). Mammalian SIAH have been implicated in regulating 
polyubiquitination and proteasome-dependent degradation (Santelli et al, 2005). ZF denotes zinc 
finger. Figure adapted (Reed et al, 2002). 
  



 114 

4.3  SIAH E3 ubiquitin ligases - a highly homologous family 
 

The SIAH genes fall into two main groups: SIAH1, which consists of four closely 

related members, two of which appear to be functional (isoform a is truncated at the 

N-terminus compared to isoform b); and SIAH2, which contains a single functional 

member (Della et al, 1993). The SIAH family of proteins show a very high degree of 

conservation with SINA over the majority of their lengths, diverging only at their 

amino terminal ends in the cysteine-rich RING zinc finger domains (Figure 4.3). 

Human SIAH1 (hSIAH1) maps to chromosome 16q12 and encodes a 282-amino acid 

protein with 76% sequence identity to the Drosophila SINA protein. On the other 

hand, human SIAH2, is located on chromosome 3q25 and encodes a 325-amino acid 

protein. Despite the differences in chromosomal location and sequence length, human 

SIAH1 and SIAH2 share a high sequence identity of about 76%. Since human SIAH1 

and SIAH2 are located in different chromosomes, they are not a product of alternative 

splicing. Interestingly, SIAH1 and SIAH2 have contrasting role in cancer with SIAH1 

serving as a tumour suppressor and SIAH2 serving as a proto-oncogene (Lo et al, 

2004). Furthermore, subtle differences in their sequences have been shown to provide 

them with their substrate specificities (Lo et al, 2004) (Figure 4.3).  

 

The hSIAH1 gene has two mouse homologues, mSIAH1a and mSIAH1b (Della et al, 

1993). The sequences of mSIAH1a and mSIAH1b are 97% homologous with each 

other, 99% and 97% respectively with their human counterpart and 97% with 

Drosophila SINA. hSIAH1 and mSIAH1a/mSIAH1b differ to human SIAH2 

(hSIAH2) and mouse SIAH2 (mSIAH2) only in their amino-terminus (Della et al, 

1993; Hu et al, 1997a). mSIAH2 maps to chromosome 3q25 and encodes a 324-

amino acid protein that shares 66% identity with Drosophila SINA and 78% identity 

with hSIAH1. Human SIAH2 protein is 98% identical to mouse SIAH2. Analysis 

using BLAST, PROSITE and sequence alignment indicated SIAH is only conserved 

among organisms and share no similarity with other RING type ligases. This further 

highlights the diversities in E3 ligases, which enable their specificities, and the 

feasibilities of using small molecules in targeting particular E3 ligases in the treatment 

of diseases.    
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               60 
Human SIAH2         MSRPSSTGPSANKPCSKQPPP-QPQHTPSPAAPPAAATISAAGPGSSAVPAAAAVISGPG 
Mouse SIAH2         MSRPSSTGPSANKPCSKQPPPPQTPHAPSPAAPPAAATISAAGPGSSAVPAAAAVISGPG 
Human SIAH1         ---------------------------MSRQTATALPTGTSKCPPSQRVPALTGTTAS-- 
Mouse SIAH1a        ---------------------------MSRQTATALPTGTSKCPPSQRVPALTGTTAS-- 
Mouse SIAH1b        ---------------------------MSRQAATALSTGTSKCPPSQRVPALTDTTAS-- 
Drosophila SINA     --------MSNKINPKRREPTAAAAGAGATGVATNTSTSTGSSSAGNTSSANTSSSSSSS 
                                                :  ...  .* :.  . ..  .* :   :.   
                  
                      Zinc Finger (RING) 
 
               120 
Human SIAH2         GGGGAGPVSPQHHELTSLFECPVCFDYVLPPILQCQAGHLVCNQCRQKLSCCPTCRGALT 
Mouse SIAH2         AGGGADPVSPQHHELTSLFECPVCFDYVLPPILQCQAGHLVCNQCRQKLSCCPTCRGALT 
Human SIAH1         -----------NNDLASLFECPVCFDYVLPPILQCQSGHLVCSNCRPKLTCCPTCRGPLG 
Mouse SIAH1a        -----------NNDLASLFECPVCFDYVLPPILQCQSGHLVCSNCRPKLTCCPTCRGPLG 
Mouse SIAH1b        -----------NNDLASLFECPVCFDYVLPPILQCQSGHLVCSNCRPKLTCCPTCRGPLG 
Drosophila SINA     LSSAGGGDAGMSADLTSLFECPVCFDYVLPPILQCSSGHLVCVSCRSKLTCCPTCRGPLA 
                                 :*:*******************.:***** .** **:*******.*  
   SIAH SBD →     Zinc Finger (SIAH) 
 
 
               180 
Human_SIAH2         PSIRNLAMEKVASAVLFPCKYATTGCSLTLHHTEKPEHEDICEYRPYSCPCPGASCKWQG 
Mouse_SIAH2         PSIRNLAMEKVASAVLFPCKYATTGCSLTLHHTEKPEHEDICEYRPYSCPCPGASCKWQG 
Human_SIAH1         -SIRNLAMEKVANSVLFPCKYASSGCEITLPHTEKADHEELCEFRPYSCPCPGASCKWQG 
Mouse_SIAH1a        -SIRNLAMEKVANSVLFPCKYASSGCEITLPHTEKAEHEELCEFRPYSCPCPGASCKWQG 
Mouse_SIAH1b        -SIRNLAVEKVANSVLFPCKYSASGCEITLPHTKKAEHEELCEFRPYSCPCPGASCKWQG 
Drosophila_SINA     -NIRNLAMEKVASNVKFPCKHSGYGCTASLVYTEKTEHEETCECRPYLCPCPGASCKWQG 
                     .*****:****. * ****::  **  :* :*:*.:**: ** *** ************ 
             Zinc Finger (continued) 
 
 
               240 
Human SIAH2         SLEAVMSHLMHAHKSITTLQGEDIVFLATDINLPGAVDWVMMQSCFGHHFMLVLEKQEKY 
Mouse SIAH2         SLEAVMSHLMHAHKSITTLQGEDIVFLATDINLPGAVDWVMMQSCFGHHFMLVLEKQEKY 
Human SIAH1         SLDAVMPHLMHQHKSITTLQGEDIVFLATDINLPGAVDWVMMQSCFGFHFMLVLEKQEKY 
Mouse SIAH1a        SLDAVMPHLMHQHKSITTLQGEDIVFLATDINLPGAVDWVMMQSCFGFHFMLVLEKQEKY 
Mouse SIAH1b        SLDAVMPHLMHQHKSITTLQGEDIVFLATDINLPGAVDWVMMQSCFGFHFMLVLEKQEKY 
Drosophila SINA     PLDLVMQHLMMSHKSITTLQGEDIVFLATDINLPGAVDWVMMQSCFGHHFMLVLEKQEKY 
                    .*: ** ***  ***********************************.************ 
 
 
               300 
Human SIAH2         EGHQQFFAIVLLIGTRKQAENFAYRLELNGNRRRLTWEATPRSIHDGVAAAIMNSDCLVF 
Mouse SIAH2         EGHQQFFAIVLLIGTRKQAENFAYRLELNGNRRRLTWEATPRSIHDGVAAAIMNSDCLVF 
Human SIAH1         DGHQQFFAIVQLIGTRKQAENFAYRLELNGHRRRLTWEATPRSIHEGIATAIMNSDCLVF 
Mouse SIAH1a        DGHQQFFAIVQLIGTRKQAENFAYRLELNGHRRRLTWEATPRSIHEGIATAIMNSDCLVF 
Mouse SIAH1b        DGHQQFFAIVQLIGTRKQAENFAYRLELNGHRRRLTWEATPRSIHEGIATAIMNSDCLVF 
Drosophila SINA     DGHQQFFAIVQLIGSRKEAENFVYRLELNGNRRRLTWEAMPRSIHEGVASAIHNSDCLVF 
                    :********* ***:**:****.*******:******** *****:*:*:** ******* 
 
 
      325 
Human SIAH2         DTAIAHLFADNGNLGINVTISTCCP 
Mouse SIAH2         DTAIAHLFADNGNLGINVTISTCCQ 
Human SIAH1         DTSIAQLFAENGNLGINVTISMC-- 
Mouse SIAH1a        DTSIAQLFAENGNLGINVTISMC-- 
Mouse SIAH1b        DTSIAQLFAENGNLGINVTISMC-- 
Drosophila SINA     DTSIAQLFADNGNLGINVTISLV-- 
                    **:**:***:***********     

Figure 4.3 Multiple sequence alignments of human and mouse SIAH, and Drosophila SINA.  
The SIAH/SINA family of proteins are highly homologous E3 ubiquitin ligases. The sequence 
corresponding to the two zinc finger domains are highlighted. Sequence alignment was done with 
ClustalW (McWilliam et al, 2013) and secondary structure prediction was done with Jpred 4 
(Drozdetskiy et al, 2015). α-helix, red cylinder; β-sheet, blue arrows; β-hairpin, green loop. Residues 
crucial for substrate recognition in SIAH2 (not conserved in SIAH1) are highlighted in yellow (Lo et 
al, 2004). 
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A study on SIAH3, a truncated form (amino acid residues 107-132) from 

chromosome13q14, has emerged recently (Hasson et al, 2013). While its exact 

function has not been elucidated, it was suggested by the authors that SIAH3 is 

localised to mitochondria and inhibits Parkinson’s disease associated genes (PINK1) 

(Valente et al, 2004) accumulation after mitochondrial insult, reducing parkin (Kitada 

et al, 1998) translocation. Since the Parkinson’s disease related proteins such as 

PINK1 and parkin play a role in mitochondria autophagy (Durcan et al, 2015), this 

suggests that SIAH3 may also play a role in modulating mitochondria degradation. 

4.4  SIAH in cancer 

4.4.1  SIAH and its role in hypoxia 
 

Solid tumour growth is associated with areas of poor oxygen supply within the 

tumour mass. The main cellular response to hypoxic stress is the up-regulation of 

hypoxia responsive genes such as VEGF, Glut-1 and CA9 (Semenza, 1999). The key 

transcription factor for the hypoxic response pathways is HIF-1 which consists of two 

subunits, HIF-1α and HIF-1β (Iyer et al, 1998; Schofield et al, 2004; Semenza, 2000). 

In the HIF-1 complex, the HIF-1β subunit is constitutively present within the cell 

whereas HIF-1α is stabilised under hypoxic conditions (Semenza, 1999). Under 

normoxia, HIF-1α is hydroxylated at two conserved proline residues (Pro402 and 

Pro564) by PHD (Epstein et al, 2001; Jaakkola et al, 2001). The Pro402 and Pro564 

hydroxylated HIF-1α protein has increased affinity for the E3 ubiquitin-protein ligase 

complex composed of the von Hippel-Lindau tumour suppressor protein VHL, 

elongin B and C, and cullin 2. After being poly-ubiquitylated, HIF-1α is degraded by 

the 26S proteasome (Huang et al, 1998; Maxwell et al, 1999; Salceda et al, 1997). 

Furthermore, HIF-1α is hydroxylated at Asn803 by the asparaginyl hydroxylase factor 

inhibiting HIF-1 (FIH) (Lando et al, 2002). This hydroxylation prevents the 

interaction between HIF-1α and transcriptional co-activators CBP/p300.  

 

Under hypoxic conditions, however, members of the SIAH ubiquitin ligase family 

poly-ubiquitylate and target PHD and FIH for proteasomal degradation (Fukuba et al, 

2007; Khurana et al, 2006; Nakayama et al, 2004) (Figure 4.4), hence stabilising 

HIF-1α and promoting its transcriptional activity. In addition, SIAH has been shown 

to regulate the stability of HIPK2 (Calzado et al, 2009; Winter et al, 2008), a 
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transcriptional repressor of the HIF-1α gene (Nardinocchi et al, 2009). As a result of 

the three independent pathways, SIAH contributes to HIF-1α transcription, stability 

and activity under hypoxic conditions in tumours. Conversely, cancer cells lacking 

SIAH or expressing a SIAH inhibitory peptide exhibit reduced levels and activity of 

HIF-1α (Qi et al, 2010a; Qi et al, 2008). 

 

 
Figure 4.4 SIAH involvement in hypoxic pathway.  
Under normoxic contions, the abundance of HIF-1α is kept low through its ubiquitin-mediated 
proteosomal degradation. This process is initiated by oxygen-sensitvie PHDs. During hypoxia where 
oxygen level is decreased, the continual destruction of HIF-1α is halted by the enzymatic activity of 
PHDs that ceases in the absence of oxygen, with SIAH ubiquintinating PHDs and targets them for 
proteosomal degradation. Collectively, these mechanisms lead to an accumulation of HIF-1α 
heterodimers in the nucleus which in turn initiates transcription of proangiogenic, metabolic and 
antiapoptotic genes that promote tumour cell survival.  
 

4.4.2  SIAH in prostate cancer development and progression 
 

The SIAH2-HIF-FoxA2 axis has been demonstrated to play a significant role in the 

development of neuroendocrine (NE) prostate tumours and prostate adenocarcinoma 

(PCa) harbouring NE lesions, which are among the more aggressive prostate tumours 

(Qi et al, 2010b). Transgenic adenocarcinoma of the mouse prostate (TRAMP) mice 

are routinely used as a model to study human prostate pathogenesis (Hurwitz et al, 

2001). SIAH deficiency significantly reduced formation of prostate NE carcinoma in 
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TRAMP mice as well as levels of HIF-1α together with decreased cell proliferation 

and increased cell death. Confirming this finding, TRAMP cells transfected with a 

SIAH inhibitory peptide were observed to have reduced HIF-1α levels and inhibited 

tumour formation in nude mice. Conversely, forced re-expression of HIF-1α in 

TRAMP cells expressing SIAH inhibitory tumour peptide partially restored the ability 

of these cells to form xenograft tumours, indicating that SIAH regulation of HIF is 

essential for development of NE prostate tumours in the TRAMP mouse model. 

 

Among the transcription factors that HIF-1α interacts is FoxA2 (Chiaverotti et al, 

2008), a member of the Fork-head family of transcription factors, consisting of 

FoxA1, FoxA2 and FoxA3 (Friedman et al, 2006). FoxA2 interacts with HIF-1α 

promoting recruitment of p300 to specific HIF target genes and activating their 

transcription. Co-operation between HIF-1α and FoxA2 resulted in transcriptional 

activity that was substantially greater than that seen by HIF alone. TRAMP cells 

engineered to express SIAH-inhibitory peptide or FoxA2 short hairpin RNA (shRNA) 

showed reduced tumour-forming capacity in an orthotopic prostate tumour model (Qi 

et al, 2010b). Significantly, co-expression of Hes6, Sox9 and Jmjd1a, three genes 

which were implicated in prostate tumours, partially rescued tumourigenic capacity in 

the presence of SIAH-inhibitory peptide, confirming the significance of the pathway 

in prostate NE tumour development. Re-expression of Hes6, Sox9 and Jmjd1a 

individually was not sufficient to rescue tumourigenesis in TRAMP cells in which 

either HIF or FoxA2 was inhibited, indicating that multiple genes regulated by HIF-

FoxA2 are required for development of prostate NE tumours. 

 

The specific transcriptional program mediated by HIF and FoxA2 also plays a key 

role in development of NE lesions in human PCa. Qi and co-workers employed the 

use of human PCa cell line CWR22Rv1 as a model to study NE phenotype in vitro. 

When maintained under hypoxia for a few days, these cells showed up-regulation of 

the NE marker neuron-specific enolase (NSE) and protrusion of neurite-like structures 

(Qi et al, 2010a). Correspondingly, orthotopic prostate tumours formed in mice by 

human PCa cells exhibit high NSE levels in necrotic regions, which are known to be 

highly hypoxic. As such, hypoxia appears to be crucial for prostate cancer NE 

phenotypes both in vitro and in vivo. The in vitro NE phenotype of the CWR22Rv1 

cells was SIAH/HIF FoxA2 dependent and could be rescued upon co-expression of 
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the Hes6, Sox9 and Jmjd1a genes. Orthotopic injection of CWR22Rv1 cells 

expressing SIAH-inhibitory peptide or FoxA2 shRNA did not alter their ability to 

develop tumours but instead abolish their propensity to metastasise and inhibited the 

appearance of NE phenotypes. Co-expression of Hes6, Sox9 and Jmjd1a genes was 

sufficient to rescue metastasis, indicating the importance of the NE phenotype to the 

metastatic capacity of CWR22Rv1 cells. Immunohistochemistry staining of a prostate 

cancer tumour tissue microarray and analysis of a microarray data revealed higher 

levels of SIAH2, FoxA2, Hes6, Sox9, Jmjd1a and NSE in high-grade human PCa 

(Gleason score 4 and 5) and in metastatic prostate cancers (Qi et al, 2010a). The 

findings by Qi and co-workers highlight the importance of the SIAH2/HIF/FoxA2 

axis in PCa NE phenotype, tumour progression and metastasis (Qi et al, 2010a). 

 

4.4.3  SIAH is overexpressed in lung and pancreatic cancer tumours 
 

SIAH is found to be up-regulated in lung (Ahmed et al, 2008) and pancreatic 

(Schmidt et al, 2007) cancer models and is critical for Ras signalling. SIAH is a 

conserved downstream component of the Ras pathway and is the most downstream 

component identified to date (Carthew et al, 1990; Tang et al, 1997; Zipursky et al, 

1994).  

 

The Ras family of proteins, which include H-, K-, and N- Ras, are small, 

evolutionarily conserved GTPases that function as a molecular switch to transmit 

signals from receptor tyrosine kinases, such as epidermal EGFR and human epidermal 

growth factor receptor 2 (HER2/neu), to downstream effector proteins such as MAPK 

and MEK (MAPK/Extracellular-signal-regulated kinase (ERK)) that control cell 

proliferations, differentiation, survival and apoptosis in all multi-cellular organisms 

(Barbacid, 1987; Schubbert et al, 2007). Oncogenic K-Ras proteins, which are 

hyperactivated forms of Ras stuck in a GTP-bound active state, occur frequently in 

lung cancers (Downward, 2003; Mascaux et al, 2005). In addition, overexpression 

and amplification of EGFR, which encodes a membrane receptor tyrosine kinase that 

activates the Ras signaling cascade, has been identified in 50% of lung cancers that 

harbour a wild-type K-Ras gene (Krause et al, 2005; Sharma et al, 2007). 

Overexpression and amplification of EGFR is associated with lung tumourigenesis 
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and oncogenesis as well as sensitivity of lung tumours to anti-EGFR drugs (Krause et 

al, 2005; Nomura et al, 2007; Sharma et al, 2007; Shigematsu et al, 2006). EGFR and 

K-Ras mutations rarely occur in the same tumour. As such, the inappropriate 

activation of EGFR and/or Ras signals promotes tumourigenesis in more than 70% of 

lung cancers (Schubbert et al, 2007; Sharma et al, 2007).  

 

The anti-proliferative and anti-tumourigenic effects of lentiviral expression of SIAH2-

inhibitory molecule, a dominant-negative protease-deficient mutant of SIAH2, and 

shRNA were assayed by Ahmed and co-workers (Ahmed et al, 2008) in normal 

human lung epithelial and lung cancer cells by assessing MAPK and other activated 

downstream components of the Ras pathway by immunoblotting and apoptosis 

assessment. It was found that inhibition or knockdown of SIAH2 reduced Erk 

signaling and cell proliferation, increased apoptosis, reduced colony formation in soft 

agar, and reduced tumourigenesis of A549 human lung cancer cells when injected into 

athymic nude mice. 

 

Oncogenic K-Ras was also detected in the vast majority of pancreatic cancers and is 

thought to be an early event in pancreatic tumourigenesis (Bardeesy et al, 2002; 

Hruban et al, 2000). Using anti-SIAH monoclonal antibodies, SIAH overexpression 

was detected in all human pancreatic cancer cell lines tumour tissues (Schmidt et al, 

2007). In contrast, SIAH expression was undetectable in normal non-proliferating 

human tissues, indicating a strong correlation between increased SIAH-dependent 

proteolysis and active cell proliferation, which is consistent with its roles in 

modulating RAS-mediated cell proliferation in normal development and 

tumourigenesis. 

4.4.4  Role of SIAH demonstrated in breast tumour models 
 

The nuclear receptor co-repressor NcoR plays a crucial role in the repressive activity 

of diverse transcription factors. It was found that oestrogen down-regulates NcoR 

protein levels significantly in oestrogen receptor positive breast cancer cells without 

affecting NcoR mRNA levels, whereas levels of the related co-repressor SMRT are 

unaffected (Frasor et al, 2005). This effect is attributable to oestrogen up-regulation of 

SIAH2, which is a rapid and primary transcriptional response mediated by the ER, 
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and precedes the loss of NcoR. Treatment with proteasomal inhibitor or with small 

interfering RNA against SIAH2 prevented the down-regulation of NcoR by oestrogen. 

Furthermore, the expression of 24-hydroxylase, a gene repressed by unliganded 

vitamin D receptor through its interaction with N-CoR, was up-regulated by oestrogen 

in co-operation with SIAH2, and in turn target NcoR for degradation at the 26S 

proteasome (Frasor et al, 2005; Zhang et al, 1998). These findings demonstrated that, 

although oestrogen directly regulates the transcription of many genes, regulating a 

SIAH2 results in profound secondary effects on cellular activity through mechanisms 

such as targeting regulatory proteins for degradation. 

4.4.5 SIAH2 expression is positively correlated with invasive breast 
tumours 

 

SIAH2 overexpression has also been positively correlated with invasive breast 

tumours (Behling et al, 2011; Chan et al, 2011). Immunohistochemical evaluation of 

SIAH2 protein expression was conducted in normal breast tissues and in tissue 

microarrays comprising ductal carcinoma in situ (DCIS) and a cohort of invasive 

breast carcinomas. Correlation analysis was performed between SIAH2 and 

clinicopathological variables and intrinsic breast cancer subgroups and validated in a 

cohort of 293 invasive ductal carcinomas by Chan and co-workers. Promoter 

methylation, gene copy number and mRNA expression of SIAH2 were then 

determined in a panel of basal-like tumours and cells. It was found that there was a 

significant increase in nuclear SIAH2 expression from normal breast tissues through 

to DCIS and progression to invasive cancers. A significant inverse correlation was 

apparent between SIAH2 and oestrogen receptor and progesterone receptor and 

positive association with tumour grade, HER2, p53 and an intrinsic basal-like 

subtype. Logistic regression analysis confirmed the significant positive association 

between SIAH2 expression and the basal-like phenotype. Although no SIAH2 

promoter methylation was identified, there was a significant correlation between 

SIAH2 mRNA and gene copy number, demonstrating that SIAH2 expression is up-

regulated in basal-like breast cancers. This process is likely due to a copy number 

changes facilitated by transcriptional activation by p53 and may be partly responsible 

for the enhanced hypoxic drive through abrogation of PHDs. 
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4.5  Validation of SIAH as a cancer target 

4.5.1  Inhibition of SIAH with PHYL slows growth of breast tumours 
 

The effect of SIAH on breast tumour growth can be inhibited by overexpression of a 

peptide derived from PHYL, a protein that binds with high affinity to Drosophila 

SINA, as demonstrated previously by our collaborators Möller and co-workers 

(Moller et al, 2009; Zhang et al, 1998). The levels of HIF-1α in HIF-1α-induced 

murine epithelial breast cancer cell lines was significantly reduced in the presence of 

PHYL, while levels of HIF-1α remained unchanged in similar cell lines expressing 

PHYL with a mutation of the core residues (amino acid residues 120-122) in the 

binding motif. This demonstrated the specificity of the ability of PHYL to disrupt 

SIAH-mediated PHD/HIF-1α signalling leading to the up-regulation of the latter. 

Furthermore, up-regulation of VEGF-A, COX4 and Rab20 in hypoxia-induced cell 

lines was attenuated in the presence of PHYL. Collectively, these findings 

demonstrate that PHYL peptide can disrupt interaction between SIAH and other 

proteins, which in turn inhibits hypoxic responses in vitro, leading to impaired tumour 

growth and expression of HIF-1α and its target genes in a breast cancer model. 

4.5.2 Inhibition of SIAH2 attenuates hypoxia and blocks melanoma 
tumourigeneis and metastasis 

 

In addition to promoting metastasis in melanoma, SIAH2 plays a part in melanoma 

tumourigenesis via the regulation of the hypoxia response as well as the control of 

Ras, JNK/p38/NF-κB signalling pathways (Habelhah et al, 2002; Habelhah et al, 

2004; Nadeau et al, 2007; Nakayama et al, 2004). Both Ras and MAPK and hypoxia 

pathways are important for melanoma development and progression (Bedogni et al, 

2009; Davies et al, 2002; Lopez-Bergami et al, 2008; Meier et al, 2005). Shah and co-

workers reported the identification and characterisation of vitamin K, menadione 

(MEN), as a specific inhibitor of SIAH2 activity in melanoma tumourigenesis (Shah 

et al, 2009). MEN has been widely studied as a model stress-inducing quinone that 

causes cytotoxicity via generation of oxidative stress, increase peroxidase production 

or depleted intracellular glutathione (Lamson et al, 2003). MEN attenuated SIAH2 

self-ubiquitination, which led to increased expression of PHD3 and Sprouty2, with 

concomitant decrease in levels of HIF-1α and pERK, the respective downstream 
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effectors. Further, growth of xenograft melanoma tumours was inhibited following the 

administration of MEN or its derivatives. 

 

SIAH has been demonstrated to be involved in tumour metastasis. Metastasis in SW1 

mouse melanoma models was reduced with the inhibition of SIAH2 activity by PHYL 

via disruption of the effect of up-regulation of HIF-1α on PHDs (Qi et al, 2008). SW1 

cells expressing PHYL peptide, assigned as SW1PHYL, exhibited reduced HIF-1α 

levels with no attenuation of expression of PHD3 under hypoxia as compare to 

control SW1 cells with uninhibited activity of SIAH. 

4.6  Structural biology of SIAH 

4.6.1  The first crystal structure of SIAH substrate-binding domain 
 

The first crystal structure of the substrate-binding domain (SBD) of mouse SIAH1a 

was determined to 2.6 Å resolution in our laboratory by Polekhina and co-workers in 

2001 (Figure 4.5) (Polekhina et al, 2002).  

 

Early work by our collaborators (Colin House and Professor David Bowtell, Peter 

MacCallum Cancer Institute) showed that expression of full-length mSIAH1a was 

problematic and that omitting the N-terminal RING domain gave more promising 

results. The SBD region was readily expressed in bacteria and crystallised for 

structural studies. Multiwavelength anomalous dispersion utilising signals from bound 

zinc was used to determine the structure, which revealed two zinc fingers and a C-

terminal domain folded into an eight-stranded antiparallel β-sandwich. The mSIAH1a 

SBD crystallised as a dimer (buried surface area ≈ 11000 Å2) with the monomers held 

tightly through two salt bridges, 13 hydrogen bonds and several van der Waals 

(VDW) interactions. Out of the 15 residues involved in VDW interactions (up to 4 Å 

distance apart), seven of these residues were made with non-polar residues. In 

addition, a zinc ion mediates interaction between residues at the dimer interface. The 

Cys-rich region of SIAH SBD forms two zinc fingers, with a zinc ion coordinated by 

Cys98, Cys105, His117 and Cys121 in the first finger and Cys128, Cys135, His147 

and His152 in the second finger. The zinc fingers are similar to transcription factor 

IIIA (TFIIIA) zinc fingers, which consist of a β-strand, β-strand, α-helix motif 
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(Narayan et al, 1997). As well as binding DNA, it has been reported that this type of 

zinc finger can mediate specific protein-protein interactions (Liew et al, 2000).  

 

In addition to the four zinc ions co-ordinated by zinc fingers of the SIAH SBD dimer, 

two more zinc ions are observed in the crystal lattice. One of these zinc ions is located 

between two crystallographic symmetry-related molecules, with His230 and Glu269, 

contributed from different monomers in each dimer. This ion is likely not 

physiologically significant but an artefact due to crystal packing. The other zinc ion, 

which is located in the dimer interface and close to a crystal contact, is bound to 

Asp200 and His202 of one monomer, His202 of another monomer and His150 of a 

monomer of a symmetry-related molecule. Analysis of the surface of the molecule 

suggested a number of regions that might interact with protein ligands. The dimer has 

two deep clefts located adjacent to the N-terminal zinc fingers of each monomer and a 

larger but shallower groove centred about the dimer interface. 

 

The structure of mSIAH1a SBD also reveals a similarity to the C-terminal domain 

region of TRAF (Tumour necrosis factor-receptor associated factor) proteins with a 

10% sequence identity to TRAF2 based on a three-dimensional structure-based 

sequence alignment. In the comparison, 85 Cα atoms (out of 120) can be 

superimposed with a root mean square deviation (rmsd) of 1.73 Å. SIAH and TRAF2 

have been found to interact with a common protein, Peg3/PW1 (Relaix et al, 2000), a 

protein involved in tumour necrosis factor (TNF)-α signalling. Based on the 

SIAH/Peg3 interaction and the SIAH/TRAF structural similarity, Polekhina and co-

workers further investigated the possible involvement of SIAH in TNF-α/TRAF 

signalling by transfecting SIAH1a SBD into human embryonic kidney (HEK) 293 

cells and found that SIAH1a SBD alone can stimulate an HF-κB reporter assay 

equivalently to TRAF2. 
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Figure 4.5 Cartoon representation of the crystal structure of mSIAH1a SBD.  
The structure was determined at 2.6 Å resolution. BME bound to cysteines are presented in green 
spheres while zinc ions are shown as blue spheres. The SIAH1a SBD crystallises as a dimeric unit 
(cyan and yellow ribbons) forming an S-shaped structure (PDB: 1K2F)(Polekhina et al, 2002). 
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It is also of worthy to mention that two high-resolution crystal structures of SIAH1 

were also reported at 1.95 and 1.58 Å resolution (Rimsa et al, 2013). There are two 

molecules per asymmetric unit, forming a dimer consistent with previously reported 

structures. Similarly, each subunit consists of two zinc-finger subdomains and a C-

terminal SBD. The N-terminal zinc-finger motif belongs to the Cys2HisCys class of 

zinc fingers, while the second constitutes a member of the Cys2His2 type. As they 

belong to another class of SIAH protein, they will not be discussed in this thesis. 

4.6.2  The co-crystal structure of SIAH with SIAH-interacting protein 
 

The co-crystal structure of SIAH with a synthetic peptide, comprising SIP residues 
58EKPAAVVAPITTG70 (Figure 4.6a) was reported by Santelli and co-workers in 

2005 (Santelli et al, 2005). As mentioned previously in Section 4.2, SIAH1, SIP and 

Ebi have been shown to be part of the E3 complex and bind to pAPC to facilitate the 

ubiquitination and degradation of β-catenin via a p53-dependent mechanism.  

 

The crystal structure was determined at 2.2 Å resolution by molecular replacement 

using the published unliganded structure described in Section 4.6.1 as reference 

model. One SIP peptide binds at each edge of the saddle-shaped groove on the upper 

surface of the mSIAH1a SBD dimer, which is formed by an eight-stranded anti-

parallel β-sheet (Figures 4.6 & 4.7). Each 60PAAVVAP66 degron motif of the SIP 

peptide makes main-chain interactions from P60 to V64 with strand β1 of mSIAH1a 

SBD (Figure 4.6a). 60PAA62 packs around an exposed Leu158, from β0 strand of 

mSIAH1a SBD, which is the connector between the β-sandwich and the second zinc 

finger motif (as described in the previous section). When compared to the unliganded 

structure, peptide binding induces a 1-2 Å movement in the local structure of SIAH1a 

SBD (Figure 4.6b). Meanwhile, I67, outside of the central motif of SIP peptide, 

makes a main chain hydrogen bond to Asp177 in β2 strand, which is part of the lower 

sheet of the SIAH β-sandwich, with P66 stacking against the side chain of Trp178 

(Figure 4.6c). The structural data presented by the co-crystal structure of the SIAH1a-

SBD with SIP is consistent with the findings that the majority of the known 

SINA/SIAH substrates possess a consensus sequence as described in Section 4.2 

(House et al, 2003). 
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Figure 4.6 Cartoon representation of the X-ray crystal structure of SIAH1a SBD in complex with 
SIP peptide.  
(a) The co-crystal structure was determined at 2.2 Å resolution (PDB: 2A25) (Santelli et al, 2005). 
Each central 60PAAVVAP66 motif of the SIP peptide (represented in stick fashion in black) makes 
main-chain interactions with β1 strand (shown in teal) of SIAH1a SBD while outside of the central 
motif, hydrogen bonds are formed with β2 strand (shown in green). (b) Comparison of the unliganded 
(PDB: 1K2F, yellow) and liganded (cyan) SIAH1a SBD crystal structure reveals a 1-2 Å movement in 
the β0 strand. (c) Interactions made between the SIP peptide and SIAH1a SBD. I67 and P66 of SIP 
make extensive H-bond and VDW interactions with Asp177 and Trp178 of SIAH1a. 
 

 

 Figure 4.7 Surface representation of the SIP peptide bound to the surface groove on SIAH1a 
SBD.  
(a) One SIP peptide (represented in stick fashion in black) binds at each edge of the saddle-shaped 
groove on upper surface of the SIAH1a SBD dimer, which is formed by an eight-stranded anti-parallel 
β-sheet. (b) Orthogonal view of the binding groove. 
 

  

(a) (b)

90o



 128 

4.6.3  The co-crystal structure of SIAH with ligand PHYL bound 
 

In 2006, Polekhina and co-workers presented the crystal structure of mSIAH1a SBD 

in complex with PHYL encompassing residues 107-130 (House et al, 2006) (Figure 

4.8a), which includes the identified common peptide motif (House et al, 2003), at 3.0 

Å resolution. There are two dimers of the SIAH-PHYL complex in the asymmetric 

unit. 

 

The structure of the complex revealed the PHYL-binding site located in a shallow 

surface groove formed by a β-sandwich of the SIAH SBD. Electron density was 

observed for PHYL residues 114-124 only. The peptide spans a length of 30 Å across 

the surface of the protein, from the concave surface formed by anti-parallel β-sheet at 

one end of the dimer to the tip at the other end of the dimer (Figure 4.9). The PHYL 

peptide makes several parallel β-sheet interactions between its main chain and the 

main chain atoms of the β1 strand in SIAH; the main chain carbonyl of P116 (PHYL) 

interacts with the main chain amide of Val164; the main chain amide and carbonyl 

moieties of A118 (PHYL) interact with the main chain carbonyl of Val164 and the 

amide of Leu166; and the main chain amide and carbonyl moieties of V120 (PHYL) 

interact with the main chain carbonyl of Leu166 and main chain amide of Thr168 

(Figure 4.8b). A Met180Lys mutation almost completely abolished binding of PHYL 

peptide to SIAH, underlying the importance of the hydrophobic interaction observed 

in the crystal structure, and suggesting that it is a key recognition and specificity 

point. While the crystal symmetry and packing are different for the peptide bound 

form and unliganded mSIAH1a SBD, the overall structure and organisation are 

reported to be very similar. 
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Figure 4.8 Cartoon representation of the crystal structure of mSIAH1a SBD in complex with 
PHYL peptide.   
(a) The 3.0 Å resolution crystal structure of the complex revealed the PHYL-binding site located in a 
shallow surface groove formed by a β-sandwich of the SIAH SBD, (represented by green strands) 
(PDB: 2AN6) (House et al, 2006). Electron was density as only observed for residues 114-124 of the 
PHYL peptide (shown in stick fashion in pink). (b) Close up view of the interactions made between 
P116, A118 and V120 of PHYL with Val164, Leu166 and Thr168 of mSIAH1a. Met180 of mSIAHa 
that is important for binding the PHYL peptide is also highlighted.  
 

 
Figure 4.9 Surface representation of the PHYL peptide bound to the surface groove on SIAH1a 
SBD.  
(a) The PHYL peptide (presented in stick fashion in dark pink) spans a length of 30 Å across the 
groove, from the concave surface formed by anti-parallel β-sheet at one end of the dimer to the tip at 
the other end of the dimer. (b) Orthogonal view of the binding groove. 
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4.6.4  Structure-based design of SIAH inhibitors 
 

Stebbins and co-workers reported on the structure-based design of potential covalent 

inhibitors of SIAH (Stebbins et al, 2013) using the crystal structure of a SIAH1a 

T156C mutant and the co-crystal structures of SIAH and SIP by Santelli et al, 2005 

(described in Section 4.6.2). The study was based on the SIAH-PHYL108-130 

interaction uncovered by House and co-workers (House et al, 2006), described in the 

previous section, for the development of a lanthanide-based heterogeneous 

displacement assay, termed dissociation-enhanced lanthanide fluorescent 

immunoassay (DELFIA) that could be used for HTS campaigns aimed at 

identification of SIAH inhibitors. However, despite screening 16,009 compounds 

from an in-house compound collection using the DELFIA assay, no viable hits were 

identified. The authors concluded that the relatively large and shallow PHYL binding 

surface of SIAH1a is an unlikely fit for drug-like small molecule inhibitors. This 

prompted them to shift their effort to PHYL mimetics, with the focus on two small 

hydrophobic pockets within the PHYL-binding groove revealed by the existing crystal 

structures.  The authors introduced different amino acids at these pockets to improve 

potency of peptide-binding. Despite limited initial success, further simple amino acid 

replacements resulted in peptide mimetics with markedly reduced binding affinities 

for SIAH1a. Finally, out of 14 peptides that contained a mildly reactive group (an 

anacrylamide which has a “Michael acceptor” moiety) introduced to react selectively 

with a cysteine thiol group present in the target binding site, one compound, BI-

117C3, was found to displace PHYL from the SIAH1a T156C mutant, but not from 

wild-type SIAH1a, with an IC50 value of 0.006 mM. The co-crystal structure of BI-

117C3 / T156C SIAH1a was solved at 2.8 Å resolution. However, due to the 

relatively low resolution, the interactions between individual resides in the binding 

site cannot be accurately elucidated.    
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4.7  Aims of structural studies of SIAH 
 

SIAH represents a difficult target for drug discovery. Available structures of SIAH 

revealed that it only has shallow surface pockets that are used to interact with 

substrates. Therefore, the inhibitors only have a small surface pocket to adhere to in 

order to disrupt the protein-protein interaction of SIAH and SIAH binding proteins. In 

general, crystal structures can be a valuable aid in the discovery of development of 

small molecule inhibitors (see Chapter 1). However, at the time of starting these 

studies the available crystal structures were either of moderate resolution or were 

complexed with peptide inhibitors. Thus, the aims of this thesis were:  

1. To crystallise and obtain high resolution crystal structures of SIAH in apo 

form in order to enable structure-based approaches to inhibitor discovery, and  

2. To utilise a fragment-based approach by co-crystallising SIAH with new 

inhibitors in order to understand how SIAH bind to these inhibitors. 
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4.8  Results 

4.8.1  Structure of novel crystal form of apo SIAH1a SBD   
  (pProEx-SIAH93-282) 
 

The protein construct used for the crystallisation of apo mSIAH1a (a construct with a 

trypsin-cleavable His-tag as described in Section 4.6.1) proved unsuitable for co-

crystallisation studies with peptide ligands as the protein sample retained residual 

trypsin that could not be removed by purification. Even with the addition of protease 

inhibitors, tryptic activity was detected and peptide ligands were digested (Colin 

House, personal communication). Thus the pProEx-SIAH93-282 construct (with a TEV-

cleavable His-tag as described in Section 2.1.4, 2.2.21 & 2.2.22), which was 

previously used for the co-crystallisation of SIAH SBD with PHYL (House et al, 

2006) and has no residual tryptic activity, was judged more suitable for searching for 

new crystal forms that could be used for the discovery and development of both small 

molecule and peptide inhibitors.  

 

4.8.1.1 Crystallisation trials and optimisation 
 

Crystallisation screens were initially set up around the conditions used for the 

crystallisation of the first crystal form of mSIAH1a SBD (described in Section 4.6.1) 

and the conditions used for co-crystallisation of mSIAH1a SBD in complex with 

PHYL (Section 4.6.3). No crystals were observed in either condition. A new series of 

screens consisting 786 crystallisation conditions (Appendix I) were chosen to perform 

crystallisation trials at the CSIRO C3 Collaborative Crystallisation Centre 

(www.csiro.au/C3), Melbourne, Australia to identify potential new crystallisation 

conditions for apo mSIAH1a SBD. Crystal trays were set up at 20°C using protein 

sample concentration of 7.9 mg/mL. Crystallisation trials were set up utilising the 

facility’s crystallisation robotics with each 300 nL (1:1; protein:crystallant) drop 

dispensed onto a 96-well Innovaplate™ SD-2 plate.  
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After three days, promising conditions were identified with crystals clearly observed. 

The original crystallant conditions from the crystallisation screens are as follow: 

1. 1 M potassium sodium tartrate, 0.2 M lithium sulphate and 0.1 M TRIS-HCl 

pH 7.0;  

2. 3 M sodium chloride, 0.1 M BIS-TRIS pH 5.5; 

3. 3.5M sodium formate and 0.1 M HEPES pH 7.5.  

 

Grid screening was performed in-house on all three conditions and crystals were 

successfully obtained in all conditions. Table 4.1 summarises the conditions screened 

in the optimisation process. Initial characterisation of the crystals was performed 

using the in-house X-ray source (Section 2.2.28). Crystals were transferred into cryo-

protective buffer containing mother-liquor (crystallisation buffer which the crystals 

were obtained) with the addition of 15 - 30% Ethylene glycol, flash frozen in liquid 

nitrogen, and mounted on the detector. The crystals were exposed to the X-ray beam 

with the detector at a distance of 450 mm, 0° and 90° with 10 - 20 mins exposures, 

and oscillation of 1° or 5°. Although all crystals from the various conditions showed 

at least some diffraction, only the ones crystallised with sodium formate at 

concentration 3.5 M and 4.0 M diffracted to ~4.0 Å resolution or better; while crystals 

from the other conditions diffracted in the range ~8.0 Å to 12.0 Å. A fine grid screen 

was set up around the crystallisation condition of 3.5 M to 4.5 M sodium formate (of 

increments of 0.1 M) and HEPES pH range (of 6.5 to 8.0 at increments of 0.5) making 

a total of 44 conditions screened. Further characterisation of the crystals was 

performed at the MX2 beamline at the Australian Synchrotron (100 K, 1 s exposure at 

0° and 90°, 0.5° and 5° oscillation, 80% attenuation, detector distance at 450 mm). 

The best diffracting crystal, which diffracted to a resolution of 3.8 Å, was crystallised 

under the condition of 3.7 M sodium formate with HEPES pH 8.0.  
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Table 4.1 List of crystallisation solution screened during the initial in-house optimisation of 
crystallisation conditions of mSIAH1a SBD (pProEx-SIAH93-282).  
 

Crystallant Buffer 

1.0 M potassium sodium tartrate, 0.2 M lithium sulphate 0.1 M TRIS-HCl, (pH 6.5, 7.0, 7.5) 

0.5 M potassium sodium tartrate, 0.2 M lithium sulphate 0.1 M TRIS-HCl, (pH 6.5, 7.0, 7.5) 

1.5 M potassium sodium tartrate, 0.2 M lithium sulphate 0.1 M TRIS-HCl, (pH 6.5, 7.0, 7.5) 

3.0 M sodium chloride 0.1 M BIS-TRIS, (pH 5.0, 5.5, 6.0) 

2.5 M sodium chloride 0.1 M BIS-TRIS, (pH 5.0, 5.5, 6.0) 

3.5 M sodium chloride 0.1 M BIS-TRIS, (pH 5.0, 5.5, 6.0) 

3.5 M sodium formate 0.1 M HEPES, (pH 6.5, 7.0, 7.5) 

3.0 M sodium formate 0.1 M HEPES, (pH 6.5, 7.0, 7.5) 

4.0 M sodium formate 0.1 M HEPES, (pH 6.5, 7.0, 7.5) 

 
For each crystallant, a range of pH were screened and given in brackets. A final optimal condition of 
3.7 M sodium formate with 0.1 M HEPES pH 8.0 was found to give the best diffracting crystals. 
Further optimisation of this condition was carried out with additive screens. 
 
 
Table 4.2 List of additives shown to have positive effect on improving size and morphology of 
mSIAH1a SBD (pProEx-SIAH93-282) crystals.  
 

Additive compound Concentration 

glycine 0.1 M 

xylitol 3% (w/v) 

trehalose 3% (w/v) 

barium chloride 0.09 M 

tri-sodium citrate 0.1 M 

sodium bromide 0.175 M 

urea 0.01 M 

sorbitol 3% (w/v) 

ethylene glycol 3% (v/v) 

spermine tetrachloride 0.01 M 

ATP 0.01 M 

oxidised glutathione 0.001 M 

reduced glutathione 0.001 M 

ethyl acetate 0.5 v/v 

tri-methylamine hydrochloride 0.01 M 

Around twenty crystals obtained from each additive were tested. Addition of 3% (w/v) trehalose 
appears to enhance quality of crystals and improved diffraction resolution from 3.8 Å to 3.5 Å. 
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In the pursuit of a higher resolution diffraction using this crystallisation condition, 

two optimization screens, Hampton Research Additive Screen (96 unique reagents) 

and Qiagen Opti-salt Suite (96 unique reagents), were performed using CSIRO C3 

Robotic Crystallisation Facility. Sixteen additives yielded better quality crystals in 

terms of size and morphology. Table 4.2 summarises the 16 additives that gave 

promising results. Crystals grown in the crystallisation condition of 3.7 M sodium 

formate, HEPES pH 8.0 supplemented with the 16 additives were reproduced in-

house. Due to their relative large size (averaging 2.0 mm x 1.0 mm x 0.3 mm) (Figure 

4.10), these crystals were tested at the MX1 bending magnet beamline at the 

Australian Synchrotron. The best diffracting crystal was obtained through the addition 

of 3% (w/v) trehalose into the crystallisation condition. The crystal diffracted to a 

resolution of 3.5 Å and a full dataset was collected.  

 

 
Figure 4.10 Crystals of mSIAH1a SBD (pProEx-SIAH93-282).  
Crystals appeared after 3-5 days in a crystallisation condition of 3.7 M sodium formate, 0.1 M HEPES, 
pH 8.0 with 3% (w/v) trehalose as an additive. The largest crystal was measured 2.0 mm x 1.0 mm x 
0.3 mm. 
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4.8.1.2  Data collection and structure determination  
 

Data collection was performed at the MX1 beamline at the Australian Synchrotron  

(100 K, 0° - 180°, 1 s exposure, 0.5° oscillation, 20% attenuation, detector distance at 

300 mm). Data were processed using the XDS Package (Kabsch, 2010) and a 

structure solution was obtained through molecular replacement using the coordinates 

of the mSIAH1a SBD structure (PDB: 1K2F) as reference in Phaser MR in CCP4i 

software suite (McCoy et al, 2007). The crystal belonged to space group P32 with cell 

parameters of a = 91.7 Å, b = 91.7 Å, c = 139.1 Å. The unit cell dimensions were 

consistent with two dimers in the asymmetric unit corresponding to about 60% 

solvent content. Model refinement was performed using PHENIX Refine (Adams et 

al, 2010) with the implementation of individual B-factor refinement. Automatic non-

crystallographic symmetry (NCS) restrains as well as translation libration screw-

motion (TLS) groups refinement, and X-ray /chemical weight terms, determined 

through PHENIX, were also implemented throughout the refinement. Data collection 

and refinement statistics for mSIAH1a SBD (pMAL-SIAH93-282) are shown in Table 

4.3.  
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Table 4.3 Crystallographic data for SIAH1a SBD (pProEx-SIAH93-282).  
 

mSIAH1a SBD (pProEx-SIAH93-282) 

  Data collection statistics   
Temperature (K) 100 
Space group P32 
Unit-cell parameters (Å) a = 91.67, b = 91.67, c = 139.07  
Resolution limits (Å) 40.0 – 3.50 (3.72-3.50) 
No. observations 189,002 
No. unique observations 16,539 
Completeness (%) 100.0 (100.0) 

< I/σ(I) > 2.5 (2.0) 
Rmerge  (%) 14.7 (64.7) 
Wilson B 98.6 
Refinement statistics  
Rwork  (%) 24.2 (32.6) 
Rfree  (%) 28.5 (39.7) 
rmsd bond lengths (Å) 0.017 
rmsd bond angles (o) 1.900 
Non-hydrogen atoms  
Protein 6544 
Water 0 
Zinc ion 12 
Average B-factors (Å)2  
Protein 60.4 
Zinc ion 82.1 
Ramachandran analysis  
Preferred region (%) 93.5 
Allowed region (%) 6.5 
Outliers (%) 0.0 

Values in parentheses are for the highest resolution shell at 3.5 Å.  
Rmerge = Σ(I - <I>)/ Σ(I), where I is the intensity measurement for a given reflection while <I> is the 
average intensity for multiple measurements of this reflection. 
Values for Rmerge and completeness are given for all reflections. 
Rwork = Σ||Fo| - |Fc||/ Σ|Fo|, where Fo and Fc are the observed and calculated structure factor amplitudes 
respectively. 
Rfree was calculated with 5% of the diffraction data that were selected randomly and not used 
throughout refinement. 
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4.8.1.3 Structural analysis and quality of structure 
 

The model of the mSIAH1a SBD (pProEx-SIAH93-282) at 3.5 Å resolution includes 

residues 93-282 in each of the four monomers (assigned as Chain A, B, C and D) and 

12 zinc ions (Figure 4.11). The pair of zinc fingers of each monomer are co-ordinated 

by Cys98, Cys105, His117 and Cys121 in the first finger and Cys128, Cys135, 

His147 and His152 in the second finger (Figures 4.11c & d). One of the zinc ions is 

located between two crystallographic symmetry-related molecules, with two residues, 

His230 and Glu269, contributed from different monomers in each dimer. The other 

zinc ion is located in the dimer interface and close to a crystal contact, and is bound to 

Asp200 and His202 of one monomer, His202 of another monomer and His150 of a 

symmetry-related molecule. The electron density for parts of the first N-terminal zinc 

finger of each monomer was weak, reflecting its high mobility. This is further 

supported by the increased in average B-factor of this region, which is ≈ 80% higher 

than the overall B-factor of the molecule. 

 

The model has been refined to a crystallographic Rwork of 24.2% and Rfree of 28.5% 

with a diffraction-component precision indicator (DPI) of 0.59. DPI is a mean of 

measuring the reliability of the model to the experimental data taking into account of 

resolution, data completeness, Rfree, diffraction data to parameter ratio and average B-

factor during the calculation (Metzger et al, 2014; Whitmore et al, 2008). An 

unbiased search on ten 3.5 Å structures deposited in the PDB database revealed that 

they have an average PDI of 0.52. Although at the higher end of the spectrum, the 

DPI of mSIAH1a SBD (pProEx-SIAH93-282) is within the DPI range of structures 

solved at 3.5 Å. Superposition of Chain A onto Chain B, and Chain C onto Chain D, 

by LSQMAN (Kleywegt, 1999) gives a rmsd of 1.01 Å and 1.02 Å, respectively (Cα, 

resides 93-281). When the N-terminal Zinc finger domain (residues 93-121) was 

excluded from each chain and superposed again, the average rmsd was significantly 

reduced to 0.72 Å (Cα, resides 122-281), highlighting the difference in orientation of 

the N-terminal Zinc finger domains of both monomers and the mobility of the N-

terminal region of mSIAH1a SBD.  
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Figure 4.11 Cartoon representation of crystal structure of SIAH1a SBD (pProEx-SIAH93-282).  
(a) The structure was determined at 3.5 Å resolution. The mSIAH1a SBD molecule crystallises as two 
dimeric units with one dimer shown in cyan and green, and another in purple and yellow. The zinc ions 
are shown as blue spheres. (b) Close up view of a zinc ion coordinated by Cys98, Cys105, Cys121 and 
His117 of the first zinc finger of one mSIAH1a SBD monomer. (c) Close up view of a zinc ion 
coordinated by Cys128, Cys135, His147 and His152 of the second zinc finger of another mSIAH1a 
SBD monomer. (d) Density map (2Fo-Fc at 1.0 σ) of the zinc ion coordinated by Cys128, Cys135, 
His147 and His152 of the zinc finger of the second mSIAH1a SBD monomer. (e) Omit map (Fo-Fc at 
3.0 σ) indicating the presence of the zinc ion. 
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4.8.2 High-resolution crystal structure of SIAH1a substrate-binding 
domain  

 

As the crystals obtained from proteins described in the previous section diffracted to 

low resolution, mSIAH1a SBD protein in pMAL-SIAH90-282 (used for crystallisation 

of apo mSIAH1a described in Section 4.6.1) was revisited in the pursuit of a higher-

resolution crystal structure. mSIAH1a SBD protein in pMAL-SIAH90-282 expressed 

and purified by Colin House, Peter McCallum Cancer Centre (described in Section 

2.1.4, 2.2.23 & 2.2.24) was used for crystallisation trials. BME was used in the 

purification steps because of the four free cysteines present in the SBD and trypsin 

was used for His-tag removal. The protein samples described in this section of work 

were not suitable for co-crystallisation studies with peptides due to the presence of 

tryptic activity by residual trypsin from the tryptic digest. However, this construct is 

still suitable for co-crystallisation studies with small molecules compounds and 

fragments. 

4.8.2.1 Crystallisation trials and optimisation 
 

In the original crystallisation condition of mSIAH1a SBD, ~10 mg/mL protein was 

diluted 1:1 in 100 mM MES; pH 6.5, 20 mM CaCl2, 20% (v/v) ethanol and 50 µM 

zinc acetate. For cryo-protection, crystals were transferred into 100 mM MES; pH 6.5, 

25% (v/v) ethanol and 15% (v/v) 2-methyl-2,4-pentanediol (MPD) (Polekhina et al, 

2002).  

 

To screen for crystallisation conditions that would potentially improve the diffraction 

of mSIAH1a SBD crystals, a sample of SIAH1a SBD (pMAL-SIAH90-282) at a 

concentration of 8.0 mg/mL was put through a sparse-matrix screen of 768 conditions 

at the CSIRO C3 Collaborative Crystallisation Centre, in parallel to a fine grid screen 

in-house of varying of concentrations of precipitant (ranging from 10% to 50% (v/v) 

ethanol in 5% increments) and pH of MES (pH 6.0, pH 6.5, pH 7.0). Using the 

hanging-drop vapour diffusion method with 1 µL of protein combined with 1 µL of 

reservoir solution on a coverslip and suspended over 1 mL of reservoir solution, 

crystals appeared after two to three days at room temperature under the conditions set 

up in-house, attaining a size of 0.2 mm x 0.2 mm x 0.15 mm after about five days. 

Consistent with the published conditions, crystal quality improved by the inclusion of 
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50 µM zinc acetate in the precipitant solution. The best diffracting crystal was 

obtained with a crystallisation condition consisting of 1 µL of protein with 1 µL of 

100 mM MES; pH 7.0, 20 mM CaCl, 20% (v/v) ethanol and of 50 µM zinc acetate 

(Figure 4.12). In addition to the original cryo-protectant, several others were trialled, 

including 20% (v/v) PEG 400, 15% glycerol and 100% Paratone-N (Hampton 

Research), to find the optimal cryo-protecting condition. 100% Paratone-N was found 

to give the best cryo-protection with no ice-rings observed and yielding the highest 

diffracting resolution. Crystals were picked up from the drop and transferred into 

100% Paratone-N on a coverslip. The viscous Paratone-N and aqueous crystallisation 

buffer forms two phase.  The crystal was slowly moved from the mother-liquor phase 

to the Paratone-N, flash frozen into liquid nitrogen before X-ray data collection. 

 

 
Figure 4.12 Crystals of SIAH1a SBD (pMAL-SIAH90-282).   
Crystals were grown using reservoir solution consisting of 100 mM MES; pH 7.0, 20 mM CaCl, 20% 
(v/v) ethanol and 50 µM zinc acetate.  After five days at room temperature, the crystals eventually 
attained a size of 0.2 mm x 0.2 mm x 0.15 mm. 
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4.8.2.2 Data collection and structure determination  
 

Data collection was performed at the MX2 beamline at the Australian Synchrotron 

(100 K, 0° - 360°, 1 s exposure, 0.5° oscillation, 80% attenuation, detector distance at 

350 mm). Data were processed using the XDS Package (Kabsch, 2010) and a 

structure solution was obtained through molecular replacement using the coordinates 

of the monomer of the SIAH1a SBD structure (PDB: 1K2F) as reference in Phaser 

MR in the CCP4i software suite (McCoy et al, 2007). The crystal belonged to space 

group P212121, with cell parameters of a = 68.3 Å, b = 74.4 Å, c = 79.5 Å. The unit 

cell dimensions were consistent with two monomers in the asymmetric unit 

corresponding to about 40% solvent content. Model refinement was performed with 

PHENIX Refine (Adams et al, 2010) with the implementation of automatic X-ray/ 

chemical weight terms, TLS and NCS restrains as well as individual B-factor 

refinement. Towards the end of the refinement, NCS restrains were released in order 

to obtain a more accurate model of individual monomers. Table 4.4 summarises the 

data collection and refinement statistics for SIAH1a SBD (pMAL-SIAH90-282). 
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Table 4.4 Crystallographic data for SIAH1a SBD (pMAL-SIAH90-282).  

 mSIAH1a SBD (pMAL-SIAH90-282) 

  Data collection statistics  
Temperature (K) 100 
Space group P212121 
Unit-cell parameters (Å) a = 68.3, b = 74.4, c = 79.5 
Resolution limits (Å) 35.0 – 2.10 (2.24-2.10) 
No. observations 124,325 
No. unique observations 22,140 
Completeness (%) 95.6 (92.1) 

< I/σ(I) > 14.1 (3.6) 
Rmerge  (%) 14.5 (56.2) 
Wilson B 27.7   
Refinement statistics  
Rwork  (%) 20.3 (24.7) 
Rfree  (%) 26.2 (29.7) 
rmsd bond lengths (Å) 0.018 
rmsd bond angles (o) 1.810 
Non-hydrogen atoms  
Protein 2960 
Water 264 
BME 42 
Zinc ion 6 
Average B-factors (Å)2  
Protein 34.7 
Water 36.6 
BME 46.0 
Zinc ion 46.6 
Ramachandran analysis  
Preferred region (%) 96.5 
Allowed region (%) 3.5 
Outliers (%) 0.0 

Values in parentheses are for the highest resolution shell at 2.1 Å.  
Rmerge = Σ(I - <I>)/ Σ(I), where I is the intensity measurement for a given reflection while <I> is the 
average intensity for multiple measurements of this reflection. 
Rwork = Σ||Fo| - |Fc||/ Σ|Fo|, where Fo and Fc are the observed and calculated structure factor amplitudes 
respectively. 
Rfree was calculated with 5% of the diffraction data that were selected randomly and not used 
throughout refinement. 
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4.8.2.3 Structural analysis and quality of structure 
 

The model of the mSIAH1a SBD at 2.1 Å resolution includes residues 93-282 of both 

monomers (assigned as Chain A and B), four molecules of BME, six zinc ions and 

264 water molecules (Figure 4.13). The pair of zinc fingers of each monomer is co-

ordinated by Cys98, Cys105, His117 and Cys121 in the first finger and Cys128, 

Cys135, His147 and His152 in the second finger (Figure 4.14). Electron density for 

the remaining zinc ions was clearly observed. One of these zinc ions was located 

between two crystallographic symmetry-related molecules, with two residues, His230 

and Glu269, contributed from different monomers in each dimer. The other zinc ion 

was located in the dimer interface and close to a crystal contact, is bound to Asp200 

and His202 of one monomer, His202 of another monomer and His150 of a symmetry-

related molecule. In each monomer, one molecule of BME was bound to Cys130 with 

the other at the C-terminal Cys282. With one exception, the quality of the final 

electron density map was excellent and unambiguous. The electron density for parts 

of the first N-terminal zinc finger was weak, reflecting its high mobility. 

 

The model has been refined to a crystallographic Rwork of 20.3% and Rfree of 26.2%. 

Similar to the mSIAH1a SBD pProEx-SIAH93-282 structure, superposition of Chain A 

onto Chain B by LSQMAN (Kleywegt, 1999) gave an average rmsd of 1.01 Å (Cα, 

residues 93-281). When the N-terminal zinc finger domain (residues 93-121) was 

excluded from each chain and superposed again, the average rmsd was significantly 

reduced to 0.66 Å (Cα, residues 122-281). Despite the differences in construct and 

atomic resolution, the two crystal structures of display the difference in orientation of 

the N-terminals of both monomers and the mobility of the N-terminal region of 

mSIAH1a SBD. Compared to the first crystal structure of apo mSIAH1a SBD 

(Polekhina et al, 2002), the space group was consistent, despite of slight variation in 

the cell dimensions (in this case, a = 68.3 Å, b = 74.4 Å, c = 79.5 Å, vs. a = 65.9 Å, b 

= 73.6 Å and c = 80.3 Å). The types of zinc fingers in the two structures are identical 

too. 
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Figure 4.13 Cartoon representation of the high-resolution crystal structure of the mSIAH1a SBD 
(pMAL-SIAH90-282) dimer.  
The structure was determined at 2.1 Å resolution. β-mercaptoethanol bound to cysteines are presented 
in stick fashion while zinc ions are shown as violet spheres. The mSIAH1a SBD crystallises as a 
dimeric unit (with each monomer shown in red and beige respectively). Each monomer is formed by 
eight β strands with two zinc finger motifs. In addition, a zinc ion mediates interaction between 
residues at the dimer interface. 
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Figure 4.14 2Fo-Fc electron density map contoured at 1σσ  using diffraction data to 2.1 Å 
resolution.  
Shown here is the second zinc finger with the zinc ion (shown as grey sphere) co-ordinated by Cys128, 
Cys135, His147 and His152 of each monomer (presented in stick fashion). 

4.8.2.4 In silico screening and binding studies of potential small-molecule 
inhibitors of SIAH1a SBD/PHYL interactions 

 

The availability of the high-resolution crystal structure of mSIAH1a SBD described in 

the previous section prompted a virtual screening campaign to discover SIAH 

inhibitors, A virtual screen of two million commercially available drug-like 

compounds (available from chemical vendors including Interbioscreen, Specs and 

Chembridge) using the FRED (Fast Rigid Exhaustive Docking) algorithm (from 

OpenEye Software; http://www.eyesopen.com) against the substrate-binding groove, 

was performed with Drs. Jessica Holien and Tracy Nero (St. Vincent’s Institute).  The 

top 200 hits, consisting of compounds selected using the SIAH1a SBD/PHYL 

structure (100 compounds) and the high-resolution mSIAH1a SBD (50 compounds), 

were purchased for assaying. Collaborators at the Cancer and Genomics Laboratory at 

the Peter McCallum Cancer Centre tested the purchased compounds for interference 

with the SIAH1a/PHYL interaction using an ELISA assay at concentrations of up to 

250 µM; seven compounds appeared to disrupt mSIAH1a SBD with PHYL.  
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The interactions of SIAH1a SBD with these compounds were further investigated by 

SPR. All experiments were performed by our collaborator Colin House (Peter 

McCallum Cancer Centre) using an in-house Biacore T200 (GE Healthcare). The 

binding assays showed initial promising results with the compounds being able to 

saturate and dissociate without accumulating on the Biacore chip or the target protein. 

The compounds were tested in concentrations of 2 µM, 10 µM and 50 µM. Five of the 

compounds (A, B, C, E and F) seemed to bind mSIAH1a SBD with Compound E 

giving the strongest signals (The chemical structures and affinities were not supplied 

by our Industry partners Cancer Research Technology-UK).  

 

To further investigate the inhibitory effects of these five compounds, AlphaScreenTM 

(PerkinElmer Life) assay, which is more specific than ELISA, was performed by the 

Institute of Cancer Research (ICR) in the United Kingdom. The results, however, 

proved negative; all five compounds showed no inhibitory effects on the protein-

protein interactions between SIAH and PHYL. Repeated binding assays using SPR 

was performed by ICR in the United Kingdom. It was found that Compound E 

displayed irreversible binding to mSIAH1a SBD, while Compounds B, C and F 

showed no binding at all. 

4.8.2.5 Crystallisation studies of SIAH1a SBD with small molecule 
compounds 

 

In parallel with the binding studies, crystallisation trials of a sample of 8.0 mg/mL of 

mSIAH1a SBD (pMAL-SIAH90-282) with the five compounds (A, B, C, E and F) were 

performed. Both approaches of crystal soaking (described in Section 2.2.26) and co-

crystallisation (described in Section 2.2.27) were used. X-ray data from the crystals 

were collected at the MX2 beamline at the Australian Synchrotron (100 K, 0° - 270°, 

1 s exposure, 0.5° oscillation, 80% attenuation, detector distance at 250 mm). Data 

were processed (resolution limit, 40.0 – 2.0 Å) using the XDS Package (Kabsch, 

2010) and structure solutions of 30 data sets were obtained through molecular 

replacement using the coordinates of the high-resolution SIAH1a SBD structure 

(described in Section 4.8.2) as reference in Phaser MR in CCP4i software suite 

(McCoy et al, 2007). The resolution of the structures obtained ranged between 2.1 Å 

and 2.4 Å. However, despite multiple rounds of manual model rebuilding and 
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automated refinement, no electron density corresponding to the presence of a ligand 

was observed. 

4.8.2.6 In silico screening and binding studies of fragments 
 

An in silico fragment screening was carried out by ICR using the high-resolution 

crystal structure of SIAH1a SBD as described in Section 4.8.2. Four of the initial 

fragment hits (Figure 4.15) appeared to disrupt SIAH/PHYL interactions in the 

AlphaScreenTM assay. 

 
 

 

 

 

 

 

 

 

Figure 4.15 Chemical structures of the four fragments identified for binding and crystallisation 
studies.  
The IC50 of the two fragments on the left were 123 µM and 1443 µM respectively. IC50 values for the 
other two compounds were to be determined. 
 

4.8.2.7 Crystallisation studies of SIAH1a SBD with fragments 
 

Crystallisation trials of 7.9 mg/mL of SIAH1a SBD (pMAL-SIAH93-28) with the four 

fragments were performed. Again, both approaches of crystal soaking (described in 

Section 2.2.26) and co-crystallisation (described in Section 2.2.27) were used. 

Twenty sets of X-ray data of the crystals were collected at the MX2 beamline at the 

Australian Synchrotron (100 K, 0° - 360°, 1 s exposure, 0.5° oscillation, 80% 

attenuation, detector distances varied from 280 – 360 mm depending on resolutions). 

Data was processed using the XDS Package (Kabsch, 2010) and structure solutions 

were obtained through molecular replacement using the coordinates of the SIAH1a 

SBD structure (PDB: 1K2F) as reference in Phaser MR in CCP4i software suite 

(McCoy et al, 2007). Diffraction resolution of the structures obtained ranged from 2.1 

Å to 2.6 Å. Following multiple rounds of manual model rebuilding and automated 
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refinement, no electron density corresponding to the presence of a fragment was 

observed. 

4.8.3  Co-crystallisaton in the presence of peptide 
 

Based on the consensus sequence Pro-X-Ala-Val-X-Pro that SIAH/SINA substrates 

possessed (House et al, 2003), our collaborator, Dr Ali Tavassoli (University of 

Southampton, UK) hypothesised that a constrained peptide fragment with the 

consensus sequence would engage in additional hydrophobic interactions with SIAH 

through its linker and that its binding affinity should be less antagonised by loss of 

entropy caused by adopting the bioactive conformation. As such, a constrained 

peptide (Figure 4.16) was designed and synthesised based on the PHYL peptide 

(residues 114-124) as seen in the co-crystal structure described in Section 4.6.3.  In 

the AlphaScreenTM assay the constrained peptide gave an IC50 of 45 µM, slightly 

lower than the IC50 of 60 µM for the unconstrained peptide demonstrating the linker is 

not detrimental to inhibitory activity. 

 
 

 
 
Figure 4.16 Chemical structure of constrained peptide for co-crystallisation with mSIAH1a SBD 
(pMAL-SIAH93-282).  
The peptide was designed based on based on the PHYL peptide (residues 114-124) as seen in the co-
crystal structure described in Section 4.6.2. The constrained peptide displayed an IC50 of 45 µm in 
AlphaScreenTM. 
 

4.8.3.1 Crystallisation and optimisation 
 

mSIAH1a SBD protein expressed from pProEx-SIAH93-282 (see Section 2.1.4, 2.2.21 

& 2.2.22) was used for co-crystallisation studies with the constrained peptide. 

Screening of crystallisation conditions were initially set up around the conditions 

described in Section 4.6.2 (co-crystal structure of mSIAH1a SBD with SIP), 4.6.3 

(co-crystal structure of mSIAH1a SBD with PHYL) and 4.8.1 (high resolution apo 
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SIAH SBD). However, no crystals were formed in any of the conditions. A full screen 

of 768 different conditions (Appendix I) was set up using CSIRO C3 Robotic 

Crystallisation Facility. After one day, crystal growth was observed in forty 

conditions (Table 4.5) across 11 different crystallants. Extensive in-house matrix 

screening of these conditions were performed. With the exception of the first three 

conditions listed, crystals were reproducible in all other conditions.  

 

Thirty crystals were selected (based on size and morphology) and cryo-preserved in 

Paratone-N and flash frozen in liquid nitrogen. Diffraction data from these crystals 

were all measured at the MX2 beamline at the Australian Synchrotron with the best 

diffracting crystal obtained with the conditions of 60% (v/v) tacsimate pH 7.0 (Figure 

4.17). 
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Table 4.5 List of crystallisation solutions that yielded crystals for co-crystallisation trials of 
mSIAH1a SBD (pMAL-SIAH93-28) with constrained peptide. 

Crystallant Buffer 

0.8 M sodium di-hydrogen phosphate, 1.2 M di-potassium hydrogen phosphate 0.1 M sodium acetate, pH 5.0 

0.2 M sodium chloride, 0.4 M sodium di-hydrogen phosphate,  

1.6 M di-potassium hydrogen phosphate 

0.1 M imidazole, pH 8.0 

0.2 M lithium sulphate, 0.8 M di-potassium hydrogen phosphate,  

1.2 M sodium di-hydrogen phosphate 

0.1 M CAPS 

60% (v/v) tacsimate, pH 7.0   

1.26 M ammonium sulphate 0.1 M sodium cacodylate, pH 6.5 

1.26 M ammonium sulphate 0.1 M HEPES, pH 7.5 

1.26 M ammonium sulphate, 0.2 M lithium sulphate 0.1 M TRIS-HCl, pH 8.5 

1.5 M ammonium sulphate, 0.1% (v/v) targitol NP-40   

1.5 M ammonium sulphate, 0.5% (v/v) 1-octanol   

1.5 M ammonium sulphate, 0.2 M magnesium sulphate 0.1 M MES, pH 6.5 

0.1 M sodium chloride, 1.5 M ammonium sulphate 0.1 M BIS-TRIS, pH 6.5 

1.5 M ammonium sulphate, 2% (v/v) PEG400  0.1 M HEPES, pH 7.5 

1.5 M ammonium sulphate, 12% (v/v) glycerol  0.1 M TRIS-HCl, pH 8.5 

1.6 M ammonium sulphate, 0.1 M sodium chloride 0.1 M HEPES, pH 7.5 

1.8 M ammonium sulphate, 0.01 M cobalt chloride 0.1 M MES, pH 6.5 

2.0 M ammonium sulphate  

2.0 M ammonium sulphate, 1.0 M sodium chloride  

2.0 M ammonium sulphate 0.1 M BIS-TRIS, pH 5.5 

2.0 M ammonium sulphate, 0.2 M sodium chloride 0.1 M sodium cacodylate, pH 6.5 

2.0 M ammonium sulphate 0.1 M BIS-TRIS, pH 6.5 

2.0 M ammonium sulphate, 0.2 M lithium sulphate 0.1 M TRIS-HCl, pH 7.0 

2.0 M ammonium sulphate, 2% (v/v) PEG400  0.1 M triethanolamine HCl, pH 7.5 

2.0 M ammonium sulphate 0.1 M HEPES, pH 7.5 

2.0 M ammonium sulphate, 2% (v/v) PEG400  0.1 M HEPES, pH 7.5 

2.0 M ammonium sulphate 0.1 M TRIS-HCl, pH 8.5 

2.0 M ammonium sulphate, 5% (v/v) 2-methyl-2,4-pentanediol  0.1 M CHES, pH 9.5 

2.0 M ammonium sulphate, 5% (v/v) 2-methyl-2,4-pentanediol  0.1 M bicine, pH 9.35 

2.0 M ammonium sulphate, 0.2 M lithium sulphate 0.1 M CAPS, pH 10.5 

1.0 M ammonium sulphate 1.0 M lithium sulphate 0.1 M HEPES, pH 7.0 

2.5 M ammonium sulphate, 6% (v/v) ethanol  0.05 M MES, pH 6.5 

1.0 M ammonium sulphate, 1.0 M lithium sulphate 0.1 M TRIS-HCl, pH 8.5 

1.8 M lithium sulphate 0.05 M MOPS, pH 7.0 

1.6 M magnesium sulphate 0.1 M MES, pH 6.5 

1.6 M magnesium sulphate 0.1 M HEPES, pH 7.5 

1.0 M tri-sodium citrate 0.1 M sodium cacodylate, pH 6.5 

1.0 M tri-sodium citrate, 5% (v/v) PEG400  0.1 M MES, pH 6.5 

1.4 M tri-sodium citrate 0.06 M sodium cacodylate, pH 6.0 

0.2 M lithium sulphate, 1 M postassium sodium tartrate 0.1 M TRIS-HCl, pH 7.0 

1.1 M sodium malonate, 0.5% (w/v) jeffamine ED-2001  0.1 M HEPES, pH 7.0 

1.5 M sodium malonate  
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Figure 4.17 Crystals of SIAH1a SDB (pProEx-SIAH93-282) in the presence of constrained peptide.  
(a) Crystals of size around 0.1 mm x 0.1 mm x 0.1 mm observed in initial condition of 60% (v/v) 
tacsimate pH 7.0. (b) Crystals in optimised condition of 50% (v/v) tacsimate pH 7.0 and trehalose 3% 
(w/v). Crystals grew to a size of around 1.0 mm x 1.5 mm x 1.0 mm within a day. 
 

4.8.3.2 Data collection and structure determination  
 

Data collection was performed at the MX1 beamline at the Australian Synchrotron (100 

K, 0° - 180°, 1 s exposure, 0.5° oscillation, 80% attenuation, detector distance at 350 

mm). Data was processed using the XDS Package (Kabsch, 2010) and a structure 

solution was obtained through molecular replacement using the coordinates of the 

mSIAH1a SBD structure (PDB: 1K2F) as reference in Phaser MR in CCP4i software 

suite (McCoy et al, 2007). The crystal belonged to space group P61 with cell parameters 

of a = 89.2 Å, b = 89.2 Å, c = 275.1 Å. The unit cell dimensions were consistent with 

two dimers in the asymmetric unit corresponding to about 50% solvent content. Model 

refinement was performed with BUSTER (Bricogne et al, 2016) with the 

implementation of automatic NCS restrains and X-ray/ chemical weight terms. Initial 

refinement rounds where B-factors were grouped did not provide satisfactory electron 

(a)

(b)
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density maps for model building. The density maps improved when individual B-factor 

refinement was carried out and allowed individual domains of mSIAH1a SBD to be 

built. Data collection and refinement statistics for mSIAH1a SBD (pProEx-SIAH93-282) 

complex with constrained peptide are shown in Table 4.6.  

4.8.3.3 Structural analysis and quality of structure 
 

The model of the mSIAH1a SBD (pProEx-SIAH93-282) complex with constrained 

peptide at 3.8 Å resolution consists of two dimers that include residues 93-282 in each 

monomer and 12 zinc ions. The model has been refined to a crystallographic Rwork of 

22.9% and Rfree of 26.6%. The model has a DPI of 0.64 which is comparable to the 

average DPI of 0.60 of ten random 3.8 Å structures deposited in the PDB.  

 

Visualisation of the molecular replacement solution using Coot (Emsley et al, 2004) 

revealed positive density in the Fo-Fc map along the proposed SBD binding groove. 

Initial interpretation was that the density belonged to that of the unmodelled constrained 

peptide. On further investigation, the N-terminal zinc finger domains (residues 93-122) 

of all four chains did not fit into the 2Fo-Fc map and that they were also clashing with 

symmetry related molecules. The N-terminal zinc finger domains were then manually 

rebuilt into the Fo-Fc difference map and further refined. The resulting model clearly 

showed the N-terminal spanning residues 93-114 resided in the proposed SBD groove 

(Figure 4.18). 

 

The dimer of the new model was aligned onto one of the dimers of the co-crystal 

structure of mSIAH1a complex with PHYL (PDB: 2AN6). Symmetry partners within 6 

Å were generated which revealed the locations of PHYL peptides. Within this sphere of 

molecules, two sites where the N-terminal of mSIAH1a93-282 was seen to bind were 

identified (hereby assigned as Site 1 and Site 2). 
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Table 4.6 Crystallographic data for co-crystals of SIAH1a SBD (pMAL-SIAH93-282) in complex with 
constrained peptide. 

 mSIAH1a SBD (pMAL-SIAH93-282) in complex with constrained 

peptide 

  Data collection statistics  
Temperature (K) 100 
Space group P61 
Unit-cell parameters (Å) a = 89.2, b = 89.2, c = 275.1 
Resolution limits (Å) 35.0 – 3.80 (4.22-3.80) 
No. observations 266549 
No. unique observations 21516 
Completeness (%) 99.6 (100.0) 

< I/σ(I) > 3.63 (3.60) 
Rmerge  (%) 20.7 (48.1) 
Wilson B 72.5 
Refinement statistics  
Rwork  (%) 22.9 (25.0) 
Rfree  (%) 26.6 (30.7) 
rmsd bond lengths (Å) 0.010 
rmsd bond angles (o) 1.230 
Non-hydrogen atoms  
Protein 4957 
Water 0 
Zinc ion 8 
Average B-factors (Å)2  
Protein 104.2 
Zinc ion 120.1 
Ramachandran analysis  
Preferred region (%) 91.1 
Allowed region (%) 8.5 
Outliers (%) 0.4 

Values in parentheses are for the highest resolution shell at 3.8 Å.  
Rmerge = Σ(I - <I>)/ Σ(I), where I is the intensity measurement for a given reflection while <I> is the 
average intensity for multiple measurements of this reflection. 
Rwork = Σ||Fo| - |Fc||/ Σ|Fo|, where Fo and Fc are the observed and calculated structure factor amplitudes 
respectively. 
Rfree was calculated with 5% of the diffraction data that were selected randomly and not used throughout 
refinement. 
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Figure 4.18 N-terminal residues extend into SBD groove.  
(a) Surface representation of mSIAH1a SBD (pMAL-SIAH93-282) N-terminal spanning residues (shown as 
yellow loops) of one molecule extending into the mSIAH1a SBD binding groove of another molecule. 
The PHYL peptide was previously shown to bind (PDB: 2AN6) the dimer is shown as red ribbon. The 
dimer of mSIAH1a SBD is represented by cyan and green molecular surfaces while the other dimer 
(crystal symmetry molecule) is coloured yellow and pink. (b) Close up view of the N-terminal loop (93-
114) of one mSIAHa SBD monomer (yellow) occupying the SBD groove of the other mSIAHa SBD 
monomer (cyan). (c) Continuous electron density map (2Fo-Fc at 1.0 σ) of the N-terminal loop of 
mSIAH1a SBD occupying the binding groove of the other monomer. mSIAH1a SBD (pMAL-SIAH93-282) 
construct spans from residues 93-282. Additional residues (GlySerAla) from the pMAL vector following 
TEV cleavage can also observed. (d) Omit map of the binding groove of mSIAH1a SBD showing strong 
electron density (Fo-Fc at 3.0 σ), indicating the presence of the N-terminal peptide of mSIAH1a SBD.  
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From the analysis of the superposed structures, it was revealed that the N-terminal 

region of one molecule of mSIAH1a SBD93-282 occupied the SBD binding groove of a 

symmetry related molecule. A close overlay of backbone atoms of PHYL residues 

(114LRPVAMVRPTV124) and the first eight residues of the mSIAH1a N-terminal 

(93SVLFPCKY100) was seen (Figure 4.19). The two sequences are going in opposite 

directions with respect to each other. In contrast to the PHYL peptide that follows the 

curve of the SBD binding groove, the N-terminal sequence displays the same 

conformation for the first four residues (100YKCP97) before it heads away from the 

groove to form the N-terminal zinc finger domain of mSIAH1a SBD (Figure 4.19). 

Due to the relatively low resolution, only Ser93 and Phe96 residues in the N-terminal 

sequence were seen to align with the Thr123 and Val120 residues of PHYL, 

respectively. Serine and threonine are both polar residues with a hydroxyl group and are 

likely to be involved in hydrogen bonds, while phenylalanine and valine have 

hydrophobic properties. In Site 1, Glu194 (mSIAH1a SBD) is likely to be interacting 

with the Asn92 (N-terminal); Ser154 (mSIAH1a SBD) with Ser93 (N-terminal), Thr156 

(mSIAH1a SBD) with Phe96 (N-terminal) while Thr168 (mSIAH1a SBD) interacts 

with Leu95 (N-terminal). Within Site 2, the backbone carbonyl group of Ala175 

(mSIAH1a SBD) is likely to interact with the backbone NH2 of Asn92 (N-terminal); the 

backbone carbonyl group of Asp177 interacts with backbone NH2 of Ser93 (N-

terminal); Trp178 (mSIAH1a SBD) interacts with Val94 (N-terminal); Thr168 

(mSIAH1a SBD) with Leu95 (N-terminal), and Thr156 (mSIAH1a SBD) with Phe96 

(N-terminal).  
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Figure 4.19 Superposition of mSIAH1a SBD N-terminal with PHYL peptide.  
The backbone atoms of PHYL residues (114LRPVAMVRPTV124) and the first nine residues of the 
mSIAH1a N-terminal (93SVLFPCKY100) aligned well when superposed on each other and were observed 
to be going in reverse direction with respect to each other. In contrast to PHYL peptide that follows the 
curve of the SBD binding groove, the N-terminal sequence displays the same conformation for the first 
four residues (92YKCP95) before it heads away from the groove to form the N-terminal zinc finger domain 
of mSIAH1a SBD. Ser93 and Phe96 residues in the N-terminal sequence are aligned with the Thr123 and 
Val120 residues of PHYL respectively.  

4.8.4  Proposal for synthetic peptides based on N-terminal sequence 
 

Based on the analysis of the interactions observed in the crystal structure, it was 

hypothesised that if the N-terminal sequence (93SVLFPCKYASS113) was not attached to 

the rest of the mSIAH1a SBD protein, it would be able to “hug” the molecular surface 

of the mSIAH1a SBD binding groove similar to the PHYL peptide.  A new peptide 

inhibitor could then be designed based on the N-terminal sequence. This new peptide 

could be used as an alternative to the PHYL peptide for the design of peptidomimetics 

and open up new opportunities for hit discovery in the search of inhibitors of SIAH.  
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Figure 4.20 Modelling of RING domain onto structure of mSIAH1a SBD.  
Based on the model, the flexible linker should be able to position the RING domain to avoid steric 
clashes with the mSIAH1a dimer. Therefore, full-length mSIAH1 dimers could potentially interact with 
each other via the PHYL binding groove. (a) Surface representation of original the 3.8 Å mSIAH1a SBD 
(93-282) structure. The N-terminal region of dimer 2 (yellow and pink) binds to the binding groove of 
dimer 1 (cyan and green). (b) Surface representation of the RING domain (PDB: 2CRC) modelled into 
mSIAH1a SBD (yellow). The N-terminal of one monomer of mSIAH1a SBD (yellow) now extends 
through the binding groove and makes further interaction with dimer 1. (c) From the model, a 24-amino 
acid flexible linker exists between the zinc finger of the RING domain and the zinc fingers mSIAH1a 
SBD. The N-terminal residues of mSIAH1a SBD (yellow sticks) and PHYL peptide (red) that occupy the 
binding groove are also displayed. (d) The modelled zinc finger (zinc ion as silver sphere) from the RING 
domain of full-length mSIAH1a can extend to the other side of the mSIAH1a binding groove without 
clashing with the dimer.  
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The question arose as to whether the same interaction between the N-terminal region of 

mSIAH1a SBD and the SBD binding groove could occur in full-length mSIAH1a. The 

unpublished structure of the RING finger domain from ubiquitin conjugating enzyme, 

zf-RanBP, by Zhang and co-workers (PDB: 2CRC) was modelled onto the shorter N-

terminal of the model of mSIAH1a SBD with Dr. Tracy Nero (St. Vincent’s Institute) 

(Figure 4.20). A 24-amino acid flexible linker bridges the RING finger and the first 

zinc finger of SBD. From the model, it is proposed that this flexible linker would be 

able to position the RING domain in such a way that there is no steric clashes with the 

mSIAH1a dimer and that the interaction of the N-terminal region of mSIAH1a SBD 

with the SBD binding groove of another SIAH molecule could occur in full-length 

mSIAH1a.  

4.8.4.1 Binding assays of SIAH1a SBD with peptides based on the N-
terminal sequence of mSIAH1a SBD 

 
Based on the findings above, four peptides of various lengths were designed and 

purchased from Mimotopes Pty Ltd. The sequences and properties of the peptides, 

namely, 12aa, 10aa, 7aa and 4aa, are summarised in Table 4.7. Binding studies were 

carried out in-house on the Biacore T200 (GE Healthcare) with Larissa Doughty (St. 

Vincent’s Institute). SIAH1a SBD in sodium acetate buffer pH 5.0 at 15 µg/mL was 

immobilised on a CM5 Sensor Chip (GE Healthcare) via amide coupling (conditions 

previously determined by collaborators at CSIRO) in SPR running buffer containing 10 

mM HEPES; pH 7.4, 150 mM NaCl, 0.005% Tween20 (HBS-P). PHYL peptide was 

used as a positive control and prepared in a concentration series of 3 nM, 9 nM, 27 nM, 

81 nM, 243 nM, and 729 nM in buffer containing 10 mM HEPES; pH7.4, 150 mM 

NaCl, 3 mM EDTA, 0.005% Tween20, 0.1 mg/mL BSA (HBS-EP+/B). 
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Table 4.7 Sequences and properties of the peptides based on N-terminal sequence. 
 

ID assigned Number of amino 
acid residues 

Sequence Molecular weight 
(Da) 

12aa 12 H-NSVLFPCKYSAS-NH2 1314.5 
10aa 10 H-NSVLFPCKYS-NH2 1156.4 
7aa 7 H-LFPCKYS-NH2 856.1 
4aa 4 H-YKCP-NH2 508.6 

 
Routinely performed in peptide studies, the N- and C- termini of the peptides had been “capped” to 
protect them from breakdown and enzymatic digest by exopeptidase. Peptides were synthesized by 
Mimotopes Pty Ltd. 
 

4.8.4.2 Binding kinetics of PHYL to SIAH1a SBD 
 
PHYL was shown to bind to SIAH1a SBD with a KD of 254 nM, roughly similar to 

previous results with KD of 172 nM (CSIRO, unpublished data); however, there was 

significant binding to the reference cell and a baseline drift was observed, indicating 

non-specific binding. To overcome this problem, the experiment was repeated twice 

with higher concentrations of NaCl at 300 mM and 500 mM, respectively. In spite of 

the increased salt concentration, the level of non-specific binding of PHYL was not 

improved. Further experiments with peptides were hence revert back to the same buffer 

condition initially determined by the CSIRO collaborators (Figure 4.21). 

 

 
Figure 4.21 Binding curve of PHYL and SIAH1a SBD.  
PHYL was shown to bind to SIAH1a SBD with a KD of 254 nM. 
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4.8.4.3 Binding kinetics of N-terminal sequence based peptides to SIAH1a 
SBD 

 
The peptides were dissolved in water to a final concentration of 2 mg/mL. An 

concentration series of 3 nM, 9 nM, 27 nM, 81 nM, 243 nM, 729 nM and 2,187 nM of 

each peptide in HBS-EP+/B, was injected across the SIAH1a SBD surface at 30 µL/min 

for 60 seconds. Binding was evident and the peptides seen to have a faster association 

and dissociation rate (Figure 4.22) compared to PHYL. The experiment was repeated 

with a 1000-fold lower concentration of the peptides. However, binding kinetics was 

still too fast to be conclusive.  

 
In an effort to improve binding kinetics, DTT was added to reduce the cysteine residue 

present in each of the peptides. SIAH1a SBD was immobilised again and the 

experiment was repeated with freshly dissolved peptides. The running buffer was 

changed to HBS-P/MgCl2/DTT  (10 mM HEPES; pH 7.4, 150 mM NaCl, 0.005% 

Tween20, 1 mM MgCl2, 1.5 mM DTT). From the data collected, it could be deduced 

that the peptides were binding to SIAH1a SBD. An attempt to fit the data at a 1:1 

stoichiometric model was not possible. This was likely due to the large amount of non-

specific binding, possibly due to the peptides containing cysteine residues. The peptides 

seemed to oxidise rapidly, which was somewhat resolved by the addition of DTT to the 

running buffer; however further optimisation was required. Four more peptides, with 

the cysteine substituted for alanine, were purchased for further experiments. 

 

Affinity analysis of the peptides without cysteines binding to SIAH1a SBD revealed 

low affinities that seemed to decrease further with increase in peptide size. Complete 

analysis was not possible as up to 300 mg of peptide would be required to achieve 

concentrations in the appropriate range. As such, the affinities were approximate, with 

actual affinity most likely being greater than those obtained. 
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Figure 4.22 Binding kinetics of peptides to SIAH1a SBD.  
Peptides binding to SIAH1a SBD on a lower density surface. Shown here in sensograms A (12aa), B 
(10aa), C (7aa) and D (4aa) are the reseponse curve of the peptides following their injection at different 
concentration (orange, green, red and blue). Due to the non-specific binding and the bivalent ligand, it 
was not possible to analyse the data at this stage. 
 
 

4.8.4.4 Competition binding of PHYL and peptides to SIAH1a SBD 
 
PHYL was injected across the SIAH1a SBD surface at 243 nM. At this concentration 

the immobilised SIAH1a SBD surface became saturated with PHYL. The dual inject 

function in the Biacore T200 (GE Healthcare) method injects a second sample (in this 

case, the competing peptide at 243 nM) immediately after injection of the first sample 

(PHYL) with no delay between samples.  This method was used to determine if the 

competing peptide would bind to the SIAH1a SBD surface that was saturated with 

PHYL. However, due to the rapid dissociation of PHYL from SIAH1a, it was not 

possible to completely test the competitive binding nature of the peptides with PHYL 

saturated SIAH1a. Nonetheless, a reduced amount of binding was observed (Figure 

4.23). Table 4.8 shows the raw data of the competition binding analysis. The binding of 

PHYL to SIAH1a SBD surface shows a KD of 243 nM in the absence of peptide. When 

a peptide was introduced, an observable amount of PHYL was displaced. 

 

 

! ! !
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Figure 4.23 Competition binding of PHYL and peptides to SIAH1a SBD.  
(a) PHYL binding to the SIAH1a SBD surface with a KD of 243 nM in the absence of peptide. (b) When a 
peptide was introduced post-binding between PHYL and SIAH1a SBD surface, there was a slight 
reduction of RU. This indicated that a certain amount of PHYL was displaced. 
 
 
Table 4.8 Raw data of the competition binding analysis between PHYL and each of the peptides. 

  RB+4aa PHYL+4aa RB+7aa PHYL+7aa RB+10aa PHYL+10aa RB+12aa PHYL+12aa 
PHYL 

binding to 
SIAH1a 

SBD (RU) 

18.96 
18.72 
18.65 

16.44 
16.24 
16.07 

25.86 
25.66 
25.47 

21.65 
21.42 
21.72 

16.08 
16.20 
16.40 

11.59 
11.29 
11.19 

17.15 
16.99 
16.79 

12.01 
11.95 
11.92 

Average 
RU 18.78 16.25 25.66 21.60 16.23 11.36 16.98 11.96 

Standard 
deviation 0.16 0.19 0.20 0.16 0.16 0.21 0.18 0.05 

In the presence of a peptide, the amount of PHYL bound to the SIAH1a SBD was reduced. Rb denotes 
running buffer. Italicised numbers denote results in triplicates.   
 

4.8.5  Comparison of various mSIAH1a structures 
 

Comparison of the overall 2.1 Å resolution structure with the previously published apo 

mSIAH1a structure (PDB: 12KF) gave an average rmsd on Cα’s of 0.82 Å. When the 

N-terminal (residues 93-121) of each monomer was excluded, the average rmsd on Cα’s 

was 0.45 Å. When the same structure (with N-terminal included) was superposed on the 

published mSIAH1a SBD-PHYL complex structure (PDB: 2AN6), the average rmsd on 

a 

b 
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Cα’s was 1.140 Å, with the areas of differences main at the N-terminals and the loop 

regions.  

 

The same comparison was done with the 3.5 Å resolution structure and the mSIAH1a 

SBD-PHYL complex structure, giving an average rmsd on Cα’s of 1.03 Å. Similarly, 

when the N-terminal zinc finger domains on each monomer was removed, the average 

rmsd went down to 0.83 Å. When the 3.8 Å resolution structure in space group P61 was 

superposed onto the mSIAH1a SBD-PHYL complex, the average rmsd on Cα’s was 

1.67 Å (with N-terminals included) and 1.08 Å (N-terminal zinc finger domains 

excluded). This reflects the differences in both structures on the whole with the N-

terminals and the loop regions contributing minimally to the overall differences (despite 

the unique positions of the N-terminals residing in the SBD binding groove as described 

in Section 4.8.3).  

 

Finally, when comparison was done on 3.5 Å and 3.8 Å resolution structures, the 

average rmsd values for Cα’s was 0.99 Å (N-terminal regions included) and 0.85 Å 

(with N-terminal zinc finger excluded), reflecting differences in the orientations of the 

backbones, N-terminal zinc finger domains and loop regions of both structures. While 

both structures were obtained from different mSIAH1a crystals forms and different 

crystallisation conditions (resulting in different spacegroups) they are very similar 

except for variations in the orientation of the N-terminal zinc finger domains and in 

some loop regions. Nevertheless, due to the differences in crystal packing, the N-

terminal domains of the 3.5 Å and 3.8 Å resolution structures did make crystal contacts 

with their corresponding symmetry molecules. This could have resulted in the variations 

seen in the N-terminal domain of these mSIAH1a molecules compared to the 2.1 Å 

resolution structure. Figure 4.24 shows the overlay of the three structures of SIAH1a 

SBD demonstrated in this thesis. 
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Figure 4.24 Comparison of three SIAH1a SBD crystal structures.  
The monomers of the three structures of SIAH1a reported in this thesis were superposed to reveal 
significant differences in the positioning of the N-terminal domain and loop regions. The high resolution 
structure at 2.1 Å resolution (crystallised from proteins in pMAL-SIAH90-282) is shown in blue, the low 
resolution structure at 3.5 Å resolution (crystallised from proteins in pProEx-SIAH93-282) shown in green, 
and the low resolution structure at 3.8 Å resolution (co-crystallised from proteins in pProEx-SIAH93-282 
and constrained peptide) is shown in yellow. 
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4.9  Discussion and future directions 
 

Inhibitors of protein turnover have been sought as attractive anti-cancer agents 

especially since the identification of bortezomib (marketed as VELCADE® by 

Millenium Pharmaceuticals) (Kane et al, 2003) that has been approved in cancer 

therapy. Bortezomib blocks the chymotryptic activity within the proteasome core and is 

used to treat multiple myeloma and mantle cell lymphoma. SIAH, a well recognised E3 

enzyme involved in protein turnover, has been validated as a therapeutic target in a 

number of breast and prostate cancer models and systems (summarised in Section 4.5). 

Thus inhibition of SIAH protein-protein interactions could have desirable cancer 

therapeutic effects. The long term aim of this work is to discover SIAH inhibitor 

molecules for use as novel therapeutic agents to inhibit the hypoxia-induced signalling 

pathway and neo-angiogenesis in solid tumours found in breast, ovaries and the 

prostate.  

 

Disrupting protein-protein interactions remains a difficult endeavour but a number of 

such inhibitors have reached the clinic (see Chapter 1). The published structures of 

SIAH have indicated it is a particular difficult target because its substrate-binding 

groove is rather shallow and hence likely to require large molecular weight inhibitors to 

make sufficient contacts with the pocket and hence bind with high affinity. The 

availability of crystal structures can greatly aid the discovery and development of potent 

inhibitors (see Chapter 1). At the time the studies described in this chapter were 

performed there were only a moderate resolution structure of the apoenzyme and two 

structures of enzyme-peptide complexes available (House et al, 2006; Santelli et al, 

2005). Hence a major aim of this study was to identify new crystal forms of the 

apoenzyme resulting in higher resolution structures. 

 

This has been achieved by modification of the published conditions resulting in a 

structure at 2.1 Å resolution (P212121 with a = 68.3 Å, b = 74.4 Å and c = 79.5 Å). 

These crystals now provide opportunities to visualise SIAH inhibitor complexes at 

atomic resolution and provide the basis for initiating a fragment screening campaign. As 

well as improving the diffraction quality of the published crystal form (Polekhina et al, 

2002; 2.6 Å resolution), a number of new crystal forms were discovered. The construct 

used to generate the published mSIAH1a-PHYL complex (House et al, 2006; 3.0 Å 
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resolution) lead to a new crystal form of the apoenzyme (P32 with a = 91.7 Å, b = 91.7 

Å and c = 139.1 Å) diffracting to 3.5 Å resolution. In this crystal form there were two 

dimers in the asymmetric unit and all chains superimposed closely with each other and 

with the published structure; albeit the exception that the N-terminal zinc finger domain 

displayed variable orientations with respect to the rest of the molecule. Since two of the 

structures in this thesis lack the “high” resolution for comparison with the other 

available mSIAH1a structures, restrains were made.  For example, comparisons were 

made on the differences in the overall domains and Cα backbone of the structures rather 

than the atomic differences in residues. Superposition of the different mSIAH1a SBD 

structures available revealed the flexibility and mobility of the N-terminal RING – zinc 

finger domain of SIAH that might play a role in vivo. Interestingly, this may have been 

reflected by the phenomenon that mSIAH1a can crystallise in different space groups. 

 

An initial virtual screening campaign based on the new high-resolution structure and 

published structures did not lead to any confirmed hits or structures of enzyme-ligand 

complexes. Since the libraries used only contain small molecule compounds that may 

not suitably cover the open/ shallow SBD of SIAH, other library sources containing 

“large molecules” should also be investigated. Efforts to discover new inhibitors based 

on the published structure of mSIAH1a complexed to PHYL. As a start the PHYL 

peptide was engineered as a constrained peptide. The constrained peptide was shown to 

bind with micromolar affinity to the enzyme. Co-crystallisation trials led to a new 

crystal form (P61 with a = 89.2 Å, b = 89.2 Å and c = 275.1 Å) diffracting to 3.8 Å 

resolution. Although the structure did not reveal any evidence for the constrained 

peptide, it did reveal a new packing arrangement in which the N-terminal region of one 

SIAH molecule was found bound into the substrate-binding groove of a neighbouring 

molecule. Thus the structure provided the basis for the design of peptidomimetics as an 

alternative to known peptide inhibitors PHYL and SIP.  

 

Binding of peptides corresponding to the N-terminal region of mSIAH1a was observed 

although a detailed kinetic analysis was frustrated by non-specific binding to the 

Biacore chip and weak binding to the enzyme. The 3.8 Å crystal structure of mSIAH1a 

with “constrained peptide” might provide some explanation for this. Since mSIAH1a 

was coupled “non-specifically” onto the surface of the SPR chip via amide coupling, the 
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N-terminal region of one mSIAH1a might be interfering with the SBD of another 

neighbouring mSIAH1a molecule. Perhaps, a trimmed N-termini version of mSIAH1a 

should be explored in future experiments. Nevertheless, there was enough evidence to 

suggest the N-terminal peptide of mSIAH1a SBD is a promising basis for the design of 

potent SIAH inhibitors. As in CD151 EC2 studies, other methods of fragment 

(peptidomimetic) screening can also be employed in future SIAH inhibitor studies. 

Given the problems encountered in SPR, other methods that do not require an 

immobilised surface, such as MST, AUC, STD-NMR and thermal shift assays should 

be explored.  

 

Data on how the N-terminal region of one mSIAHa molecule binding to the SBD of 

another molecule is an exciting aspect gained from this thesis. One hypothesis is that 

mSIAH1a interacts with one another via its SBD groove. Future experiments may 

involve the use of NMR to confirm if its occupancy in solution is genuine and not a 

crystal artefact. This will also correlate modelling data of the 2CRC (RING domain) 

data reported in this thesis. Furthermore, crystallisation of full-length (N-terminal 

domain intact) mSIAH1a can also be attempted. This will provide further information 

on how mSIAH1a interact physiologically that can further aid in the design of inhibitors 

to disrupt its interaction. On the other hand, structure data from this thesis can also be 

used to optimise future crystallisation experiments of SIAH inhibitors. The constructs 

(pProEx-SIAH93-282 or pProEx-SIAH93-282) used are perhaps not suitable for inhibitor 

co-crystallisation. To prevent the N-termini region of mSIAH1a occupying the SBD 

groove, the N-terminal boundary of mSIAH1a can be further trimmed. This may 

provide the vital clearance required for “larger” inhibitors to occupy the SBD. 
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CHAPTER 5 | CONCLUDING REMARKS 
 

Protein–protein interactions play many important regulatory roles, such as in signaling 

and protein quality control. The quite often-exquisite specificity of these interactions 

can be vital; any breakdown can lead to disease, for example, uncontrolled cell growth 

found in cancer. With over 300,000 protein interaction pairs in human cells so far 

documented, modulating protein–protein interactions represents a huge potential for 

discovering new cancer treatments. Since many interactions of interest occur within 

cells, traditional approaches such as antibodies are not applicable and hence small 

molecule approaches must be considered. For many years it was widely thought that 

targeting these interactions with small molecules was not possible, as structural biology 

had shown that protein interfaces were mostly flat. However, much progress in the area 

has been made over the last decade with over a dozen small molecule protein interaction 

inhibitors currently in clinical development (Meier et al, 2013). Many of these 

discoveries have used structure-based discovery approaches in either the hit discovery 

and/or lead development stages. Most of the successes have been on targets where there 

are highly pronounced grooves in the protein interface to enable potential drugs to bind 

with high affinity and specificity. Examples include the BCL-2–associated protein X 

(BAX) BH3 domain interacting with BCL-XL (Czabotar et al, 2010) and p53 interacting 

with MDM2 (Tovar et al, 2013). 

 

The recent validations of CD151 and SIAH as cancer targets through antibodies, peptide 

inhibitors and cell knock-outs has made them prime targets for discovery of molecules 

to inhibit their function through disruption of their potential for protein-protein 

interactions. Given the involvement of CD151 in prostate cancer and SIAH in hypoxia, 

oestrogen, and Ras signalling, blocking the function of these two proteins could be an 

attractive approach to impairing metastasis, adhesion, angiogenesis and proliferation of 

tumour cells. However, our homology models of CD151 and crystal structures of SIAH 

indicated that the peptide binding grooves of both are very shallow and hence both 

targets appear highly challenging as drug discovery targets. With this in mind it is 

important that all approaches be considered to optimise success. In this thesis I have 

explored structural approaches and made some critical findings that lay a good basis for 

future structure-based drug discovery efforts on both protein targets. 
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I have reported three new crystal structures of mSIAH1a SBD in this thesis. Firstly, two 

new crystal forms have been identified: a 3.5 Å resolution structure derived from 

crystals grown in space group P32 (from protein expressed and purified using the 

pProEx-SIAH93-282 construct), and a 3.8 Å resolution structure from crystals grown in 

space group P61 (co-crystallised using protein expressed and purified from the pMAL-

SIAH93-282 construct and the constrained PHYL peptide). Although both crystals diffract 

only to low resolution it is possible that further optimisation of the crystallisation 

condition and/or more exhaustive crystal screening at the synchrotron will yield higher 

resolution structures. The availability of multiple crystal forms could prove very useful 

in visualising small molecule binders by X-ray crystallography. Importantly, a high-

resolution structure was obtained using a refinement of published conditions. These 

crystals diffracted to 2.1 Å resolution in space group P212121 (using the protein 

expressed and purified from the pMAL-SIAH90-282 construct), This crystal form will 

greatly aid current drug discovery efforts on SIAH and, in particular, will enable a 

structure-guided fragment screening approach to be initiated. The discovery of the N-

terminal peptide of SIAH binding into the substrate binding groove of a neighbouring 

molecule in the crystal lattice of the P61 crystal form and the demonstration of some 

binding activity to SIAH with isolated peptides provides the basis for a new 

peptidomimetic approach.  

 

In the CD151 project, small-molecule compounds identified through virtual screening 

in the laboratory that were subsequently demonstrated by my collaborators to inhibit 

enhanced motility of a CD151-transfected human prostate cancer cell line. However, the 

establishment of a direct binding assay was crucial to demonstrate unequivocally that 

the small molecules were acting by binding to CD151 in the cell-based assays. I have 

achieved this goal by expressing and purifying CD151 EC2 and then showing that the 

best compound in the cell-based assays does bind to CD151 by SPR and MST 

approaches. In structural and biophysical studies, the requirement of recombinant 

protein is inevitable. The expression of CD151 EC2 proved to be a non-trivial task as it 

required extensive trialling of different expression systems and purification methods. 

With pure, well-folded CD151 EC2 now being able to be routinely achieved, further 

characterisation and activity assays can now be performed.  
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To date, there are no major small molecule drug discovery efforts targeting tetraspanins 

presented in the public domain. Moreover, many of the mammalian tetraspanins have 

been scantly studied. While there are strategies for targeting tetraspanin EC2s with the 

use of monoclonal antibodies, interpretation of results can still be handicapped by not 

knowing the precise mechanism of action. It is often not clear which specific molecular 

interactions are being perturbed. Furthermore, results can be unpredictable, as the same 

antibodies can stimulate or inhibit different types of cell fusion, and serve as both 

antagonists and agonists (Moseley, 2005; Tarrant et al, 2003; Wright et al, 2004). The 

results achieved in this study, from the production to the characterisation and structural 

investigation of CD151 EC2, will no doubt contribute to the knowledge on tetraspanins. 

Most importantly, structural studies using X-ray crystallography and/or NMR are now a 

possibility laying the groundwork for a structure-based drug discovery campaign that 

does not rely solely on homology models. 

 

The research presented in this thesis has provided new information and tools that will be 

invaluable in the continual search for potent and specific inhibitors of CD151 and SIAH 

function as a first step in the drug discovery process.  
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