
Small Molecules as Potential Inhibitors o f  the 

Met Tyrosine Kinase Receptor

Michal Leonie Luzac

A thesis submitted to the University o f London 

for the degree o f Doctor o f Philosophy 

January 2008

The School o f Pharmacy 

University of London

This thesis describes research conducted in the School o f  Pharmacy, University o f  London 

between October 2003 and January 2008 under the supervision o f  Prof. D.E. Thurston and Dr. 

P.W. Howard. 1 certify that the research described is original and that any parts o f  the work that 

have been conducted by collaboration are clearly indicated. I also certify that 1 have written all the 

text herein and have clearly indicated by suitable citation any part o f this dissertation that has 

already appeared in publication.

_____________ 7 ^  l o ' ^ h S ____
Signature Date



ProQuest Number: 10104824

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest 10104824

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



Abstract

The Met receptor tyrosine kinase, upon activation by its ligand HGF/SF, is 

crucially involved in both the physiological and pathological control of invasive 

growth. Furthermore, deregulation of Met activity is implicated in tumour 

proliferation, progression and metastasis, suggesting that this receptor is an 

attractive target for cancer therapy. Targeting receptor tyrosine kinases with small 

molecules directed at their ATP binding site has been shown to be a useful 

approach for drug discovery purposes. In addition, a crystallographic study of the 

kinase domain of Met complexed with the agent K252a has provided structural 

insights into the Met ATP binding site.

The project involved the screening of a virtual library of 100,000 commercially 

available compounds against the ATP binding site of Met as a practical route to 

discovering new lead molecules. The compounds were docked and then ranked 

according to five scoring functions, utilising the molecular docking tool FlexX. In 

order to facilitate the selection of molecules for biological testing, a strategy was 

applied that involved molecular weight normalisation, consensus scoring, visual 

inspection of docked structures and clustering of structurally related molecules. 

Finally, 53 structures were selected from the virtual screen based on their 

predicted ability to dock into the ATP binding site of Met.

Experimental validation of the selected compounds was achieved using a FRET- 

based kinase assay. One molecule, the tyrphostin AG213, emerged as a low- 

micromolar inhibitor of Met. In addition, studies were undertaken to investigate 

the effect of AG213 on Met activity in cellular systems. AG213 was shown to



cause a decrease in HGF-dependent Met phosphorylation and cell scatter and a 

reduction of cell proliferation in cells with constitutively active Met, without 

affecting cell viability. These results suggest that AG213 could be used as a 

starting point for developing other more potent and potentially more selective Met 

inhibitors.
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1 Introduction

Cancer is a major cause of morbidity in the United Kingdom (UK). Each year 

more than a quarter of a million people are newly diagnosed with cancer in the 

UK alone '̂" .̂ Overall it is estimated that more than one in three people will 

develop some form of cancer during their lifetime^

The discovery of the first transforming retrovirus by Peyton Rous in the early 

twentieth century provided the basis of a conceptual revolution in understanding 

the molecular mechanisms involved in cancer^. However, it took more than six 

decades after the discovery of this transforming retrovirus, the Rous sarcoma 

virus, before its oncogene, v-src was isolated and found to represent an altered 

version of a cellular gene, c-src. This breakthrough led to the prediction that 

human cancers may result from the activation of otherwise normal cellular genes 

or proto-oncogenes^'’®. After a slow start, the last few decades have seen a rapid 

increase in our understanding of the molecular mechanisms that are involved in 

cancer. Carcinogenesis was revealed to be a multiple-step process, arising from 

the accumulation of mutations and epigenetic abnormalities in multiple genes” ’’̂ .

The cells that constitute the adult human body grow and differentiate in a tightly 

regulated fashion as a result of a delicate balance between growth-promoting and 

growth-inhibiting mechanisms. In stark contrast, cancer cells override these 

controlling mechanisms and follow their own programme of growth in an 

unrestricted manner. In addition, over time they can acquire the ability to migrate
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from their original site, invade nearby tissues, and form secondary tumours at 

distant sites.

Hanahan and Weinberg suggested that the process through which cells evolve 

from normal human cells to malignant cancers consists of six essential alterations 

in cell physiology: self-sufficiency in growth signals, insensitivity to growth- 

inhibitory signals, evasion of programmed cell death (apoptosis), limitless 

replicative potential, sustained angiogenesis and tissue invasion and metastasis^^. 

These alterations are thought to occur in a stepwise fashion reflecting the 

progressive accumulation of mutations and epigenetic abnormalities in multiple 

critical genes.

Cancer critical genes can be classed into three groups: oncogenes, tumour 

suppressor genes and caretaker genes. Proto-oncogenes are genes for which a 

gain-of-function mutation will steer the cell towards cancer. The mutant 

overactive form of proto-oncogenes, are called oncogenes. In contrast, tumour- 

suppressor genes are genes, whose absence or inactivation will lead towards 

cancer. Both oncogenes and tumour-suppressor genes directly affect net cell 

growth, either through stimulating cell proliferation or through inhibiting cell 

death or cell-cycle arrest'" .̂ In normal cells, multiple layers of defence 

mechanisms operate to keep genetic mutation rates at extremely low levels. The 

genes that are in charge of constantly monitoring DNA integrity and repairing any 

genetic alterations that may occur are called caretaker genes. In cancer these 

caretaker genes are often inactivated, accelerating the tumorigenic processes 

through the accumulation of mutations’̂ ’̂ ’̂*̂ .
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Biochemical analysis of the v-src oncogene and its corresponding protein, 

revealed that it belongs to a family of enzymes known as protein tyrosine kinases 

This discovery provided the first insight into how oncogenes function. The fact 

that protein kinases are positioned at key crossroads within the cellular 

communication network appeared to explain how an oncogene can cause the 

multiple phenotypic changes observed in transformed cells^^.

1.1 Cell signalling

All cells in a multicellular organism rely on a complex signalling network to 

interpret and translate extracellular signals into appropriate responses, which 

regulate essential processes such as cell growth, differentiation, migration and 

survival'^. Approximately 20% of the -32,000 genes in the human genome 

encode proteins devoted to cell signalling, illustrating the importance of these 

regulatory processes'*.

Cell to cell signalling generally occurs through secreted messenger molecules. 

The signalling substance is released from the signalling cell to target either a cell 

in close proximity (paracrine signalling), a cell at a distant site (endocrine 

signalling), or the signalling cell itself (autocrine s i g n a l l i n g ) T h e  extracellular 

signalling molecules initiate a biological response in target cells when they bind to 

their cognate receptor proteins. The receptors can be located intracellularly, either 

in the cytosol or in the nucleus, but they are predominantly located on the surface 

of the target cell'^’'^’̂®.
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Cell-surface receptors can be categorised into families according to their primary 

structures, the signalling molecules they recognise and the biological responses 

they induce. Cell surface receptors can be divided into three classes: lon-channel- 

linked receptors transduce signals upon ligand binding by transiently opening or 

closing an ion channel, changing the ion permeability of the plasma membrane. 

G-protein-linked receptors indirectly activate or inactivate membrane-bound 

enzymes or ion-channels via GTP-binding proteins (G-proteins). Enzyme-linked 

surface receptors either act directly as enzymes or are coupled to an enzyme. A 

large and important group of surface receptors that fall into the class of enzyme- 

linked receptors are the receptor tyrosine kinases^^’̂ .̂

1.2 Receptor tyrosine kinases

Receptor tyrosine kinases are a subgroup of the protein kinase enzyme family. 

Kinases catalyse the phosphorylation reaction, in which a phosphate group is 

transferred enzymatically to the hydroxyl group of a tyrosine residue of proteins, 

using adenosine triphosphate (ATP) as a phosphate donor^’. The reverse reaction, 

dephosphorylation, is catalysed by a group of enzymes called protein 

phosphatases. The reversible phosphorylation of proteins serves as a molecular 

switch in the majority of cellular processes, especially those involved in signal 

transduction^^'^^.

There have been approximately 520 protein kinase genes identified to date, which 

makes protein kinases one of the largest gene families in eukaryotes^^. Kinases 

can be classed as tyrosine or serine/threonine specific, depending on which side
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chain residue they specifically phosphorylate. Approximately 90 genes have been 

identified that encode for protein kinases that specifically phosphorylate the 

tyrosine residue. Of these 90 protein tyrosine kinases, 32 are classed as 

cytoplasmic non-receptor tyrosine kinases (e.g. Src, Jak, Fak and Abl) and 58 

encode for transmembrane receptor tyrosine kinases (e.g. epidermal growth factor 

receptor [EGFR], fibroblast growth factor receptor [FGFR] and Met receptor). 

The transmembrane receptor tyrosine kinases (RTKs) are grouped into 20 

subfamilies based on their distinct structural features (Figure 1.1)^ .̂

1.2.1 Structure of receptor tyrosine kinases

RTKs consist of several well-defined domains; an extracellular ligand-binding 

domain connected to the cytoplasmic domain by a hydrophobic transmembrane 

helical domain. The extracellular domain exhibits considerable diversity across 

the different subfamilies of the RTKs (Figure 1.1). The extracellular segment is 

usually glycosylated and contains an array of globular domains such as 

immunoglobin (Ig)-like domains, cysteine-rich domains, fibronectin type Ill-like 

domains and EGF-like domains. In contrast, the cytoplasmic domain is the most 

conserved part of the receptor and is made up of the juxtamembrane region 

followed by the tyrosine kinase catalytic domain and the C-terminal region, which 

serves as a docking site for downstream signalling molecules^^’̂ .̂
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Figure 1.1 Schematic representation of the receptor tyrosine kinase (RTK) 

subfamilies.

The extracellular ligand-binding domain exhibits considerable diversity across the 

different subfamilies. A hydrophobic transmembrane domain connects the 

extracellular domain to the structurally conserved cytoplasmic domain. The 

members of each family are mentioned underneath the receptors. (Adapted from 

http://kinase.com/human/kinome)
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1.2.2 Receptor tyrosine kinases; mechanism of activation

Transmission of signals across the membrane by RTKs is thought to be initiated 

by ligand mediated oligomerisation, typically dimérisation, of receptors^^. 

However, a variety of structural mechanisms seem to be involved. The exact 

manner in which ligands bring about oligomerisation and activation of RTKs is 

still under extensive investigation (for review see^^). For most RTKs, ligand- 

induced oligomerisation instigates the phosphorylation of tyrosine residues within 

the activation loop of the catalytic intracellular domain^^. Phosphorylation of the 

activation loop stabilises the receptor in its active state, which is permissive for 

substrate binding. Subsequently, tyrosine residues in the non-catalytic cytoplasmic 

domain are phosphorylated, creating docking sites for diverse downstream 

signalling proteins typically containing Src homology 2 (SH2) and/or 

phosphotyrosine binding (PTB) domains^^. These proteins recruit additional 

signalling molecules resulting in the assembly of a large signalling complex, 

instigating diverse biological responses that regulate many processes in the cell. In 

order to maintain normal physiological responses these signalling cascades need 

to be tightly controlled. Hence, several negative feedback mechanisms, such as 

inhibitory protein tyrosine phosphatases and receptor endocytosis and degradation 

are in place to attenuate the signals generated upon activation of RTKs^*’̂ .̂
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1.3 The Met receptor tyrosine kinase

The Met gene was originally detected as an activated oncogene after treatment of 

a human osteosarcoma cell line with the potent carcinogen N-m^/hyl-N’-nitro-N- 

nitrosoguanidine^^’̂ .̂ Subsequently it was found that the Met oncogene was 

activated as a result of a DNA rearrangement, fusing the Met proto-oncogene 

locus with the translocated promoter region (TPR) locus, resulting in the 

expression of a TPR-Met fusion protein with constitutive Met kinase activity^ \  

After isolation of the TPR-Met fusion protein, the wild type product of this gene 

was identified by molecular cloning and was found to be a member of the protein 

tyrosine kinase family^^’̂ .̂ The Met tyrosine kinase receptor (Met) is the 

prototypic member of a small receptor tyrosine kinase subfamily, which includes 

the Ron and Sea receptors^" .̂ Whereas most RTKs are monomeric, the members of 

the Met subfamily are structurally distinct as they consist of a dimeric polypeptide 

chain; a short entirely extracellular a-chain and a membrane spanning P-chain 

(Figure 1.1)^^

1.3.1 Structure of the Met receptor tyrosine kinase

The human Met gene was mapped to chromosome 7 band 7q21-q31 and covers 

more than 120 kb in length^^. Met is translated as a single chain precursor of 170 

kDa, which undergoes proteolytic cleavage to produce a 190 kDa heterodimer. 

The mature receptor consists of an extracellular a-chain (50 kDa) disulfide linked 

to the transmembrane P-chain (140 kDa) (Figure 1.2)^ .̂
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'Plasma rriOTDrare

Figure 1.2 Structure of the Met receptor tyrosine kinase.

a) The domain structure of Met. 8, sema domain; C, cysteine-rich domain; Ig, 

immunoglobulin domain; K, kinase domain; a and 3 refer to the subunits of the 

receptor, the extracellular a-chain and the transmembrane p-chain, that are 

present after proteolytic cleavage, b) Three-dimensional models of the sema, 

immunoglobulin and kinase domains of Met (adapted from^^).
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The Met receptor protein comprises a total of 1390 amino acids^^. The large N- 

terminal extracellular portion of the receptor (-930 residues) is comprised of the 

a-chain and part of the p-chain and can be divided into several distinct domains: 

the sema domain, the cysteine rich domain and four Ig-like domains (Figure 

1.2)^^’̂ .̂ The extracellular domain is involved in high affinity binding of the 

natural ligand for Met, hepatocyte growth factor/scatter factor (HGF/SF). The 

remainder of the p-chain comprises the transmembrane domain (-20 residues), the 

juxtamembrane domain (-140 residues), the catalytic tyrosine kinase domain ( -  

250 residues) and the C-terminal tail (-50 residues), essential for coupling to 

signal transducer molecules^^’̂ .̂

The catalytic tyrosine kinase domain is bilobal and consists of an N-terminal lobe 

and a C-terminal lobe connected by a hinge region (Figure 1.3). The N-terminal 

lobe contains mainly antiparallel P-sheets and one conserved a-helix (helix aC); 

in contrast, the C-terminal lobe has a largely a-helical structure^*. The ATP 

binding site can be found within the deep cleft formed between the two lobes of 

the folded protein and the interconnecting hinge region. The N-terminal lobe 

contains a glycine rich area, critical for ATP binding and helix aC, which plays an 

important role in maintaining the active-site architecture. The C-terminal lobe 

contains the activation loop which, in its unphosphorylated state, prevents access 

to the ATP
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Hinge region

TYR1234 

TYR1235

Figure 1.3 The tyrosine kinase domain of the Met tyrosine kinase receptor.

A ribbon diagram of the kinase domain of Met in its autoinhibited, inactive state. 

The kinase domain follows the typical bilobal protein tyrosine kinase architecture 

with an N-terminal, mainly (3-sheet-containing domain (white) linked through a 

hinge segment to the mainly a-helical C-terminal domain (grey). The N-terminal 

lobe contains a glycine-rich loop (green), which is critical for ATP binding and a 

conserved a-helix (helix aC) (yellow), which plays an important role in 

maintaining the active-site architecture. Kinase activation is achieved through 

phosphorylation of tyrosines 1234 and 1235 (red) in the activation loop (blue). 

(Figure was prepared using VMD viewer; www.rcsb.org/pdb IrOp).
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1.3.2 The ligand for Met, HGF/SF

HGF/SF was identified independently as a growth factor for hepatocytes 

(hepatocyte growth factor) and a protein causing migration and scatter of 

epithelial cells (scatter factor)'̂ '̂"̂ '̂ . HGF/SF is synthesised as a single-chain 

precursor (pro-HGF/SF), which is converted proteolytically into a two-chain 

heterodimer and held together by a disulphide bond. The dimeric growth factor is 

composed of a 69 kDa a-chain which contains an N-terminal hairpin domain and 

four kringle domains, and a 34 kDa p-chain which contains the catalytically- 

inactive serine protease-like domain (Figure 1.4)"*̂ . HGF/SF is predominantly 

produced by mesenchymal cells, whereas Met is widely expressed in cells of 

epithelial origin. Under physiological conditions HGF/SF usually acts as a 

paracrine messenger molecule for Met^ .̂

|i

Figure 1.4 Hepatocyte growth factor/scatter factor.

a) The domain structure of hepatocyte growth factor/scatter factor. N, amino- 

terminal domain; K1-K4, kringle domains 1-4; SPH, serine proteinase homology 

domain, a and p refer to the subunits of the ligand that are present after 

proteolytic cleavage, b) The crystal structure of NK1 and a model of the SPH 

domain, (adapted from^^)
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1.3.3 Met signal transduction

Signal transduction by Met is initiated by high affinity binding of its specific 

ligand HGF/SF. It has generally been accepted that upon ligand binding, a 

dimérisation step is a prerequisite for Met activation^^. However, exactly how 

dimérisation is achieved for the Met receptor is not clear and several mechanisms 

have been proposed"^ "̂^ .̂ A recent model presented a 2:2 ligand-receptor complex, 

in which dimérisation of two Met receptors occurs as a result of the interaction 

between two HGF/SF ligands, however, without direct interaction between the 

two receptor molecules^^.

In the absence of a ligand, the tyrosine kinase activity of Met is tightly repressed. 

The activation loop exists in equilibrium between a substrate-precluding and 

substrate-accessible conformation and prevents access of ATP to the active site 

(Figure 1.5). Upon ligand binding and dimérisation of Met, specific tyrosine 

residues (Tyr-1230, Tyr-1234 and Tyr-1235) within the activation loop of the 

catalytic domain undergo transphosphorylation. Phosphorylation of tyrosine 

residues 1234 and 1235 of the activation loop induces conformational changes 

that serve to stabilise the receptor in its active state and unblock the active site for 

positioning of the ATP molecule. The phosphorylation of residues Tyr-1234 and 

Tyr-1235 was found to be crucial in order to fully stimulate the intrinsic kinase 

activity of Met and initiate phosphorylation of tyrosine residues at the C-terminal 

tail of the receptor^^’̂ ’’̂ .̂ Residues Tyr-1349 and Tyr-1356 at the C-terminus are 

part of a multisubstrate docking site to which intracellular dovmstream signalling 

molecules specifically bind (Figure 1.6)^ .̂
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Figure 1.5 A simplified diagram of the Met activation mechanism.

The extracellular domain of the receptor is depicted in blue, the ligand in green 

and the intracellular bilobal kinase domain in purple. In the absence of a ligand, 

monomeric receptor molecules move around in the plane of the cell membrane. 

Receptor dimérisation is thought to be induced by ligand binding. On the left- 

hand side the receptors are portrayed in their unstimulated state. In the 

unstimulated state the tyrosine kinase activity is tightly repressed and the 

activation loop exists in an equilibrium between a substrate-precluding (blue) and 

substrate-accessible (green) conformation. In addition, the juxtamembrane region 

(orange) and C-terminal region (red) might interfere with the conformation of the 

N-terminal kinase lobe (N) and/or substrate (ATP) access. The right-hand side 

illustrates the receptors in their active state. Ligand-induced receptor dimérisation 

and tyrosine transphosphorylation, result in the relief of the inhibitory constraints 

exerted by the activation loop, and the juxtamembrane and C-terminal domains, 

(adapted from^®).
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Recruitment of numerous adapter proteins (e.g Gabl, Grb2 and She) and signal 

transducers (e.g. phosphotidyIinisitol-3-OH’ (PI3K), phospholipase C-y (PLC-y) 

and signal transducer and activator of transcription 3 (STAT3)), results in the 

formation of a large signalling complex that activates multiple signal transduction 

pathways and in turn elicits a variety of biological responses^" .̂

Receptor downregulation is a means by which Met signal transduction can be 

attenuated or terminated. The juxtamembrane segment contains a serine residue, 

Ser-985, which upon phosphorylation is responsible for inhibiting the receptor 

kinase activity^^. In addition, the juxtamembrane segment also contains a tyrosine 

residue, Tyr-1003, capable of binding Cbl, which promotes receptor 

ubiquitination resulting in the degradation of Met (Figure 1.6)^ '̂^ .̂

1.3.4 Cellular responses to Met signalling

The multiple and diverse downstream signalling events that are induced by the 

activation of Met through HGF/SF, give rise to a wide range of biological 

responses including proliferation, scatter, angiogenesis, motility, survival, 

invasion and branching morphogenesis^^’̂ .̂ The Met signalling cascades are 

complex, and extensive studies have been conducted to elucidate the roles of 

specific downstream signalling molecules. The unique multifunctional C-terminal 

docking site of Met contains two tyrosines, Tyr-1349 and Tyr-1356, which have 

been demonstrated to be both essential and sufficient to execute Met physiological 

functions^^.
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Figure 1.6 The structural features of the intracellular domain of the Met 

receptor.

The intracellular domains include a juxtamembrane domain followed by a tyrosine 

kinase catalytic region and C-terminal sequences. The juxtamembrane domain is 

vital for receptor downregulation; phosphorylation of the serine residue (Ser-985) 

is responsible for inhibiting kinase activity and tyrosine residue (Tyr-1003) binds 

to Cbl upon phosphorylation, resulting in the degradation of Met. Phosphorylation 

of two tyrosines (Tyr-1234 and Tyr-1235) within the catalytic site results in the 

stimulation of the intrinsic kinase activity. Two tyrosine residues (Tyr-1349 and 

Tyr-1356) in the C-terminal tail are part of a multisubstrate docking site to which 

intracellular downstream signalling molecules specifically bind (adapted from® )̂.

33



When phosphorylated, the two tyrosines in the receptor tail recruit substrates such 

as Grb2-associated binder 1 (Gabl), growth factor receptor-bound protein 2 

(Grb2) and phosphatidylinositol 3-kinase (PI3K) as well as other signalling 

molecules^*'^^. The adaptor protein Gabl, has been shown to play a pivotal role as 

a mediator of the pleiotropic biological responses of Met through the recruitment 

of several key signalling proteins^^’̂ ’̂̂ .̂ Downstream of Gabl, the ERX/MAPK 

(extracellular signal-regulated kinase/mitogen-activated protein kinase) pathway 

has been shown to induce cell proliferation, whereas the PI3K pathway has been 

demonstrated to control cell survival through the Akt/PKB pathway (Figure 1.7)^ '̂ 

Both the ERX/MAPK and PI3K pathways are required to control cell 

migration, cell disassociation, cell adhesion and invasion^ '̂^^. Furthermore, the 

regulation of motility and cytoskeletal rearrangements are dependent on another 

signalling branch activated by Met via Ras and Racl^^'^\ Branching 

morphogenesis is a complex cellular response and requires each of the above 

mentioned signalling pathways. In addition, STAT3 and PLC-y are thought to be 

involved in branching morphogenesis as well, however their role is 

controversiaP^'^"^. Synchrony of pathway activation is crucial in order to bring 

about the full invasive-growth programme activated by Met through HGF/SF. The 

controlled regulation of this general pattern of invasive growth is of importance in 

development, tissue regeneration and wound healing^^.
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Figure 1.7 The signaling pathways of the Met receptor.

The activation of Met results in the recruitment of numerous signal transducers to 

the docking site in the receptor C-terminal tail. Scaffolding proteins such as Gab1 

and Grb2 recruit several key signalling proteins such as ERK/MAPK, PI3K and 

Ras. The activation of the ERK/MAPK pathway causes changes in gene 

expression of cell-cycle regulators inducing cell proliferation and cell cycle 

progression. The PI3K-Akt/PKB pathway activation has been demonstrated to 

control cell survival through inhibition of Caspase-9 and Bad. Both the 

ERK/MAPK and PI3K pathways are required to control cell migration, cell 

disassociation, cell adhesion and invasion, which is achieved through changes in 

gene expression of extracellular-matrix metalloproteinases (MMPs), urokinase 

plasminogen activator (uPA) and cell adhesion molecules (such as paxillin, 

integrins and focal adhesion kinase (FAK). The control of motility and cytoskeletal 

rearrangements are dependent on another signalling branch activated by Met via 

Ras and R ad, through cell adhesion molecules such as cadherins, Arp2/3, N- 

WASP. Branching morphogenesis is a complex cellular response and requires 

each of the above mentioned signalling pathways. Synchrony of pathway 

activation is crucial in order to bring about the full invasive-growth programme 

activated by Met through HGF/SF (adapted from^^).
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The activation of Met elicits a unique set of biological responses in its target cells. 

Yet, Met activates the same downstream signalling pathways as many other 

tyrosine kinase receptors. It is not clear how different receptor tyrosine kinases 

can generate such signal specificity as they utilise the same collection of 

signalling pathways. Several mechanisms have been proposed for the control of 

specificity in cell signalling. The differences may be due to the inherent properties 

of Met, such as the strength and the duration of the signals generated or due to 

differential recruitment of signalling molecules^^'^^.

In the last few years, another possible mechanism has become apparent. Met 

signalling can be modulated through its interaction with other transmembrane 

receptors, such as Plexin B l, the adhesive receptors CD44 and Integrin a6p4, the 

death receptor FAS and other RTKs such as RON and EGFR (Figure l.S)^^’*"̂. 

These partner receptors can form a complex with the Met receptor and enhance 

the activation of downstream targets. In the case of Plexin Bl this occurs in a 

HGF/SF-independent manner following semaphorin 4D stimulation. The role of 

the cross-talk between Met and the other transmembrane receptors is not 

completely understood, but does not seem to be essential under physiological 

conditions. However, experimental data suggest that these interactions might be of 

importance in tumorigenesis and metastasis^^’̂ .̂
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Figure 1.8 The signalling partners of Met.

Met functionally interacts with different classes of membrane receptors such as 

adhesive receptors (CD44 and Integrin a6(34), death receptor (FAS), plexins 

(Plexin B) and other tyrosine kinase receptors (such as EGFR and RON). Red 

arrows indicate physical interaction between Met and the other membrane 

receptors. Green arrows indicate cooperation at the level of intracellular 

transducers. The suggested physiological role of the receptor interactions is 

noted below the white arrows (adapted from®®).
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1.3.5 Met signalling in development

The essential role of HGF/SF-Met regulated processes in various aspects of 

embryogenesis was shown by several genetic studies in mice. Both M et'' and 

HGF/SF'' knockout mouse embryos displayed abnormal placental development, 

which was eventually responsible for their death in utero at the second stage of 

gestation^^’̂ .̂ The knockout embryos also lacked muscles that derive from 

migrating precursor cells, such as muscle of the limbs, diaphragm and tip of the 

tongue^*. Additionally, their liver was reduced in size and showed extensive loss 

of parenchymal cells* .̂ Furthermore, the survival and maturation of particular 

neurons was impaired^^. However, it remains unclear if those defects reflect Met 

function in vivo, or are the indirect consequence of the impaired development of 

muscle and placenta. These experiments demonstrated that Met and HGF/SF 

signalling is essential in the development of liver and placenta, and the migration 

and development of muscle and neuronal precursors.

1.3.6 Met signalling in the adult

Analysis of Met and HGF/SF knockout mice has contributed to the understanding 

of the functions of Met and HGF/SF during development. However, due to the 

lethality of the knockout embryos in utero, different techniques were required to 

reveal the role of Met and HGF/SF in adult animals. For instance, conditional Met 

mutant mice showed normal function of the adult liver in the absence of stress, 

however, liver regeneration and repair was severely impaired after liver injury^^'^\ 

Furthermore, the importance of the Met signalling system in wound healing was 

demonstrated by conditional Met mutant kératinocytes, which were unable to
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contribute to wound closure after skin injury^^. Neutralisation of HGF/SF by the 

application of antibodies was shown to result in increased tissue damage and 

suppressed tissue regeneration after skin and heart injury and administration of 

exogenous HGF/SF to the injured tissue protected these organs from trauma 

and/or enhanced their regenerative capacities^ '̂^^. Several other studies 

demonstrated upregulated Met and HGF/SF expression in injured tissue from the 

liver, lung, heart, brain, kidney, skin and arteries^ '̂*^ .̂ The above studies show 

that the Met signalling system is not only of great importance in development, but 

is also critical in postnatal physiological processes such as tissue regeneration and 

wound healing.

1.3.7 Deregulation of Met

Met is crucially involved in the finely tuned control of the invasive growth 

programme under both physiological and pathophysiological conditions. When 

correctly regulated, invasive growth accounts for the development and 

maintenance of normal organ complexity and architecture^^. However, 

deregulation of the Met signalling system is thought to be implicated in several 

non-malignant diseases such as rheumatoid arthritis, Behçet’s disease and 

proliferative vitreoretinopathy through aberrant stimulation of inflammatory and 

angiogenetic processeŝ ®"̂ '*̂ .̂ More importantly, deregulation of the Met and 

HGF/SF pathway has been described to be a crucial feature of many human 

malignancies^ ’̂"̂ .̂
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1.3.8 Met and cancer

Met activation evokes a unique invasive growth programme which plays a pivotal 

role during embryo development, tissue regeneration and wound healing. Under 

physiological conditions this complex programme instructs cells to dissociate, 

migrate through the extracellular matrix, colonise new sites, proliferate and 

differentiate (Figure 1.9). However, the aberrant regulation of invasive growth by 

neoplastic cells is implemented in cancer progression and metastasis. In these 

circumstances individual cells disaggregate from the tumour mass, degrade the 

extracellular matrix and enter the blood or lymphatic circulation. The neoplastic 

cells then infiltrate the surrounding tissue, where they multiply, survive, generate 

their own net of capillaries and colonise distant sites, forming métastasés (Figure

2 9 7̂7,108,109

A large number of studies provide compelling experimental evidence of the 

involvement of Met and HGF in the progression of cancer and metastasis. The 

role of Met and HGF in tumorigenesis and metastasis has been investigated in cell 

lines engineered to express both the Met receptor and its ligand. These modified 

cells were rendered tumorigenic and metastatic in nude mice due to autocrine 

stimulation of Met by HGF̂ *®. In addition, mouse models with transgenic 

expression of Met or HGF developed a diverse array of tumours and metastatic 

l e s i o n s ^ A l s o ,  a number of studies have demonstrated that Met and HGF/SF 

expression levels correlate with disease severity and patient survival rate in 

various cancers* Downregulation of Met and HGF/SF expression, on the 

other hand, inhibits tumour growth and decreases the generation of métastasés in 

Moreover, missense mutations of Met, first identified in both
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Figure 1.9 Invasive growth under physiological and pathological 

conditions.
Invasive growth is a complex physiological programme that instructs cells to 

dissociate, migrate through the extracellular matrix, colonise new sites, proliferate 

and differentiate. This programme normally occurs in development and adulthood 

in order to develop and maintain organ complexity and architecture. In cancer, 

the invasive growth programme is aberrantly recruited by cancer cells and is 

responsible for cancer progression and metastasis (adapted from^^®).
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hereditary and sporadic forms of papillary renal cell carcinoma (PRCC) 

unequivocally link Met to human cancer^

Recent evidence suggests that Met is also indirectly involved with cancer 

progression. Met seems to play a key role in enabling cells to develop resistance 

to drugs targeting tyrosine kinase receptors other than Met. Non-small cell lung 

cancers (NSCLCs) with activating mutations in the EGFR gene initially respond 

well to the EGFR inhibitors gefitinib (Iressa) and erlotinib (Tarceva), but 

invariably develop resistance to drug treatment. In a recent study, Engelman et 

a l reported that in non-small cell lung cancer (NSCLC), more than 20% of 

resistant tumours overcome inhibition of EGFR through amplification of the Met 

gene*^*. Other recent data has highlighted a link between Met and EGFRvIII, a 

truncated extracellular mutant of EGFR commonly found in glioblastoma 

multiforme (GBM). EGFRvIII overexpression was shown to constitutively 

activate Met, which is believed to contribute to the malignant phenotypes and 

EGFRvIII-mediated chemoresistance in GBM^^ .̂

1.3.9 Deregulation of Met activation in cancer

Aberrant Met activation is associated with cancer development and metastasis in 

various human cancers. Several human malignancies in which deregulation of 

Met activity is described are listed in Table 1.1. In physiological conditions. Met 

activation is a ligand-dependent finely tuned transitory event. However, in cancer. 

Met activation is often constitutively upregulated. There are several different 

mechanisms through which aberrant activation of Met can be induced.
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Lesion Type of tumour References
Met protein overexpression Bladder carcinoma 123,124

Breast carcinoma 125-127

Cervical carcinoma 128,129

Cholangiocarcinoma 130,131

Colorectal carcinoma 132-134

Gastric carcinoma 135

Hepatocellular carcinoma 
Liver métastasés from colon

136,137

carcinoma 132

Melanoma 138

Mesothelioma 139

Non-small cell lung cancer 140

Oesophageal carcinoma 141

Oral squamous-cell carcinoma 142

Osteosarcoma 143,144

Ovarian carcinoma 145,146

Pancreatic carcinoma 147

Prostate carcinoma 148

Renal-cell carcinoma 149

Rhabdomyosarcoma 150

Synovial carcinoma 151

Thyroid carcinoma 150

HGF protein overexpression Cervical carcinoma 128

Colorectal carcinoma 126,133,134

Hepatocellular carcinoma 137

Mesothelioma 139

Non-small cell lung cancer 
Renal-cell

140

carcinoma 149

Synovial carcinoma 151

HGF-dependent autocrine Breast carcinoma
loop 152,153

Glioblastomas/Astrocytomas 154,155

Hepatocellular carcinoma 137

Mesothelioma 139

Non-small cell lung cancer 156

Osteosarcoma 144

Rhabdomyosarcoma 150

Germ-line Met mutations Gastric carcinoma 157

Non-small cell lung cancer 158

Papillary renal-cell carcinoma 120

Somatic Met gene mutations Childhood hepatocellular carcinoma 
Lymph-node métastasés of head

159

and neck squamous-cell carcinomas 160

Non-small cell lung cancer 158

Papillary renal-cell carcinoma 120,161

Small cell lung cancer 162

Met transactivation by other Bladder carcinoma (RON) 124

membrane receptors Breast carcinoma (RON) 163

Colorectal carcinoma (CD44) 134

Table 1.1 Aberrant activation of Met in cancer.

43



1.3.9.1 Met overexpression

The elevated expression of Met relative to its expression in normal cells has been 

found in numerous tumours, such as lung, breast and colorectal cancer (Table 

1.1). Expression levels were found to correlate with metastatic spread and overall 

survival in numerous s t u d i e s ^ M e t  receptor overexpression can be caused 

occasionally by Met gene amplification, but is mostly due to enhanced Met 

transcription or hypoxia-activated transcription^^’’ The high level of receptors 

on the cell surface can trigger spontaneous dimérisation and activation of Met, 

even in the absence of HGF/SF. In addition, the high receptor concentration 

results in increased sensitivity to normal HGF/SF levels^^.

1.3.9.2 HGF autocrine loop or paracrine overstimulation

Under physiological conditions Met is activated by its ligand HGF/SF in a 

paracrine manner. However, tumour cells can express both Met and HGF/SF, 

generating an autocrine activation loop which leads to constitutively activated Met 

(Figure 1.10). Autocrine activation of Met is observed in for example gliomas, 

certain sarcomas and breast and lung cancer (Table 1.1)’^̂ . Elevated levels of 

HGF can induce aberrant activation of Met by means of the formation of a 

paracrine growth factor loop, causing overstimulation and constitutive activation 

of the Met receptor^^.
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Figure 1.10 Deregulation of Met activation: Autocrine signalling.

Under physiological conditions HGF/SF is predominantly produced by 

mesenchymal cells, whereas the Met receptor is widely expressed in cells of 

epithelial origin. However, tumour cells can acquire the ability to express HGF/SF 

(blue) in cells that already express their cognate receptor Met (green), but do not 

normaly express HGF/SF. This creates an autocrine signalling loop (adapted 

from̂ ®).
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Figure 1.11 Deregulation of Met activation: Genetic alterations.

A normally functioning Met receptor emits cytoplasmic signals (red) in response

to ligand binding (blue, left). However, mutations in the gene encoding the Met

receptor (right) can cause subtle alterations in protein structure, such as

Missense point mutations (red dots), that can cause ligand independent firing.

More drastic alterations in receptor structure, such as truncation of the Met

receptor (TPR Met) may also yield deregulated signalling (adapted from^®).
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1.3.9.3 Genetic alterations o f Met

Genetic alterations within the extracellular or intracellular domain of the Met 

receptor can produce constitutively active versions of the receptor (Figure 1.11). 

Missense point mutations, which lead typically to ligand-independent Met 

activation, were detected in the germline of hereditary renal cell carcinoma and in 

several sporadic cancers, including sporadic PRCC, ovarian cancer and childhood 

hepatocellular carcinoma’ Other examples of constitutively active forms 

of Met are the TPR-Met fusion protein, whose structural alteration is induced by 

a chromosomal translocation, and a naturally truncated form of Met found in 

human musculoskeletal tumours’̂  ̂’̂ .̂

1.3.9.4 Met transactivation by other membrane receptors

The interaction between Met and other transmembrane receptors, such as Plexin 

B l, the adhesive receptors CD44v6 and Integrin a6p4 and other RTKs such as 

RON and EGFR may play an important role in tumorigenesis and/or metastasis^^' 

The other transmembrane receptor molecules form a constitutive complex with 

the Met receptor and enhance the activation of its downstream targets
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1.4 Therapeutic treatment of cancer

Until the first half of the twentieth century, surgery was the mainstay of treatment 

for cancer. Subsequently, radiation therapy became available, which, like surgery, 

could be very effective in treatment of local disease, but often failed to completely 

eliminate the cancer from patients with metastatic disease. In addition, systemic 

diseases such as leukaemia could not be treated with localised therapy. The 

limitations of surgical and radiological treatment as well as the increased 

incidence of cancer called for an effective treatment which could reach every 

organ in the body.

1.4.1 Chemotherapy

The introduction of nitrogen mustards, dérivâtes of mustard gas used during 

World War I, in the 1940s by Goodman and Gilman can be seen as the origin of 

anticancer chemotherapy’ *̂. Since the introduction of the nitrogen mustards 

numerous other antineoplastic agents have been developed, encompassing a wide 

spectrum of chemical compounds and mechanisms of action. Chemotherapeutic 

agents exert their effects on DNA, RNA and their proteins and act 

indiscriminately on all dividing cells. However, chemotherapy tends to affect 

cancer cells more than normal cells, which is currently thought to be due to the 

fact that cancer cells are deficient in the multiple repair mechanisms that in 

normal cells operate to keep cellular damage at low levels’ .̂

Alkylating agents (e.g. nitrogen mustards and the platinum complexes) exert their 

effect on DNA replication by cross-linking strands of DNA and preventing the 

unwinding of the DNA molecule. Antimetabolites (e.g. fluorouracil and
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methotrexate) impair the incorporation of nucleotide bases into the DNA or RNA. 

The podophyllotoxin derivatives (e.g. etoposide) and the camptothecin derivatives 

(e.g. irinotecan), damage DNA and prevent repair through inhibition of 

topoisomerases, enzymes that enable DNA unwinding, allowing essential 

processes such as DNA replication, recombination, repair and transcription to 

occur. Vinca alkaloids (e.g. vincristine) and taxanes (taxol), derived from natural 

products, block cells in mitosis by inhibiting the function of microtubules (Figure 

1.12)^^ .̂ Anti-endocrine agents, such as tamoxifen and bicalutamide are normally 

categorised under conventional cytotoxic therapy even though they do not target 

cell division. These agents instead, exert their effect by depriving hormone- 

dependent tumours, such as in breast and prostate cancer, of the endocrine 

hormones they require for g r o w t h I n  addition, major advances have been 

made in developing vaccines that aim to treat cancers, including melanoma and 

prostate cancer, through the administration of tumour antigens that result in 

immune recognition and killing of cancer cells by the host’s own immune

1 79system .

1.4.2 Development of improved chemotherapeutic strategies

The introduction of chemotherapy brought, often in combination with surgery and 

radiation therapy, significant improvement to the survival rate of patients with 

specific types of cancer because of its ability to reach disseminated métastasés. A 

major break-through was the introduction of the use of specific combinations of 

chemotherapeutic agents with different modes of action and toxicity profiles. 

Combination therapy yielded the first cures for human malignancies, and
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currently nearly all successful cancer chemotherapy regimens use this strategy. 

Chemotherapeutic agents are associated with acute and long-term toxicities, 

which are viewed as an acceptable price for controlling a fatal disease. The 

introduction of granulocyte-colony stimulating factor to allow restoration of 

neutrophils and the use of antibiotics to prevent infections are examples of 

supportive measures. Despite the fact that therapy with cytotoxic drugs became 

increasingly more effective and their toxicities more manageable and predictable, 

long-term effects on the lungs, heart and reproductive organs remain problematic. 

The more effective cancer therapy becomes, with patients being cured of their 

primary tumours, the more critical these long-term toxicities appear. Therefore,
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Figure 1.12 Site and mechanism of action of selected chemotherapeutic 

agents.
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treatment options were sought that would have a more specific mechanism of 

action than the convential chemotherapeutic agents.

1.4.3 Targeted therapy

In the last few decades, molecular and genetic approaches to understanding cell 

biology have led to important insights into various processes involved in the 

malignant transformation of cells. Signalling pathways have been demonstrated to 

play a central role in essential cellular processes and are now known to be 

radically altered in cancer cells. These insights brought about a transformation of 

conventional cancer drug development*^^.

In the early 1990s new types of anticancer drugs began to emerge that were aimed 

at specific cellular targets and were expected to be both more potent and less toxic 

than conventional therapies*^"*. The potential new targets included growth factors, 

signalling molecules, cell-cycle proteins, modulators of apoptosis and molecules 

that promoted angiogenesis. Protein kinases were particularly popular candidates 

for ‘targeted therapy’ because of their unique role in the cellular signalling 

network and because their aberrant regulation had been ^videly implicated in

. 175oncogenesis .

1.4.4 Targeting receptor tyrosine kinases

It is widely accepted that cancers evolve through a multi-step process driven by 

the progressive acquisition of mutations and epigenetic abnormalities in multiple 

genes, such as oncogenes and tumour suppressor genes (Section 1.4)* .̂ The
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multiple genetic and epigenetic abnormalities displayed in human cancers 

frequently vary between different types of cancer, even between subsets of the 

same type of cancer. It is important to identify which specific oncogenes play a 

critical role in each type of cancer and within each individual case, so that these 

can serve as therapeutic t a r g e t s Mu t a t e d  gene products are attractive targets for 

molecular cancer therapy, however, targeting a single mutant gene product was 

initially thought to be insufficient to reverse the malignant phenotype when 

multiple genetic changes are involved. Despite this apprehension, experiments 

with transgenic mice that conditionally express oncogenes and with DNA or RNA 

interference in human cell lines, demonstrated that inactivation of a single 

oncogene is sufficient to induce tumour regression'^. In addition, several 

antibodies and small molecule agents that target specific oncogenes have shown 

therapeutic efficacy in human cancers.

A good example is the small molecule inhibitor imatinib (Glivec/Gleevec), which 

causes complete regression of advanced tumours in chronic myeloid leukaemia 

(CML) by specifically inhibiting the tyrosine kinase activity of the overexpressed 

Bcr-Abl oncoprotein (Figure 1.13). Moreover, there are very few side effects 

associated with imatinib treatment, indicating that normal cells are not severely 

affected by the inhibition of physiological levels of B c r - A b l T h e  good efficacy 

and low toxicity of imatinib is thought to be due to the apparent dependency of 

some cancers on one or a few genes for maintenance of the malignant phenotype, 

so called ‘oncogene addiction’. Normal cells are not as dependent on the function 

of a single gene as they possess countless interacting signalling pathways that 

provide redundancy.
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Figure 1.13 Chemical structures of erlotinib, gefitinib and imatinib.

Aberrations in oncogenes that code for RTKs appear in a broad range of cancers 

and have been identified as attractive drug targets. Several therapeutic strategies 

have been employed to reduce the oncogenic function of RTKs. Strategies include 

targeting the extracellular ligand-binding domain, the intracellular kinase domain 

or the substrate-binding region with a range of different agents.

1.4.4.1 Monoclonal antibodies

Monoclonal antibodies (mAb) have been used to specifically target the ligand or 

the extracellular ligand-binding domain of RTKs (Table 1.2). mAb inhibit 

receptor activation by direct mechanisms, such as by blocking the interaction with 

the ligand or by increasing receptor downregulation and internalisation. Several 

indirect mechanisms of action are also thought to play a role and include 

antibody-dependent cell-mediated toxicity (ADCC) and complement-dependent
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cytotoxicity (CDC), which are Ig-mediated mechanisms that activate immune- 

effector cells'^*’*̂ .̂ A prime example of a mAh in clinical use is trastuzumab 

(Herceptin). Trastuzumab is a humanised mAh specific to the extracellular 

domain of the HER-2 receptor tyrosine kinase, which is overexpressed in 

approximately 25-30 % of human breast cancer. Trastuzumab was shown to 

induce significant tumour regression and increase survival time in patients with 

metastatic breast cancer in which HER-2 is overexpressed(Table 1.2)* °̂.

Generic name Trade name Company Target Indication

monoclonal antibodies

Bevacizumab Avastin Genentech VEGF Colorectal cancer, NSGLO

Cetuximab Erbitux BMS, Merck 
Imclone Systems inc. EGFR Colorectal cancer, HNSCC

Panitumumab Vectibix Amgen EGFR Colorectal cancer

Trastuzumab Herœptin Genentech HER-2 Breast cancer

small-molecule inhibitors

Dasatinib Sprycel BMS Bcr-Abr,Kit,PDGFR, Src family*, EphA-2 CML, ALL

Erlotinib Tarceva Genentech EGFR, HER-1 NSCLC, pancreatic cancer

Gefitinib Iressa Astra Zeneca EGFR NSCLC

Imatinib Glivec/Gleevec Novartis Bcr-Abl*, Kit, PDGFR GIST, CML, ALL

Lapatinib Tykerb Glaxosmithkline EGFR, HER-2 Breast cancer

Sorafenib Nexavar Bayer Healthcare 
Onyx Pharmaceuticals VEGFR-2, VEGFR-3, PDGFRp, B -R a r Renal cancer

Sunitinib Sutent Pfizer VEGFR, PDFGR, Kit,FLT3 GIST, renal cancer

Table 1.2 Selected monoclonal antibodies and small-molecule inhibitors 

approved for use in cancer.

Abbreviations: ALL, acute lymphoblastic leukaemia; BMS, Bristol-Myers Squibb; 

CML, chronic myeloid leukaemia; HNSCO, head and neck squamous-cell 

carcinoma; GIST, gastrointestinal stromal tumours; NSGLO, non-small cell lung 

cancer; *Bcr-Abl and Src are non-receptor tyrosine kinases **B-Raf is a serine- 

threonine kinase

53



1.4.4.2 Decoy and dominant negative receptors

Soluble-decoy and dominant negative receptors have been used to bind to the 

extracellular domain and prevent the dimérisation of one RTK to its normal 

partner*^^’̂ ^̂ . Vascular endothelial growth factor receptor (VEGF)-Trap, a 

soluble-decoy receptor, comprising portions of VEGF receptors 1 and 2, has 

shown antitumour efficacy in several different tumour xenograft models. In 

addition, treatment with VEGF-Trap was shown to significantly reduce tumour 

vasculature in mice'^^’̂ ^̂ ’̂ "̂̂ . VEGF-Trap is currently being evaluated in several 

phase I and phase II clinical trials^

1.4.4.3 RNA-based therapies

Several anti sense techniques have been employed to selectively modulate the 

expression of genes encoding for kinases. The principle of antisense technology is 

the sequence-specific binding of an antisense oligonucleotide to target a 

complementary sequence of RNA, resulting in the prevention of gene 

translation^*^. In a phase I study, patients with malignant astrocytoma who failed 

prior therapy were treated with an antisense oligonucleotide directed against 

insulin-like growth factor-1 receptor (IGF-IR). Temporary tumour regression was 

seen in most patients without unusual side effects^ Another antisense strategy 

employs ribozymes, catalytic RNA molecules that cleave other RNA molecules in 

a target specific manner, thereby downregulating the expression of the gene 

product. Angiozyme is an example of a novel ribozyme currently in phase I/II 

clinical trials targeting the pre-mRNA of vascular endothelial growth factor 

receptor-1 (VEGFR-1) in patients with refractory solid tumours***
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Yet a different antisense strategy, RNA interference (RNAi), uses double-strand 

RNA to silence gene expression, by causing sequence-specific degradation of 

complementary mRNA. RNAi has been used to target the gene expression of 

EGFR in mice with implanted intracranial human brain cancer. Weekly i.v. RNAi 

therapy showed an 88 % increase in survival time of these mice^* .̂

1.4.4.4 Small molecule agents

Targeting RTKs with small molecule agents is currently the most utilised strategy 

for targeted cancer therapy in clinical investigations. A few compounds have been 

designed to bind to the protein substrate binding region of RTKs*^^’̂ *̂. An 

example of such a substrate-competitive small molecule is compound ONO12380 

that was shown to bind to the substrate binding region of Bcr-Abl and induce 

apoptosis in CML c e l l s H o w e v e r ,  the majority of small molecule agents are 

compounds that compete at the ATP binding site of the catalytic domain. The idea 

of developing selective RTK inhibitors targeting the ATP binding site was 

initially met with scepticism due to the conserved homology of the ATP binding 

site across RTKs and the high intracellular concentration of ATP a potential 

inhibitor would have to compete with^^ .̂ This notion was supported by the fact 

that the early kinase inhibitors, natural compounds such as quercetin, genistein, 

erbstatin and lavendustin, did not exhibit high selectivity and potency*^" ’̂^̂ .̂ 

However, these natural compounds served as a starting point for the development 

of many types of synthetic RTK inhibitors such as the tyrphostins (tyrosine 

phosphorylation inhibitors), which were shown to be more potent and selective 

than their parent c o m p o u n d s T h e  emergence of the tyrphostins established the
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feasibility of generating selective RTK inhibitors and within a short time 

numerous reports started to emerge of different small-molecule ATP competitive 

RTK inhibitors in clinical development. To date many small molecules directed at 

the ATP catalytic site have been approved for use in the clinic (Table 1.2). 

Imatinib, mentioned above, was approved in 2001 by the US Food and Drug 

Administration (FDA) and was one of the first successful small-molecule 

inhibitors to be approved for use in c a n c e r ' T w o  other small molecule 

inhibitors, gefitinib (Iressa) and erlotinib (Tarceva) followed suit (Figure 1.13). 

Both gefitinib and erlotinib inhibit EGFR and are used for the treatment of 

NSCLC and are efficacious in a subset of patients in which EGFR possesses 

activating mutations in its kinase d o m a i n ' T h e  encouraging results seen with 

these small molecule inhibitors have provided an important proof-of-principle that 

molecularly targeted RTK inhibitors can have an important impact against various 

cancers.

1.4.5 Targeting the Met-HGF/SF signalling complex

Aberrant Met signalling is implicated in a wide variety of human malignancies 

and has been shown to be crucial not only for the acquisition of tumorigenic 

properties but also to achieve an invasive phenotype (Section 1.4.2). The 

extensive involvement of Met in cancer progression and metastasis renders Met a 

highly attractive target for cancer therapy. The most obvious use of inhibitors 

targeting the Met receptor would be in tumours directly caused by Met. However, 

Met inhibitors can potentially also be employed in situations where tumours have 

become resistant to treatment with inhibitors targeting tyrosine kinases other than
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Met (Section 1.3.8). In addition, Met inhibitors may show valuable as a measure 

to control metastasis in patients post-surgery or post-chemotherapy. In the past 

few years a wide variety of approaches have been investigated that aim to inhibit 

aberrant Met signalling (Figure 1.14).
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Figure 1.14 Sites and strategies for Met therapeutic intervention.

The physiological activation pathway of Met: pro-HGF is converted into mature 

HGF that binds to the receptor and induces its dimérisation and activation (grey). 

Molecules that act as HGF antagonists (NK4, uncleavable pro-HGF, recombinant 

sema domain and decoy Met) or HGF neutralisera (HGF antibodies) (orange). 

Strategies aimed at blocking Met kinase activity (small-molecule ATP 

competitors) (blue). Inhibitors of the Met intracellular pathway (yellow). 

Mechanisms aimed at silencing Met or HGF expression (antisense 

oligonucleotides, ribozymes and RNAi) (violet). Strategies to prevent the effective 

dimerization of wild-type receptors (dominant negative [DN] receptors, leading to 

nonfunctional dimerization; antibodies against the Met sema domain; 

recombinant sema; and decoy Met, impairing dimérisation) (green). Schematic 

Met structure: sema domain (yellow rectangle); Met-related sequence (MRS; 

red); tyrosine kinase domain (blue-grey); unphosphorylated tyrosines of the 

intracellular docking site (Y); phosphorylated tyrosines (Y-P); tyrosines mutated 

in phenylalanine (F). (adapted from reference ^̂ )

58



Product Name Target / Mechanism of 
Action Class of Compound Company Indication R&D Stage

Small molecules
ARQ 197 Met Oral small molecule ArQule & Kyowa Hakko Advanced solid tumors Phase 1
PF-2341066 Met Oral small molecule Pfizer Cancer Phase 1
JNJ38877605 Met Small molecule Johnson & Johnson Cancer

Multiple myeloma; Multiple solid and

Preclinical

CEP-17940 Met Small molecule Cephalon
haematologic cancers; Papillary renal Preclinical
carcinoma; Gastric cancer; Osteo- and 
soft-tissue sarcomas

c-Met kinase inhibitor Met (wt and mutants);ATP 
competitive Oral small molecule Merck & Co. Gastric cancer Preclinical

SGX-70329 Met; ATP competitive Oral small molecule SGX Pharmaceuticals Cancer Preclinical

PHA665752 Met; ATP competitive Small molecule Pfizer (Sugen acquisition)
Smal-cell lung cancer; Non-small cell lung 
cancer; Gastric cancer

Preclinical

SGX523 Met Oral small molecule SGX Pharmaceuticals Cancer Preclinical

c-Met inhibitor Met Small molecule Sunesis Cancer Research

c-Met inhibitor Met Small molecule Oncalis (spin-out from 
ESBATech)

Cancer Research

Kirin Met Small molecule Kirin pharmaceuticals Cancer Research

Antibodies
OA5D5; One-armed 5D5 antibody Extracellular domain of Met Recombinant humanised mAb Genentech Cancer Phase 1

c-Met antibody Met Recombinant fully human lgG2 
mAb Pfizer Glioblastoma; Lung cancer; Gastric 

cancer
Preclinical

Proteins

Anti-cMet Avimers Met Avimer protein conjugate AstraZeneca (Medlmmune 
acquisition)

Cancer Preclinical

Cgen-241A, B and C Met Truncated soluble form of Met 
receptor fused to Fc Compugen Cancer Preclinical

Peptides
c-Met High Affinity Binder Peptide Met Dual peptide Bracco Research Cancer Research

Table 1.3 List of biopharmaceuticals currently in the pipeline that target Met.
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Product Name Target/Mechanism of 
Action Class of Compound Company Indication R&D Stage

Small molecules

XL880 Met, VEGFR, PDGFR, KIT, 
FLT3, Tie-2

Met, RET and mutant forms

Oral small molecule Exellxis
Gastric cancer; Head and neck squamous 
cell cancer; Papillary renal cancer

Phase II

MP470 of KIT, fits, PDGFR tyrosine 
kinases and RadSI

Oral small molecule SuperGen Advanced solid tumors Phase 1

XL184 Met, VEGF-R2 and RET Oral small molecule Exellxis Solid tumors Phase 1

MGCD265 MET, VEGF-R1/R2/R3, Tie 
and Ron Oral small molecule Methylgene Cancer Preclinical

Antibodies

AMG 102 HGF/SF Recombinant fully human lgG2 
mAb

Amgen
HGF expressing tu mors Advanced renal 
cell carcinoma and Malignant glioma

Phase II

HuL2G7 HGF/SF Recombinant humanised mAb Galaxy Biotech Glioma Preclinical

AV-299 HGF/SF Recombinant antibody, 
humanisation by XOMA

AVEO Pharmaceuticals & 
Schering-Plough

Cancer Preclinical

Proteins

NK4
Hepatocyte growth factor 
(HGF) antagonism + antl- Elastase-generated fragment of 

HGF Kringle Pharmaceuticals Multiple cancers Preclinical
anglogenesls (VEGF, bFGF)

Peptides

PIG HGF at the P-chaln/Met 
Interface

DIsulflde-constralned 15-mer 
peptide

Genentech Cancer Research

Table 1.4 List of 

biopharmaceuticals

biopharmaceuticais currently in the pipeline that target multiple kinases as well as Met and 

that target HGF/SF.
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1.4.5.1 HGF antagonists

One of the earliest attempts to inhibit Met activity was by blocking ligand- 

receptor interaction using HGF/SF variants such as NK4 and an uncleavable form 

of pro-HGF/SF. Both molecules bind competitively to the Met receptor without 

activating it and both were shown to block tumour growth and metastasis in 

animal models^^^’̂ ^̂ . Independent of its effect on Met signalling, NK4 was also 

shown to possess anti-angiogenic properties, which could be exploited in cancer 

therapy (Table

1.4.5.2 Neutralising antibodies

Neutralising monoclonal antibodies that target HGF/SF or Met block ligand- 

receptor binding as welP̂ "̂ '̂ ^̂ . Several antibodies are in pre-clinical development 

at the moment and two antibodies have progressed to clinical trials (Table 1.3 and 

1.4). AMG102, a human monoclonal IgG2 antibody against HGF/SF was shown 

to prevent tumorigenesis in preclinical models and is currently in phase II clinical 

trials^® .̂ OA-5D5, a ‘one-armed’ anti-Met antibody is currently in phase I clinical 

trials for solid cancer tumours. OA-5D5 was shown to inhibit intracerebral 

glioblastoma growth dependent on HGF/SF in an orthotopic in vivo modeP^^. A 

major drawback of agents that target HGF/SF-Met binding is that their therapeutic 

use is limited to tumours in which Met activation is ligand-dependent.
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1.4.5.2.1 Decoy Met, recombinant Sema domain and dominant negative

receptors

Several approaches that target the extracellular domain of Met, demonstrated the 

inhibition of both ligand-dependent and ligand-independent Met activation. This 

dual action is presumably due to simultaneously blocking ligand binding as well 

as preventing receptor d i m é r i s a t i o n ^ Kong-Beltran et al. developed a 

recombinant soluble sema domain that was shown to inhibit ligand-dependent and 

independent Met activity in vitro^^^. Recently, preclinical studies have shown that, 

CGEN-241, a soluble truncated form of the Met receptor, is a potent antagonist of 

the HGF/SF-Met pathway and possesses anti-tumorigenic and anti-metastatic 

activities, suggesting therapeutic potential (Table 1.3)̂ ^ .̂

Dominant negative Met receptors. Met constructs that lack essential features of 

the Met receptor, also act by preventing effective Met dimérisation. Dominant 

negative receptors have been shown to reduce Met activation in vivo and decrease 

tumour growth and métastasés in xenograft mouse models, however efficient 

delivery of these agents in clinical practice is unrealistic at present^

1.4.5.3 Silencing Met or HGF expression

In several studies, antisense, ribozyme and RNAi techniques have been used to 

silence Met or HGF expression. The downregulation of Met or HGF protein 

expression resulted in the inhibition of tumour growth in several xenograft models 

of different cancers* However, the progress of these RNA-based

strategies to the clinic has been slow. Challenges such as efficient delivery to 

target tissues, stability and long-term safety still need to be addressed
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1.4.5.4 Inhibition o f Met intracellular pathway

An alternative strategy is to target Met at its C-terminal docking site. Small cell- 

permeable peptides derived from the receptor tail were shown to bind to the Met 

receptor and inhibit Met kinase activity in vitro, block ligand-dependent 

phosphorylation and signal transduction, and impair Met-induced invasive growth 

in transformed epithelial cells^’̂ . Other studies describe peptides that target the C- 

terminal docking site and block the binding of downstream effectors such as the 

adapter protein Grb2. Grb2-SH2 domain antagonists demonstrated inhibition of 

HGF/SF dependent cell motility, matrix invasion and branching morphogenesis in 

vitro and inhibition of angiogenesis and metastasis but not primary tumour growth 

in in vivo studies^^^’̂ ’̂. Indirect inhibition of Met signalling can be achieved by 

blocking downstream signalling molecules such as MAPK, PI3K or STAT3. 

However, blocking these effectors will only affect certain signalling pathways 

downstream of Met and will also block signalling pathways downstream of other 

receptors, which could raise selectivity issues.

1.4.5.5 Downregulation o f Met protein expression

Geldanamcyin is a natural product that was found to interfere with the action of 

heat shock protein 90 (Hsp90) leading to the destabilization and degradation of 

client proteins of Hsp90, including HER-2, Raf and Met^^^’̂ ^̂ . Two derivatives of 

geldanomycin, 17-dimethylaminoethylamino-17-demethoxygeldanamycin (17- 

DMAG) and 17-allylamino-17-demethoxygeldanamycin (17-AAG), significantly 

reduced tumour growth in various xenograft models and these have been entered 

into phase I and II clinical trials respectively^^"^’̂ ^̂ .
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1.4.5.6 Inhibition o f  Met kinase activity

Currently the most popular approach to targeting Met is by using small molecule 

inhibitors targeting the ATP binding site. Many small-molecule agents that target 

Met have been developed and are currently being tested in (pre)clinical 

investigations (Table 1.3 and 1.4).

K252a, a broad-spectrum kinase inhibitor from the staurosporine family, was the 

first small molecule reported to possess ATP-competitive inhibitory efficacy 

against Met (Figure 1.15)^^ .̂ K252a demonstrated sub-micromolar inhibition of 

Met phosphorylation and downstream effector activation. In addition, K252a 

inhibited HGF-mediated scattering and proliferation and reversed the 

transforming potential of TPR-Met in cell-based assays. Furthermore, pre

treatment with K252a was shown to interfere with the ability of tumour cells to 

form lung métastasés in nude mice^^ .̂ The above results demonstrated the 

potential efficacy of targeting the ATP-binding site of Met with small molecules.

The first studies that reported potent selective small molecule inhibitors of Met 

described compounds defined by a pyrrole indolin-2-one core structure (Figure 

1.15)^^ '̂^^ .̂ One of these pyrrole indolin-2-ones, PHA-665752, demonstrated low 

nanomolar inhibition of Met catalytic activity and exhibited more than 50-fold 

selectivity for Met compared to a panel of tyrosine and serine-threonine kinases 

(Table 1.3). In addition, PHA-665752 showed inhibition of phosphorylation of 

downstream effectors, reversion of HGF and Met driven phenotypes, and 

antitumour and antimetastatic activity in gastric and lung cancer xenograft models

229,232,233
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Figure 1.15 Chemical structures of K252a and PHA-665752.

A) K252a, analogue of the broad-spectrum kinase inhibitor staurosporine; B) 

PHA-665752, selective Met inhibitor of the pyrrole indolin-2-one class

Several companies are currently developing potent, highly selective Met inhibitors 

and two molecules are currently in phase I clinical trials (Table 1.3)̂ "̂̂ ’̂ ^̂ . 

Preclinical studies have shown that ARQ 197 (Arqule) is a highly selective and 

potent Met inhibitor and inhibits tumour growth in various xenograft models. In 

phase I studies, no serious side effects were observed upon treatment with 

ARQ 197 and the initiation of two phase II trials have recently been announced^^^' 

ARQ 197 is thought to bind close to the conserved ATP-binding site but is not 

competitive with ATP, which might be advantageous with regard to the selectivity 

of the compound. However, SGX523 is an example of a small molecule that 

despite competing with ATP for binding, possesses a 1000-fold selectivity for Met 

over a panel of more than 200 protein kinases. SGX523 was selected and 

optimised for potency and selectivity using a structure-based drug discovery
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platform. SGX pharmaceuticals is expected to begin phase I clinical trials of 

SGX253 for solid tumours in early 2008^^ .̂

Initially, endeavours were aimed at developing selective Met inhibitors in order to 

limit potential side effects. However, many research groups are currently 

investigating dual or multi-kinase targeting inhibitors in order to overcome issues 

of tumour heterogeneity and at the same time maintaining the selectivity of 

treatment (Table 1.4). Exelixis, for example, steered towards developing a drug 

that targets more than one kinase, upon the realisation that kidney cancer in 

patients with Von Hippel-Landau disease is driven by overexpression of both Met 

and VEGFR. XL880 potently inhibits both Met and VEGFR, including mutant 

activated forms of Met, at sub-nanomolar concentrations in vitro and XL880 was 

the first orally-bioavailable small molecule Met inhibitor entering clinical trials in 

2005̂ "̂ .̂ XL880 is presently in phase II clinical trials for PRCC, gastric cancer, 

and squamous cancer of head and neck^"^\

1.4.5.7 Clinical application o f Met targeted agents

Many of the described approaches to target the HGF/Met signalling complex 

seem attractive when tested in vitro and in animal models. However, the clinical 

application of most strategies is for now not realistic, mainly due to problems with 

efficient delivery^^. Following the example of RTK inhibitors currently on the 

market, the most feasible approach to target Met is by using monoclonal 

antibodies or small-molecule i n h i b i t o r s M o s t  clinical studies with RTK 

targeted agents have evaluated the efficacy of monoclonal antibodies or small 

molecule inhibitors as monotherapy or in combination with conventional
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cytotoxic chemotherapy or radiation to produce synergistic anticancer activity^"^ '̂ 

However, several preclinical reports have described synergistic anticancer 

effects of combinations of different classes of anti-RTK agents, such as 

monoclonal antibodies and small-molecule inhibitors, aimed at a single molecular 

target to maximise effective target inhibition through non-overlapping 

mechanisms of action and prevent resistance to a single agent̂ "̂ '̂̂ "̂ .̂ Another 

therapeutic strategy could be envisaged in cancers that are dependent on multiple 

pathways for survival. A combination of different classes of RTK agents, aimed at 

several distinct molecular targets could overcome issues of tumour heterogeneity 

and limitations of single agent therapy such as resistance '̂^*. Small molecules, 

compared to monoclonal antibodies, are readily obtained through synthesis, easy 

to modify, convenient to deliver and cost efficient and therefore offer a promising 

strategy for therapeutic intervention of aberrant Met signalling, either as single 

agent therapy or preferentially in combination with other anticancer agents.
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1.5 Aims

The extensive involvement of Met in cancer progression and metastasis renders it 

a highly attractive target for cancer therapy. Currently the most popular approach 

to targeting Met is by using small molecule inhibitors designed to fit the ATP 

binding site. Small molecules are readily obtained through synthesis and are easy 

to modify, convenient to deliver and cost efficient. Therefore, small molecules 

inhibitors offer a promising strategy for therapeutic intervention of aberrant Met 

signalling.

The aim of this project was to identify small molecule inhibitors targeting the 

ATP binding site of the Met tyrosine kinase receptor through three main steps:

• Screening of a virtual library of compounds against the ATP binding site 

of the Met kinase receptor and selection of a group of virtual hit 

compounds on the basis of their predicted ability to dock into the ATP 

binding site.

• Evaluation of the effect of the virtual hit compounds on Met activity using 

a biochemical kinase assay.

• Examination of the effect of molecules proven to be active in the 

biochemical kinase assay on cellular functions mediated by Met.
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CHAPTER 2

MATERIALS AND METHODS
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2 Materials and methods

2.1 Computational methods

2.1.1 Preparation of target

The 3D coordinates of the structure of the target protein Met co-crystallised with 

the alkaloid inhibitor K252a were retrieved from the Protein Data Bank (PDB) 

(Entry IROP) and loaded into SYBYL 7.1 (Tripos, St Louis, MO,

The protein active site was defined as the set of amino acids for which at least one 

atom is included in a 6.5 A-radius sphere surrounding the bound ligand, K252a. 

The protein was centered and the ligand eliminated from the active site. 

Subsequently all water molecules were removed and hydrogen atoms added using 

SYBYL 7.1.

2.1.2 Database preparation

The test database employed in this study was constructed from 98,565 ligands 

obtained from several sources. ZINC, a free database of commercially available 

compounds, provided the mol2 structures of 98,380 compounds from the NCI 

(54,730 entries), Maybridge (25,986 entries) and Sigma-Aldrich (17,664 entries) 

databases The ligands obtained from the ZINC database were pre-filtered 

using the OpenEye’s filter 1.0.2 programme in order to remove any undesirable 

compounds. In addition, the ZINC database represented each molecule in the 

correctly protonated format with all the energetically accessible tautomers^^\ The 

structures of the 95 Tocris compounds were obtained as 2D sdf files from Tocris 

Bioscience and converted to 3D mol2 files using Concord (Tripos, St Louis, MO,
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USA)^^ .̂ Subsequently, formal charges and hydrogens were calculated and added 

to the structures followed by minimisation using the MMFF94 force field̂ "̂̂ '̂ ^̂ . 

The test database was seeded with known and presumed active (80 entries) and 

inactive (10 entries) compounds that were drawn in SYBYL, assigned appropriate 

atom, bond types and charges and subsequently minimised using the MMFF94 

force field (Table 3.1). The entire test database was filtered to fall within ranges of 

properties calculated to be drug-like in a manner similar to Lipinski et a l (Table 

2. i f" .

2.1.3 FlexX docking

The default parameters of the FlexX programme (BioSolvelT, St. Augustin, 

Germany) as implemented in the 7.1 release of the SYBYL package were used for 

iterative growing and subsequent scoring of FlexX poses^^^. Of the resultant 

outputs, the top solution of each ligand per FlexX run was retained and saved in a 

single FlexX database file for further analysis.

Property filte rs M inim um M axim um

Molecular weight 200 Da 500 Da

Number of hydrogen bond donors 0 5

Number of hydrogen bond acceptors 0 10

xLogP -2 5

Rotatable bonds 0 8

Net charge -2 2

Table 2.1 The physico-chemical and structural property filters used for the 

scoring functions
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2.1.4 Score normalisation procedure

The docking scores for each compound were normalised based on the number of 

heavy atoms, N, in order to correct for molecular weight (MW) bias towards the 

selection of higher MW compounds. The scoring values of the docked poses were 

divided by according to the normalisation procedure towards a distribution 

for drug-like molecules carried out by Pan et

2.1.5 Consensus scoring

All stored poses were scored using the CScore module of SYBYL 7.1 comprising 

five different scoring functions: Chemscore, FlexX score, GOLD score, PMF 

Score and DOCK scorê ^®. A consensus scoring filter was applied in a manner 

similar to Forino et The performance of each individual scoring function 

was assessed in order to choose the appropriate combination of scoring functions 

for this specific system. The parameters of interest included the total number of 

actives (true positives), the total number of negatives (false positives) and 

individual binding poses upon visual inspection. The consensus scores were built 

from combinations of the best scoring functions for this system. The top 4000 

docking poses according to the FlexX score were selected and further evaluated 

and ranked according to Chemscore and GOLD score. The intersect of the top 700 

molecules for Chemscore and GOLD score respectively were merged together. In 

addition, the intersect of the top 4000 compounds ranked individually according 

to FlexX score and GOLD score were selected. These molecules were merged into 

a single mol2 file and any duplicates were deleted.
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2.1.6 Final selection of test molecules; visual inspection and compound clustering

The final selection of a small set of compounds for subsequent biological testing 

was carried out through visual inspection of the suggested FlexX binding modes 

and chemical similarity clustering. The criteria that were considered in the visual 

inspection of the binding poses were the degree of occupancy of the binding 

pocket, in particular with respect to the achieved surface complementarity 

between protein and ligand, and the formation of hydrogen bonds to the hinge 

region that connects the N- to the C-terminal lobe. Each pose was scored from 1 

to 4:

1. High degree of occupancy of the binding pocket and formation of 

hydrogen bonds to the hinge region

2. Formation of hydrogen bonds but no efficient occupancy of the binding 

site

3. Occupancy of the binding pocket but no formation of hydrogen bonds

4. Binding to the outside of the binding pocket

The suggested binding modes of the 829 compounds from the consensus scoring 

filter were at first quickly assessed in order to identify molecules with score 4, 

compounds bound to the outside of the binding site. All compounds with score 4 

were discarded. The rest of the compounds were assessed in small batches and 

assigned scores 1-3. All compounds with score 3 were discarded.

To facilitate the selection of about 60 representative and diverse compounds from 

this virtual hit list for biological testing, a pairwise similarity search was 

performed using the Selection Assistant of the Activity Base Suite (IDBS,

73



Guildford, UK) with a Tanimoto coefficient cut-off of 0.6^^ .̂ The Tanimoto 

similarity search generated 45 clusters of structurally related compounds. 

Candidate compounds for screening were selected from each cluster and included 

in the final test set for biological screening.

2.2 Biological materials

2.2.1 Laboratory reagents

General laboratory chemicals were of analytical grade and purchased from the 

following companies: Sigma-Aldrich, Poole, Dorset, UK and BDH Merck Ltd., 

Lutterworth, Leicestershire, UK. All solutions were made with Millipore water. 

General laboratory plasticware was purchased from BDH Merck Ltd., and 

Eppendorf UK Ltd., Cambridge, UK.

2.2.2 Western blotting reagents

Hybond^^-c Extra nitrocellulose membrane. Enhanced Chemiluminescence 

system (ECL) Plus™ and Kodak X-OMAT imaging photographic film were 

purchased from GE Healthcare Life Sciences (formerly Amersham), Little 

Chalfont, Bucks., UK. Protein molecular weight Kaleidoscope”̂^ Prestained 

marker was purchased from Bio-Rad, Hercules, CA, USA. 30% (w/v) 

acrylamide/bisacrylamide solution for polyacrylamide gels was obtained from 

National Diagnostics Ltd., Hessle, Yorkshire, UK. Marvel milk was purchased 

from Premier Brand, Spalding, UK.
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2.2.3 Buffers

Buffer Components

Block buffer 20 mM Tris HO! (pH 7.4 -  7.9); 150 mM NaCI; 0.1% Tween; 5 %
Marvel Milk

Lysis buffer 30 mM Tris (pH 7.4); 1 mM EDTA; 0.5 % Triton X-100; 150 mM
NaCI; 1% sodium deoxycholate; 1 mM Na Vanadate; 1 mM PMSF; 
10 pg/ml aprotinin

Running buffer 25 mM Tris HOI (pH > 8.3); 192 mM Glycine; 0.1% SDS

5 X Sample buffer 0.23 M Tris (pH 6.8); 50 % v/v glycerol; 5 % w/v SDS; 0.05 % w/v
bromophenol blue; 25 % v/v 2-mercaptoethanol

62.5 mM Tris HOI (pH 6.7); 2 % SDS; 100 mM 2-mercaptoethanol

25 mM Tris HOI (pH 8.3); 192 mM glycine; 20% methanol

20 mM Tris HOI (pH 7.4 -7 .9 ); 150 mM NaCI; 0.1% Tween

Stripping buffer 

Transfer buffer 

Wash buffer

Table 2.2 Buffers for Western blotting

2.2.4 Antibodies

Primary antibody Source Supplier Working dilution

Phospho-Met 
(Tyr1234 and Tyr1235)

Rabbit Cell Signalling Technology Inc., 
Danvers, MA, UK

1:1000

Met (Carboxy terminus) Rabbit Santa Cruz Biotechnology, 
Santa Cruz, CA, USA

1:1000

a-Tubulin (a-Subunit) Rat Serotec, Kidlington, Oxford, UK 1:4000

Secondary antibody

Anti-rabbit IgG HRP- 
conjugate

Bio-Rad, Hercules, CA, USA 1:2000

Anti-rat IgG HRP- 
conjugate

Cell Signalling Technology Inc., 
Danvers, MA, UK

1:2000

Table 2.3 L ist o f antibodies
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2.2.5 Tissue Culture Reagents

Tissue culture reagents were purchased from Invitrogen Ltd., Paisley, UK. Cell 

culture plasticware was purchased from Nunc, Roskilde, Denmark and BD 

Biosciences, Oxford, UK. HGF was purchased from Calbiochem, La Jolla, CA, 

USA.

A549 and Madin-Darby canine kidney (MDCK) cells were obtained from J. 

Anderson, Institute of Child Health, London, UK. A549, a widely used non-small 

cell lung cancer cell line, was employed in the Met phosphorylation assay since 

the phosphorylation of Met in this cell line had previously been shown to be 

HGF/SF-dependent^^^. The MDCK cell line was a preferred cell line to be 

employed in the scatter assay since, in the absence of HGF/SF, MDCK cells grow 

in tight clusters. MKN45, a human gastric cancer cell line, was obtained from 

DSMZ, Braunschweig, Germany. MKN45 cells were chosen to be used in the 

proliferation assay as they express very high levels of Met that appears to be 

constitutively activated in a ligand-independent fashion.

2.2.6 Assay Reagents

Z’-Lyte™ Kinase Assay Kit -  Tyr 2 Peptide and recombinant human Met 

(catalytic domain; amino acids 956 - 1390) were purchased from Invitrogen Ltd., 

Paisley, UK. The assay plates were purchased from Coming, NY, USA.
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2.2.7 Test compounds

K252a was purchased from Calbiochem, La Jolla, CA, USA and staurosporine 

was purchased from Sigma-Aldrich, Poole, Dorset, UK. The test compounds from 

the virtual screen were purchased from ChemBridge Corporation, San Diego, CA, 

USA; InterBioScreen Ltd., Moscow, Russia, UK; Maybridge Chemical Company 

Ltd., Tintagel, Cornwall, UK; Sigma-Aldrich, Poole Dorset, UK and Tocris 

Bioscience Ltd., Bristol, UK. AG213 was purchased from Tocris Bioscience Ltd.

2.2.8 Equipment

Mini Trans-Blot cell

Genios microplate reader 

Envision^^ multilabel plate reader

Eppendorf 5417C minicentrifuge 

Eppendorf 581 OR refrigerated centrifuge 

Nikon microscope 

Zeiss microscope

Bio-Rad Laboratories Ltd., 

Hertfordshire, UK 

Tecan UK Ltd, Reading, UK 

Perkin Elmer Life and Analytical 

Sciences Inc. Waltham, MA, USA. 

Eppendorf, Hamburg, Germany 

Eppendorf, Hamburg, Germany 

Nikon, Melville, NY, USA 

Carl Zeiss Mircolmaging Inc., New 

York, USA.
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2.2.9 Envision programmes

Assay
Z’-Lyte™ Kinase Assay Alamar blue

450 520 Assay

Excitation Photometric 405 Photometric 405 TAMRA 544

Emission BFP 450 Photometric 595 Cy3 595

Excitation light % 30 30 10

Detector gain 300 300 50

2"  ̂Detector gain 500 500 50

Number of flashes 2 2 1

Number of flashes
1 1 1

per AID conversion

Table 2.4 Envision plate reader programmes
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2.3 Biological methods

2.3.1 Z ’-Lyte kinase assay

The kinase assay was performed in black 384-well low-volume assay plates using 

the FRET-based Z’-lyte kinase assay system and the Tyr 2 peptide substrate. 

Kinase reactions were conducted in kinase buffer (50 mM Hepes, pH 7.5, 10 mM 

MgC12, 1 mM EDTA, 0.01 % BRIJ-35). Assay conditions were optimised prior to 

each experiment to determine the amount of kinase required to phosphorylate 30 - 

40 % of the Tyr 2 peptide in the absence of inhibitors. To assess the effect of the

inhibitors on Met kinase activity, a 10 pi kinase reaction containing; inhibitor. 

Met (concentration dependent on kinase activity), substrate peptide (2 pM) and, 

added lastly, ATP (65 pM) was incubated, after 30 sec of mixing, for 3 h at room

temperature. 5 pi of the development reaction mixture, containing a protease that

digests non-phosphorylated peptide, was then added, the assay plate mixed and 

the reaction mixture incubated for an additional hour at room temperature, at

which time the reaction was terminated with 5 pi of the stop solution provided.

Fluorescence was assessed at an excitation wavelength of 400 nm and the 

coumarin fluorescence and the fluorescein FRET signal were monitored at 445 

nm and 520 nm, respectively. The coumarin emission excites fluorescein by 

FRET in the phosphorylated (uncleaved) substrate peptide only.
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Reactions containing unphosphorylated peptide in the absence of ATP served as 

the 0% phosphorylation control. The detection solution and stop solution were 

pre-mixed in order to deactivate the protease and added to reaction mixtures 

containing unphosphorylated peptide in the absence of ATP as the 100 % 

phosphorylation control. Raw fluorescence values were 

corrected for background and reaction endpoints were calculated as emission 

ratios of coumarin fluorescence divided by the fluorescein FRET signal. 

These ratios were then normalised to the ratio obtained with the 0 % and 100% 

phosphorylation controls using the following equation:

Vo Phosphorylation = 1 -
(Emission RatioxF̂ QQoyJ -  

(Q% -  C,oo%) + Emission Ratiox(F̂ QQo/̂  -  F^oJ

Where Emission Ratio is the coumarin/fluorescein ratio of the sample wells, Cioo%  

and F100% are the average coumarin and fluorescein emission signals of the 100 % 

phosphorylation control respectively and Co% and Fo% are the average coumarin 

and fluorescein emission signals of the 0 % phosphorylation control respectively.

To characterise the quality of the Z’-Lyte assay, the Z’-factor was determined 

using the following equation:

QO%inhihition M o%inhibition

Where oioo% inhibition and G o% jnh ib ition  are the standard deviations of the emission 

ratios for the 100 % inhibition and 0 % inhibition wells, respectively and pioo%
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inhibition and |̂ o%inhibition are the Hieans of the emission ratios for the 100 % inhibition 

and 0 % inhibition wells, respectively.

2.3.2 Cell Culture

All cell culture work was carried out under sterile conditions in a laminar flow 

cabinet. Media and reagents were purchased sterile, or filtered with 0.2 pm filters.

2.3.3 Analysis of Protein Levels

2.3.3.1 Western blotting

Cells were grown to near-confluence (DMEM (A549 cells) or RPMI-1640 

(MKN45 cells) + 10 % FBS + 2 mM L-glutamine) and serum-starved (DMEM or 

RPMI-1640 + 0.1 % BSA) overnight. After treatment with test compounds for 2 

h, cells were stimulated with 40 ng/ml HGF/SF for 10 min. The cells were washed 

with PBS and then vortexed and lysed on ice for 1 h in lysis buffer (Table 2.2). 

The lysate was cleared by centrifugation at 13000 g for 10 min at 4°C. The 

supernatant containing total cellular protein was transferred to a fresh eppendorf 

tube, snap-frozen and stored at -20°C until required.

The protein concentration of each lysate was measured and equalised using the 

BCA protein assay (Section 2.3.3.2). The lysate was diluted with 5 x sample 

buffer and boiled for 5 min at 100°C. 25 pg of total protein along with a 

molecular weight marker was loaded onto an 8 % SDS-PAGE gel. The 8 % 

resolving gel and 5 % stacking gel were prepared according to standard protocols. 

Electrophoresis was performed for 1 h at 150 V in running buffer. The resolved
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proteins were transferred onto a Hybond'^’̂ -c extra nitrocellulose membrane at 

100 V for 1 h in transfer buffer.

The non-specific sites on the membrane were blocked in block buffer on a rocking 

platform for 1 h at room temperature (Table 2.2). The membrane was incubated 

with the primary antibody diluted in block buffer overnight at 4°C. The membrane 

was then washed 3 times in wash buffer for 5 min and incubated with the 

appropriate secondary horseradish peroxidase (HRP)-conjugated antibody diluted 

in block buffer for 1 h at room temperature (Table 2.2). The membrane was then 

washed 3 times in wash buffer for 5 minutes. Proteins were detected using a 

chemiluminescent reagent (ECL plus) according to the manufacturer’s 

instructions. The membrane was stripped in 1 x stripping buffer, the blocking step 

was repeated and the membranes were re-probed with anti-a tubulin as a loading 

control (Table 2.2).

2.3.3.2 Protein Assay

The amount of protein in each sample was quantified using the bicinchoninic acid 

(BCA) protein assay. 5 ml of reagent A (0.95 g sodium bicarbonate; 2 g sodium 

carbonate; 0.16 g sodium tartrate; 1 g sodium bicinchoninate; 0.4 g NaOH; made 

up to 100 ml with H2O) and 100 pi of reagent B (0.4 g cupric sulphate 

pentahydrate + 10 ml H2O) were mixed to make the working solution. Bovine 

serum albumin (BSA) standards were prepared in lysis buffer. 5 pi standards and 

cell lysates were added to a flat-bottomed 96-well plate. 200 pi BCA working 

solution was added to each well and the plate was incubated at 60°C for 30 min.
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The absorbance was measured at 560 nm on a plate reader and the protein 

concentration was calculated from the standard curve.

2.3.4 Cell proliferation assay

MKN45 cells were seeded in a black flat-bottomed 96-well plate at 1000 cells per 

well in RPMI-1640 with 10 % PCS and 2 mM L-glutamine. After overnight 

incubation, cells were treated with different concentrations of test compounds 

(final DMSO concentration 1 %) and incubated at 37°C under 5 % CO2. After 

seven days of incubation, 20 pi of a 10 pM solution of resazurin in PBS was 

added to each well and incubated for 4 hours. The ability of the cells to reduce 

resazurin to resorufin was measured spectrofluorometrically by excitation at 544 

nm and emission at 595 nm.

2.3.5 Scatter assay

Madin-Darby canine kidney (MDCK) cells were seeded in a flat bottomed 96- 

well plate at 2000 cells per well in DMEM with 10 % PCS and 2 mM L-glutamine 

and incubated at 37°C in 5 % CO2. After 24 hours, cells were stimulated with 

HGP/SP (20 ng/ml) in the presence of various concentrations of the test 

compounds at a final concentration of 1 % DMSO. After overnight incubation 

wells were washed twice with ice-cold PBS and fixed with methanol for 10 min. 

Subsequently the cells were stained with 0.5 % crystal violet in 50 % ethanol for 

five minutes and washed with water. Plates were left to dry for a day after which 

photographs were taken with a digital camera at 100 x magnification. An
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assessment of the colonies was performed in a masked fashion, using 

photographic prints.
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CHAPTER 3

LEAD IDENTIFICATION THROUGH

VIRTUAL SCREENING
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3 Lead identification through virtual screening

3.1 Introduction

For many decades the development of anti-cancer therapies was based on 

empirical observations guided by serendipity, scientific intuition or the screening 

of synthetic chemicals and natural products against in vitro or in vivo tumour 

models. The targets or mechanisms of action of these early chemotherapeutic 

agents were generally only defined in detail after they were in clinical use. 

Although empirical observations might still lead to the development of interesting 

anticancer agents in the future, the drug discovery process at present increasingly 

begins with the identification of a target (i.e. a gene or gene product) that has been 

linked to the molecular pathology of cancer^^ .̂

The Met kinase receptor has been identified as such a target (Section 1.4.5) and 

the development of agents that inhibit Met offers a highly attractive strategy for 

cancer therapy. The identification of novel ‘lead’ compounds with biological 

activity against a molecular target such as Met represents a significant hurdle in 

the early stages of drug discovery.

Central to the lead identification process in contemporary pharmaceutical research 

is the screening of large collections of compounds either from natural sources or 

synthetic compound collections. The emergence of combinatorial chemistry in the 

1990s provided the large numbers of novel chemicals to keep up with the pace of 

automated screening techniques (high throughput screening), which made the 

routine screening of large collections of compounds feasible^^^. With the
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increasing number of molecules to be screened against an overwhelming number 

of emerging targets, high throughput screening (HTS) has become increasingly 

costly and resource intensive^^^. On the other hand, cheminformatics has 

progressed significantly with major improvements in computational power at 

affordable cost^^ .̂ In addition, advances in structure determination techniques, 

such as high-throughput X-ray crystallography, has increased the number of 

protein targets with a known 3D structure^^^. Therefore, computational techniques 

have become a crucial component of many drug discovery programmes to aid in 

the design, discovery and optimisation of new lead structures.

Virtual screening is amongst the most widely used computational approaches as it 

serves as a low-cost, rapid and effective starting point for the identification of 

potential lead molecules. Virtual screening can be divided into ligand-based and 

receptor-based virtual screening. The ligand-based approach uses known 

biologically active molecules as a model to identify molecules with similar 

physical or chemical properties. A limitation of the ligand-based approach is that 

the ‘hits’ are biased towards known actives and are therefore not very structurally 

diverse^^^. The receptor-based approach on the other hand, selects molecules 

according to their ability to bind to the active site of the target protein using its 

three-dimensional structure. Therefore, the receptor-based approach is more likely 

to identify novel lead molecules^^^. Receptor-based virtual screening utilises high- 

performance computing to analyse virtual databases of commercially available or 

synthetically accessible compounds and prioritise compounds as drug leads for 

synthesis and biological testing. Thus, virtual screening offers a practical route to 

discovering new leads by acting as a powerful computational filter for reducing
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the number of compounds that will be tested experimentally. Therefore it was 

decided to screen a virtual library against the ATP binding site of Met, in order to 

identify molecules for further study as drug leads.
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3.2 Results and discussion

3.2.1 Binding site of the target protein Met

In order to define the active site for the virtual screen against Met, the 3D 

coordinates of a crystal structure of the Met kinase domain co-crystallised with 

the alkaloid inhibitor, K252a were employed (Figure 3.1) (IrOp, The

selection of the protein representation used for docking can have a significant 

impact on the virtual screening results. At present a number of crystal structures 

of Met have been deposited in the PDB, however at the time this virtual screening 

project was initiated, only two crystal structures of Met were available; 

uncomplexed Met (apo-Met) (Irlw, PDB), and Met in complex with K252a 

(holo-Met) (IrOp, PDB), both representing Met in its active form^^.

Several studies have looked at docking enrichment rates when using apo-, holo- 

and modelled forms of the binding site and found that using the holo-form gave 

the best docking results^^^’̂ ^  ̂ A comparison of the apo- and holo-Met structures 

demonstrated the significant conformational changes associated with the binding 

of K252a to Met in order to maximise favourable energetic interactions between 

the ligand and receptor^^. The holo structure of a binding site is to some extent 

determined by the ligand if the active site has folded around it. The inherent 

conformational flexibility of kinases is important for ligand binding as it allows 

increased affinity to be achieved between the target and structurally diverse 

moieties^^^. However, mimicking protein flexibility still poses an immense 

challenge for docking studies. Therefore, the steric constraints of the binding site.
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Figure 3.1 Met complexed with K252a.

A. The Met kinase domain complexed with K252a. B. Surface of the active site of 

Met, as defined for the virtual screen, complexed with K252a. (Figure was 

prepared using VMD viewer; PDB entry 1rOp)
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assumed as a consequence of the bound ligand will influence what type of ligands 

will be retrieved by the docking exercise.

In the ligand-free (apo) state of Met, water molecules fill the active site. Upon 

ligand binding water molecules will either be displaced from the binding site or 

will form a hydrogen bond with the ligand, whichever is the most energetically 

favourable^^^. The holo-Met crystal structure that was used to define the active 

site contained two water molecules near the bound ligand. One water molecule 

was placed deep in the right hand side of the binding pocket and did not make any 

interactions with K252a. However, a second water molecule, bound to the surface 

of the binding site, ‘bridged’ the carbonyl oxygen of K252a to the carbonyl 

oxygen of Asp-1228, the main-chain nitrogen of Tyr-1230 and the carboxylate 

oxygen of Asp-1231. This bridging water molecule was not present in the apo- 

Met crystal structure because of a different conformation of the main chain 

(Figure 3.2)^*. Because of the lack of this bridging water molecule in the apo-Met 

structure and because the coordinates of bound water molecules within the 

binding site often depend on the type of ligand present in the active site, it was 

decided to eliminate the water molecules from the target binding site. In addition, 

any possible water-mediated hydrogen bonds would energetically and structurally 

have only minor influence on the predicted binding mode compared to any 

hydrogen bonds of the ligand with the hinge region, which would fix the position 

of the ligand in the ATP binding pocket^ "̂ .̂ At the time of these experiments 

additional crystal structures of Met were not available to test this hypothesis, 

however, a crystal structure of Met bound to the inhibitor SU 11274 (2rfs, PDB) 

has recently been deposited in the PDB^^ .̂ Upon examination of this crystal
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ASP1228
PR01158

ASP1231

TYR1230

Figure 3.2 Ribbon diagram of the ATP binding domain of Met complexed 

with K252a.

K252a makes four hydrogen bonds to enzyme residues and one hydrogen bond 

to a water molecule (orange). Two hydrogen bonds anchor the lactam moiety of 

K252a to the hinge region and mimic the hydrogen bonding pattern of the 

adenine base in protein kinase:adenosine nucleotide complexes (left). Three 

additional hydrogen bonds, unique to this complex, are formed with atoms from 

the K252a furanose moiety (right). (Figure was prepared using VMD viewer; PDB 

entry 1 rOp)
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structure, no water molecules are present within the binding pocket and no 

‘bridging’ water molecules could be identified. The lack of water molecules in 

this different holo-Met structure suggests that the water molecules seen in the 

Met:K252a crystal structure are not conserved, which supports the decision to 

delete the water molecules from the binding site for virtual screening purposes.

3.2.2 Selection of the test set and initial filtering

As with the preparation of the target, the preparation of ligands for the test 

database also requires great care. Upon conversion of 2D structures to 3D 

structures, compounds are not necessarily in their most probable conformational 

states. An accurate representation of the molecules, incorporating biologically 

relevant stereochemical information, protonation states and ligand conformation 

must be assigned for each compound. Knox et al have shown that assigning 

accurate representations to the test molecules during the initial database 

construction has a profound effect on the success rate of virtual screening^^^. The 

enrichment of a virtual screening exercise is highly dependent on accurate 

representations of molecules, as ignoring accessible protonation states and 

tautomers leads to false-negative predictions, whereas generating unrealistic 

protonation states of tautomers can lead to false-positive predictions.

The ZINC database provided most of the 3D structures of the molecules used for 

our virtual test database. These molecules were already in the correct state as 

compounds entered into the ZINC database are automatically generated in 

multiple protonation and tautomer states^^^’̂ ^̂ . However, not all these molecules 

are worthy of screening as they would not reach certain criteria relevant to clinical
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trials due to their undesirable properties, even if showing good affinity for the 

target protein.

A variety of filtering criteria have been developed in order to improve the quality 

of the available screening libraries and enrich the screening collection with 

molecules that have preferred properties. The elimination of compounds with 

features incompatible with the drug discovery process requires filters that screen 

out undesirable characteristics. For example, filters that are commonly employed 

remove compounds with chemically reactive or toxic functional groups and other 

compounds that often flag-up as false positives in screens^^ '̂^^ .̂ Also, filters are 

applied to eliminate molecules with undesirable structural features, such as 

molecules that are too large or too flexible due to the number of rotatable 

bonds^*^. All structures entered into the ZINC database are not only generated in 

the appropriate tautomeric and protonation states, but also automatically filtered 

for undesirable functional groups^^’’̂ ^̂ . Additional filtering protocols based on 

variations of the Lipinski ‘rule of five’, have been developed to identify ‘drug

like’ molecules^^^. Drug-likeness implies that the molecules contain functional 

groups and/or have physical properties consistent with the majority of drugs. The 

Lipinski ‘rule of five’ is an empirical set of rules based on MW, lipophilicity and 

hydrophobicity that aims to improve the probability of success in drug discovery 

by providing a profile for orally bioavailable compounds. According to the 

Lipinski ‘rule of five’ poor solubility, membrane permeability and oral absorption 

are more likely when the MW is over 500, the calculated octanol/water coefficient 

(CLogP) is over 5 and when there are more than 5 hydrogen bond donors and 

more than 10 hydrogen bond acceptors^^^. While the Lipinski ‘rule of five’
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defines compounds with drug-like physicochemical properties that address oral 

absorption and bioavailability issues, compounds in the earlier stages of the 

discovery process are thought to be, ideally, relatively more polar, have a lower 

MW and relatively low lipophilicity, so-called ‘lead’-like properties'^"*. In the 

course of the drug development process these lead molecules are then optimised 

for potency and efficacy, a process which will most likely increase MW and 

lipophilicity to the order of the original drug-like parameters. K252a and its 

analogue staurosporine, both relatively large and lipophilic molecules (MW 

467.47 and 466.35 respectively; CLogP > 3), were essential to our test database as 

known active molecules (Figure 3.3). Therefore, in this case, it was necessary to 

extend the upper limits of the filter parameters to drug-like values that would 

include the known active compounds (Table 2.1).

OH

StaurosporineK252a NH

Figure 3.3 Chemical structures of K-252a and staurosporine.

The carbazole ring system is red, and the sugar moieties (pyranose in 

staurosporine and furanose in K-252a, respectively) are blue. The lactam rings 

are green and the indole rings are black (adapted from^®).
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The drug-like filter criteria were applied to our virtual test database of which 

99.8% of molecules (98,380 entries) were obtained from the NCI (54,730), 

Maybridge (25,986) and Sigma-Aldrich (17,664) collections within the ZINC 

database^^^’̂ ^̂ . The structures of 95 known protein kinase inhibitors were obtained 

from Tocris Bioscience^^^. Due to the conserved nature of the kinase ATP binding 

site, kinase inhibitors often inhibit more than one kinase, however, they have not 

always been tested against all known kinases. In addition, patents were examined 

that claimed to describe molecules that inhibited Met. Core structures from each 

patent were prepared for virtual screening as the presumed active compounds (74 

entries) (Appendix). Furthermore, the structures of six known Met inhibitors; 

K252a, staurosporine and four pyrrole indolin-2-one inhibitors were added to the 

test database as known active compounds (Figure 3.4). Also, the structures of ten 

molecules developed according to a homology model of Met but found to be 

inactive in biological assays, were seeded into the database as known inactives 

(Table 3.1 and Figure 3.5).

Test database Number of compounds
NCI 54,730
Maybridge 25,986
Sigma-Aldrich 17,664
Tocris 95
Known or presumed actives
K252a and staurosporine 2
Sugen molecules 4
Patent molecules 74
Known inactives
Quinoxaline compounds 10
Total 98,565

Table 3.1 The constituents of the test database.
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N -  -

SU-11271

SU-11274

SU-11606

PHA-685752

Figure 3.4 Chemical structures of four pyrrole indolin-2-one Met inhibitors.

Compound Ri
Ri

.N NH

N NH

Ri

MLL14 OMe

MLL15 Br

MLL17 H

MLL18 Cl

MLL19 F

MLL20 CF3

MLL21 OH

MLL22 CONH2

MLL25 Morpholino

a

NH

MLL24

Figure 3.5 Chemical structures of 10 known inactive quinoxaline 

compounds.
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3.2.3 Docking to the Met ATP-binding site

The computational process that predicts the ligand conformation and orientation 

of small molecules within a targeted binding site is termed ‘docking’. There are 

two key components to any docking procedure; the generation of ligand-receptor 

configurations (sampling) and the accurate evaluation of the complex 

complementarity (scoring). In order to generate and identify the most 

complementary match between a ligand and its macromolecular target, docking 

tools combine a search algorithm to generate putative binding modes of a ligand 

to its target, with a scoring function that ranks these complexes^^^’̂ ^̂ . The 

searching algorithm samples the conformational degrees of freedom for the 

ligand/receptor complex. The complexity of the searching algorithm is therefore 

dependent on the treatment of ligand and receptor flexibility. At present, most 

docking programmes treat the ligand as a flexible structure and the receptor as a 

rigid body, since incorporating macromolecular receptor flexibility into the 

equation increases computational complexity and cost significantly^*^.

For this study we employed the docking programme FlexX^^*. This programme is 

based on an incremental construction algorithm that samples the conformational 

freedom of the ligands by dividing them into smaller fragments at their rotatable 

bonds and reassembling these fragments within the binding site. First, a rigid 

ligand fragment is placed, favourably, into the binding site in terms of directed 

hydrophobic and/or hydrogen bond interactions. Subsequently, by creating a set of 

high-scoring partial placements, the remaining fragments are successively 

connected to the base fragments^^*.
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As mentioned above, FlexX treated the Met receptor as a rigid structure. 

However, kinases are notably very flexible molecules, and to treat the binding 

pocket as a rigid structure was an obvious limitation for this study. The steric 

constraints of the Met binding pocket were assumed as a consequence of the 

bound ligand, K252a. Therefore, the docking exercise would, by default, favour 

ligands that bind to Met in a similar manner to K252a and potential hits could be 

overlooked as a result of incorrect ligand binding modes or poor docking scores.

3.2.4 Evaluation of scoring functions; MW normalisation and consensus scoring

FlexX, like other docking programmes available today, is able to predict protein- 

ligand complexes with reasonable accuracy. The evaluation and ranking of 

putative ligand conformations, on the other hand, is a less accurate aspect of the 

docking process, as scoring functions that energetically rank the modelled 

complexes are based on various assumptions and simplifications^^’.

This study employed five scoring functions: FlexX score^^ ,̂ GOLD score^^'’, PMF 

score^^^, Chemscore^^^ and DOCK score^^ .̂ Scoring functions can be broadly 

classified into three distinct categories: force-field-based scoring functions, 

empirical scoring functions and knowledge-based scoring functions. Force-field- 

based scoring functions estimate the binding energy by summing up non-bonded 

interactions, such as van der Waals and electrostatic interactions (GOLD score 

and DOCK score). Both empirical scoring and knowledge-based functions derive 

from experimental data. Empirical scoring functions are essentially expressed as a 

weighted sum of explicit hydrogen bonding and hydrophobic contact terms

99



(FlexX score and Chemscore). Knowledge-based scoring functions are 

exclusively built from the statistical analysis of experimentally determined 

complex structures using relatively simple atomic interaction-pair potentials (PMF 

score)̂ *̂ .

Ideally, a scoring function should be able to discriminate between correct and 

incorrect binding modes of known ligands, thus distinguishing between binders 

and inactive compounds. Several studies have compared the different scoring 

functions available to find out which method could best reproduce experimental 

binding affinities as well as the observed binding modes and discriminate between 

actives and inactives^**'^^ .̂ One of the conclusions of these studies was that no 

scoring function is flawless, and that each scoring function has its own unique 

advantages and disadvantages. In addition, the ability of a specific scoring method 

to produce good docking results was found to be target-dependent^^ ̂ .

An issue with many of the scoring functions is that they are biased towards the 

selection of large-molecular weight compounds. Van der Waals interaction energy 

is the sum of intermolecular forces of pairs of atoms from the ligand and target 

protein atoms within a specified cut-off distance, and is thought to be an important 

determinant for the free energy of binding^^" .̂ However, as the number of ligand 

atoms increases, very little increase in binding affinity is observed relative to 

molecular mass, a phenomenon not reflected by current scoring functions. As a 

result, scoring functions will favour compounds with a high MW, implying a 

larger surface area and thus resulting in a larger number of unspecific interactions 

with the target molecule. Therefore, a normalisation factor of based on the

100



total number of heavy atoms (N) of the ligands being screened, was applied to all 

scores as proposed by Pan et a l, in order to reproduce molecular weight 

distributions in the hits similar to that of the original database^^^.

Virtual screening methods are evaluated by exploring their ability to ‘enrich’ a 

relatively small fraction of top-ranking ligands with all, or a proportion, of seeded 

known actives. In addition, the suitability of the virtual screening method is 

validated by examining its ability to reproduce known binding modes for a 

specific target system. The performance of the five scoring functions used in this 

study was evaluated by analysis of the top 1000 molecules (1% of the total 

database), as ranked by each individual scoring function after MW normalisation. 

The parameters of interest included the total number of actives (true positives), 

the total number of negatives (false positives) and individual binding poses upon 

visual inspection.

FlexX score and GOLD score were found to be the most robust scoring functions. 

On average, they ranked the two known actives K252a and staurosporine highly 

and provided plausible binding modes with hydrogen bonding to the hinge region. 

Chemscore also ranked K252a and staurosporine highly, however a greater 

percentage of proposed docking poses were outside the binding site. Neither, PMF 

or DOCK scores provided very plausible docking poses, and K252a and 

staurosporine were not ranked within the top 1000 molecules.

As mentioned above, three of the scoring functions ranked two of the known 

actives, K252a and staurosporine highly with their binding poses accurately
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predicted upon docking. However, the four other known active compounds, the 

pyrrole indolin-2-one structures, were not ranked in the top 1000 poses by any of 

the scoring functions and plausible docking conformations could not be obtained 

upon docking (Figure 3.4). Met possesses inherent conformational flexibility, 

which accommodates the binding of an array of structurally diverse moieties. 

However, as mentioned earlier, the target binding site was kept rigid by the FlexX 

docking programme, which might have prevented the pyrrole indolin-2-one 

structures from assuming correct binding poses upon docking.

In addition, a fraction of the 74 presumed active patent molecules were ranked in 

the top 1000 molecules by the scores provided by FlexX score (2), Chemscore (4) 

and GOLD score (8), although not all were docked in a plausible binding 

conformation. A possible reason for the low percentage of top ranking patent 

molecules could be the steric conformation of the binding site of Met, as was 

suggested for the pyrrole-indolin-2-one known active molecules. Alternatively, it 

is possible that these patent molecules might not actually inhibit Met, or they 

might not target the ATP binding site of Met, but work via a different mechanism.

The database was also seeded with ten knovm inactive quinoxaline molecules, 

originally identified in a virtual screen of molecules against a homology model of 

the Met receptor using the Flexx score as the scoring function (Figure 3.5). 

Therefore it is perhaps not surprising that the only scoring function that ranked 

two of the ten known inactives in its top 1000, although with a low score, was 

FlexX score, which originally identified these quinoxaline compounds as potential 

Met inhibitors.
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As no scoring function is perfect by itself, it has been recognised that the 

combination of several scoring functions (consensus scoring) can lead to 

improved results^^®’̂ ^̂ . Consensus scoring schemes combine the information of 

different scoring functions focusing on different aspects of ligand binding, in 

order to balance the limitations of any single scoring function and improve the 

probability of identifying ‘true’ ligands by reducing the false positive rates^^ .̂

Forino et al. presented an interesting case study in which two virtual screening 

approaches were described in order to select potential inhibitors of the kinase Akt 

on the basis of their predicted ability of docking into the ATP binding site. In an 

initial virtual screening attempt that relied solely on results provided by the 

scoring functions, the authors reported near random hit rates^^\ However, when 

their docking results were analysed by taking into account a consensus between 

scoring functions and visual inspection of consensus hits for the potential to form 

hydrogen bonds similar to ATP, the hit rate increased significantly. Therefore, it 

was decided to use the study performed by Forino et a l as a guideline for the 

consensus scoring approach, as it described a successful virtual screening 

approach using FlexX in order to dock a commercial library into the ATP binding 

site of a protein kinase.

A consensus scoring filter was applied in a manner similar to the Forino study, the 

top 4000 docked poses according to the FlexX score were selected and further 

evaluated and ranked according to Chemscore and GOLD score. Subsequently, 

the intersect of the top 700 molecules for Chemscore and GOLD score, 

respectively was obtained, which resulted in 533 compounds for further
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evaluation (Figure 3.6). The Forino analysis of the scoring results found K252a 

and staurosporine ranked as number 50 and 3, respectively. In addition two 

presumed active patent molecules and no known inactive compounds were found 

in the 533 compounds for further evaluation. The Forino consensus approach 

employed the three scoring functions that were found to be the most robust for 

this scoring system. However, Flexx and GOLD score seemed to provide more 

plausible docking poses for hydrogen bonding to the hinge region than 

Chemscore. Because of the disadvantage of using Chemscore as part of a 

consensus score, and because consensus scoring can easily eliminate entire classes 

of true actives that a particular function happens to score badly, it was decided to 

pool the virtual hits of the Forino consensus approach with an adjusted Met 

consensus protocoP^^. This Met consensus filter was applied using only the FlexX 

and GOLD score, the scoring functions that gave the most robust results in the 

docking study, as they only predicted the correct binding poses and also ranked 

the known positives highly. The top 4000 docked poses according to both GOLD 

score and FlexX score were selected and the intersect of these molecules obtained, 

which resulted in 371 compounds for further evaluation (Figure 3.6). The 

molecules resulting from the Forino consensus scheme (533 molecules) and the 

Met consensus scheme (371 molecules) were merged together in one file, which 

yielded, after duplicate molecules were deleted, 829 compounds.
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Figure 3.6 Schematic representation of the consensus scoring strategy.

The Forino consensus scoring approach (right) and the Met consensus scoring 

approach (left).

The performance of a virtual docking screen is generally reported as the 

enrichment factor (EF) of the screening method. EF is defined as:

EF = a! n
A IN

where a is the number of actives in a selected portion of the test database 

(usually 1%), and A is the number of actives in the entire library, N^^''. The EFs of 

the Forino and Met consensus approaches were 5 and 7.5, respectively, if the 74 

presumed active patent molecules were considered in the calculation. However, it 

was not clear whether these patent molecules were, in fact. Met inhibitors. If the 

patent molecules were not considered in the calculation, the EF for both the
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consensus approaches increased to 33 compared to random selection. If only one 

individual scoring function such as the FlexX score was used for the selection of 

molecules from the virtual screen, the EF would also have been calculated as 33. 

Therefore, consensus analysis would presumably not have a superior performance 

over a single scoring function. However, as the enrichment of true positives is one 

measure of the performance of a virtual screening method, consensus scoring is 

also expected to minimise false positives. In this study, two known inactive 

quinoxaline molecules were found in the top 1000 structures as ranked by the 

FlexX score. On the other hand, these known inactives were not selected by either 

consensus scoring approaches, showing that consensus scoring provides a 

reduction in the number of false positives identified by individual scoring 

functions, thus leading to an enhancement in hit rates.

3.2.5 Final selection of test molecules; visual inspection and compound clustering

Given the limitation of the current scoring functions, it is common practice to 

subject pre-selected candidates to visual inspection of the docked poses. Visual 

inspection is implemented in order to deprioritise unlikely complexes and to 

‘rescue’ interesting compounds that did not score at the top of the hit list^^*. As 

mentioned above, Forino et a l noted that the hit rate of their virtual screening 

approach increased significantly not only by taking into account a consensus 

between scoring functions, but also by visual inspection of these consensus hits^^\

In this study, several criteria were considered for the visual inspection of the pre

selected candidates by consensus scoring. These criteria were the degree of
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occupancy of the binding pocket, in particular with respect to the achieved surface 

complementarity between protein and ligand, and the formation of hydrogen 

bonds to the hinge region that connects the N- to the C-terminal lobe. Each pose 

was scored from 1 to 4 as described in Section 2.1.6.

The suggested binding modes of the 829 compounds resulting from the consensus 

scoring filter were at first quickly assessed in order to identify molecules that 

were to be assigned score 4, i.e., compounds bound to the outside of the binding 

site. Subsequently, all compounds in the score 4 group were discarded and the rest 

of the compounds were assessed in small batches and assigned scores 1-3. All 

compounds with score 3 were discarded, which resulted in 272 molecules in total.

To facilitate the selection of approximately 60 representative and diverse 

compounds from this virtual hit list for biological testing, the top- ranking 

molecules after visual inspection were clustered in groups of structurally related 

molecules. A computational descriptor, the Tanimoto coefficient, was then used to 

define the degree of difference between members of the test database^^^. The 

Tanimoto coefficient counts the number of bits in common between a pair of 

molecules. A Tanimoto coefficient of 0 indicates that the two compared structures 

are completely dissimilar, whereas a value of 1 indicates that the molecules are 

identical. In this study a Tanimoto cut-off of 0.6 was used, which resulted in 45 

clusters of structurally related compounds. Candidate compounds for screening, as 

decided by consensus ranking and binding conformation, were selected from each 

cluster and included in the final test set for biological screening. The set

107



comprised of 53 members, of which 12 molecules were from the NCI database, 29 

from Maybridge, 10 from Sigma-Aldrich and 2 from Tocris (Table 3.2).
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Compound Formula MW cLogP HB donor

6587450 C19H13N3S 315.39 4.76 2 3

6682124 C20H16N2O3 332.36 3.75 1 5

AG213 C10H8N2O2S 220.25 0.33 4 4

BTB01312 C17H13N502 319.32 2.46 2 7

BTB03568 C17H14N60 318.34 2.14 2 7

B7B14539 C19H18CIN30 339.82 3.35 1 4

BTB14562 C19H19BrN40 399.29 4.26 2 5

B7B14563 C20H22N4O 334.42 3.88 2 5

BTB14564 C19H18CI2N40 389.28 4.74 2 5

GK03600 G18H13N3S 303.38 5.33 1 3

n
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Compound Formula MW cLogP HB donor

GK03602 C19H15N30S 333.41 5.36 1 4

GK03630 C11H9CI2N30S 302.18 3.64 3 4

HTS08309 C19H15N302 317.35 3.33 2 5

HTS09928 C23H17N7S 423.49 3.03 1 7

NTS 10002 C22H20F3N3O3 431.41 4.22 1 6

HTS11313 C20H16N2O4S 380.42 3.43 1 6

HTS11974 C23H16CIN7S 457.94 3.71 1 7

MTS 11975 C21H15N7S2 429.52 2.82 1 7

HTS11985 C22H16N6S2 428.53 4.11 1 6

JFD03240 C19H20N4 304.39 2.77 0 4

V.J L )

rV"

0
I
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Compound Formula MW cLogP HB donor

KM 10428 C13H9N304S 303.29 2.42 1

PHG00674 C17H12N20 5 324.29 3.30 0 7

PHG00687 C16H9CIN204 328.71 3.88 0 6

R305545 C16H14CIN50 327.78 3.61 4 6

R439126 C16H15N502S 341.39 0.998 3 rr«"

R634441 C19H16N402 332.36 2.13 3

HjN,,

R818372 C21H19BrN202 411.30 5.28 1

R873454 C19H13N3028 347.40 5.03 1

R897981 C19H15N5 313.36 3.57 2

RF05308 C13H10BrN5S 348.22 3.31 2

J

7
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Compound Formula MW cLogP HB donor T n d s "

RH00759 C22H18N405S 450.47 4.37 3 9 6

RH00916 C16H10N4O3 306.28 3.01 1

RJC03446 C19H20N4 304.39 2.99 0 4

S03067 C22H14N202 338.37 4.95 2 4

S343692 C17H11N105 307.26 3.54 1

S603317 C20H20N20 304.39 3.90 3 3

S634514 C18H24N402 328.42 3.41 4 6

S 772062 C16H15CIN403 346.77 3.46 3 7

SB431542 C22H16N403 384.40 2.95 3 7

SP00247 C18H14N202S 322.38 3.94 1

Y
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Compound Formula MW cLogP HB donor

SP00595 C17H11CIN20S 326.80 4.31 0 3

SP01104 C 19H14N403 346.35 2.78 1

SPB06418 C23H20N4O3S 432.50 4.61 2 7

STOCK1S-
06346 C 16H 17N503 327.34 0.83 2 8 1

STOCK1S-
07651 C15H15N503 313.32 1.09 1 8

STOCK1S-
08999 C17H 19N504 357.37 0.82 2 9

r >

STOCK1S-
49653 C19H14FN5 331.35 3.58 2 5

STOCK1S-
95778

C19H15N302 317.35 3.90 2 5

STOCK2S-
08922

C17H 19N503 341.37 1.85 1 8 1

STOCK2S-
17984 C17H 19N503 341.37 1.30 2 8
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Compound Formula MW CLogP HB donor

STOCK2S-
19222 C21H16N502Br 450.30 4.18

STOCK2S-
50965

C21H16N502F 389.39 3.54 0

STOCK3S-03492 C19H 14N20 3 318.33 2.91 1

Table 3.2 The 53 virtual ‘hits’ for biological testing.
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CHAPTER 4

BIOLOGICAL SCREENING OF VIRTUAL HITS
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4 Biological screening of virtual hits 

4.1 Introduction

As discussed in sections 1.3.4 -  1.3.7, the Met signalling system regulates many 

critical biological mechanisms, including cell growth, proliferation, differentiation 

and metabolism that are of great importance in development and in postnatal 

physiological processes such as tissue regeneration and wound healing. 

Deregulation of the Met pathway is, on the other hand, a crucial feature of many 

human malignancies. Met is therefore a highly attractive target for cancer therapy. 

Currently, the most promising approach to modulating Met is by using small 

molecules that target its intracellular kinase domain.

In the quest to identify novel small molecule inhibitors, docking programmes have 

been established as valuable tools to restrict the size of compound libraries to the 

most promising candidates (Section 3.1). In this study, the docking programme 

FlexX was utilised as an initial filter to select 53 compounds from a library of size 

of approximately 100,000 members for further biological evaluation.

Novel assay techniques have emerged in the field of lead discovery that provide 

an efficient way to monitor kinase activity and to enable the rapid screening of 

compounds to identify inhibitors. Kinases produce their signal by transferring the 

y-phosphate group from ATP to the hydroxyl group of a tyrosine residue of 

specific proteins (in the case of RTKs). In the past, kinase assays utilised 

radioactive ATP in the reaction mixture to quantify kinase activity. However, the 

trend in recent years has been to move away from assays involving radioactivity.
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For this reason a number of fluorescence- and luminescence-based technologies 

have been developed that offer the advantages of increased sensitivity, improved 

signal-to-noise ratios and a reduced number of assay steps^^ .̂

The Z'-Lyte™ kinase assay is one such assay and is based on fluorescence 

resonance energy transfer (FRET), which is a detection method that relies on the 

proximity of two fluorescent dye molecules (fluorophores) to allow the transfer of 

excitation from donor (coumarin) to acceptor (fluorescein) moiety. The Z’-Lyte 

kinase assay uses a synthetic peptide labelled with both donor and acceptor 

fluorophores. When a site-specific protease is added to the phosphorylation 

reaction, it cleaves non-phosphorylated peptide causing them to lose the FRET 

signal (Figure 4.1). This Z’-Lyte FRET-based assay method provides robust, 

reliable and rapid screening of potential Met inhibitors. Therefore, the Z’-Lyte 

kinase assay was used to evaluate compounds selected from the virtual screen.
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(a) Kinase reaction (b) Development reaction (c) Detection

Sut»tr<le Q
<!a?*

A T F - ^ j

ADP h s - l
• HI

Figure 4.1 Schematic representation of the Z'-LYTE™ assay.

(a) In a lO-pi kinase reaction, the kinase transfers the y-phosphate of ATP to a 

single tyrosine residue in the synthetic Tyr 2 peptide substrate. The peptide is 

labelled with two fluorophores (coumarin and fluorescein): one at each end, to 

make up a FRET pair, (b) In the development reaction, a site-specific protease 

recognises and cleaves non-phosphorylated peptides. Phosphorylation of 

peptides suppresses cleavage by the protease. Cleavage disrupts FRET 

between the coumarin and the fluorescein on the peptide. Uncleaved, 

phosphorylated peptides maintain the FRET signal, (c) During detection, a 

ratiometric readout of the donor emission over the acceptor emission quantitates 

reaction progress. The ratio is low if the peptide is phosphorylated and high if the 

peptide is non-phosphorylated. Compounds that inhibit kinase activity will 

therefore produce a high ratio, and are easily distinguished from compounds 

causing protease inhibition that would produce a low ratio (adapted from^°°)
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4.2 Results

4.2.1 Determination of assay parameters

Prior to carrying out the screening procedure, it was important to determine 

required assay parameters, such as reaction times and Met and ATP 

concentrations. The potency of kinase inhibitors in biochemical assays is often 

reported in terms of their IC50 values, the concentration of inhibitor required to 

achieve a half-maximal degree of inhibition. However, it is important to note that 

IC50 values obtained in different assays are not easily comparable as the values are 

dependent on the conditions used in a particular assay. The IC50 value can be 

defined for competitive inhibition as

/Qo = A:,

where Ki is the inhibition constant and Km is defined as the substrate 

concentration that provides a reaction velocity that is half of the maximal velocity 

obtained under saturating substrate conditions'^ \  Therefore, one point to be aware 

of is that the concentration of ATP employed can alter I C 5 0  values if it exceeds the 

Km value for ATP. However, assays performed at or below Km,ATP generally alter 

the I C 5 0  minimally by two-fold or lesŝ ®̂ . Thus, the ATP concentration adopted 

for the Z’-Lyte assay was 65 pM near the Km,Aip for Met, as determined by 

Invitrogen^® .̂
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Other parameters were chosen to produce 20 -  40 % phosphorylation of the 

peptide in the absence of inhibitors, so that the assay was performed within the 

linear range of phosphorylation (Figure 4.2). Assessment of phosphorylation 

efficiency in a representative experiment with increasing Met concentration (65 

pM ATP and 2 pM peptide) over a three hour kinase reaction at room 

temperature, demonstrated that 20 -  40 % substrate phosphorylation could be 

achieved at 800 -  2500 ng/ml Met (Figure 4.2). Due to batch to batch variation of 

kinase activity, the Met concentration required was assessed prior to each 

experiment.

c  60- o
% 50- 

O 40-

£

^  10-

2500 5000 7500 10000 125000
[Met] (ng/ml)

Figure 4.2 Percentage peptide phosphoryiation with increasing Met 

concentration.

Representative sample data for a three hour kinase reaction with 65 pM ATP and 

2 pM Tyr 2 peptide.
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4.2.2 Optimisation of 0 % and 100 % phosphorylation controls

0 % phosphorylation and 100 % phosphorylation controls allow calculation of the 

percentage phosphorylation achieved in a specific reaction well. The maximum 

emission ratio is established with the 0 % phosphorylation control (100 % 

inhibition control), which contains no ATP and therefore exhibits no kinase 

activity. This control yields 100 % cleaved peptide in the development reaction 

(Section 2.3.1). In order to determine the 100 % phosphorylation control, a 

synthetically phosphorylated peptide was provided, which was designed to yield a 

very low percentage of cleaved peptide in the development reaction. However, 

during preliminary experiments, the 100 % phosphorylation control wells gave 

inconsistent results.

To investigate the inconsistency between the 100 % phosphorylation readouts in 

different experiments, the coumarin and fluorescein emissions of the synthetically 

phosphorylated and non-phosphorylated peptides were compared. This 

comparison revealed that upon addition of the development reaction mixture, 

which contains a protease that cleaves non-phosphorylated peptide, the coumarin 

emission of the different phosphopeptides was similar and approximately five 

times lower than the coumarin emission of the non-phosphorylated peptide as was 

expected (Figure 4.3). The fluorescein emission readout decreased for the non- 

phosphorylated peptide, as expected, but significantly different readings were 

found for the two phosphopeptides. These results suggested a defective 

phosphorylated peptide, possibly due to a problem with the fluorescein label.
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Figure 4.3 Effect of different phosphopeptides on coumarin and fluorescein 

emission and emission ratio.

A) Coumarin emission (445 nm) B) Fluorescein emission (520 nm) C) Emission 

ratio (coumarin/fluorescein emission). Wells contained either 2 )iM peptide or 

phosphopeptide and each experiment was conducted in triplicate. At time point 0, 

the development reaction mixture was added. At 60 minutes the development 

reaction was terminated with the addition of the stop solution. Readings were 

taken every 5 min.
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Figure 4.4 Coumarin and fluorescein emission and their ratio using non- 

phosphorylated peptide as phosphorylation controls.
A) Coumarin emission (445 nm) B) Fluorescein emission (520 nm) 0) Emission 

ratio (coumarin/fluorescein emission). Wells contained 2 j^M non-phosphorylated 

peptide and each experiment was conducted in triplicate. At time point 0 

development reaction solution was added to the 0 % phosphorylation wells 

(green) and a development/stop solution mix to the 100 % phosphorylation wells 

(red). At 20 minutes the development reaction in the 0 % phosphorylation wells 

was terminated with the addition of the stop solution. Readings were taken every 

5 min.
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Therefore, the assay protocol was altered, to enable the use of the non- 

phosphorylated peptide instead of the phosphopeptide for the 100 % 

phosphorylation control. In order for the development solution not to cleave the 

peptide in the 100 % phosphorylation wells, the development solution was pre

mixed with the stop solution to deactivate the protease. Both the coumarin and the 

fluorescein emissions remained the same, as no peptide was cleaved, resulting in 

the appropriate 100 % phosphorylation emission ratio (Figure 4.4)

4.2.3 Z’-factor calculation

The ability to identify hits from a high-throughput screening assay is highly 

dependent on the suitability and the robustness of the assay used. A screening 

window coefficient, Z’-factor, has been defined as a parameter to directly 

compare the quality of assays^® .̂ The Z'-factor reflects both the dynamic range of 

the assay and the data variation associated with signal measurements. Although a 

Z'-factor of 1 is ideal, an assay with a Z'-factor value greater than 0.5 is 

considered highly reliable^^^. To characterise the quality of the Z’-Lyte Met 

kinase assay, the Z’-factor was determined following the assay protocol (Section 

2.3.1). The Z’-factor value calculated for this assay was 0.71, suggesting that the 

assay exhibits very little data variation and has a broad dynamic range.

4.2.4 Screening of the virtual hit compounds

Following the Z’-Lyte system calibration and protocol modification, the 53 

compounds selected from the virtual screen were purchased in order to evaluate 

their inhibitory activity. K252a and staurosporine were employed as positive
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Controls. The inhibitory activity for each compound was measured in triplicate at 

two concentrations, either at 30 and 3 pM or 10 and 1 pM, depending on the 

solubility of the molecules. The compounds were assessed at a final concentration 

of 1 % DMSO. The raw fluorescence values obtained were corrected for 

background and reaction endpoints. The emission ratios were calculated by 

dividing coumarin fiuorescence by the fluorescein FRET signal followed by 

normalisation to the ratio obtained with the 0 % and 100% phosphorylation 

controls (Section 2.3.1). The percentage inhibition of the control compound 

staurosporine was found to be 100 % at 10 pM, which was in close agreement 

with published data carried out using similar assay conditions (Figure 4.5)̂ ®"̂ .

4.2.5 The dose-dependent effect of different inhibitors on Met kinase activity

Five compounds (AG213, R634441, STOCK2S-08922, STOCK2S-17984 and 

RJC03446) were found to inhibit Met activity by more than 60 % (Figure 4.5). 

Therefore, the inhibitory activity of these five compounds was reassessed over 

several concentrations. Only one molecule, compound AG213, showed a dose- 

dependent relationship for its inhibitory activity. I C 5 0  values were determined by 

fitting the data to the sigmoidal dose response equation and plotting the observed 

percentage of inhibition versus the logarithm of inhibitor concentration using 

GraphPad Prism (GraphPad Software, San Diego, CA, USA) (Figure 4.6)^^ .̂ 

Staurosporine was found to be the most potent inhibitor of Met with an I C 5 0  of 

0.24 pM. K252a was found to have an I C 5 0  of 2.84 pM and AG213 was less 

potent with an I C 5 0  of 5.25 pM.
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Figure 4.5 Biological screening results from the Z ’-Lyte kinase assay for the 53 

compounds selected from the virtual screen.

53 virtual hit molecules and two positive control molecules (staurosporine and K252a) 

were assayed for their ability to inhibit Met-dependent phosphorylation of a peptide 

substrate (Section 4.2.4). Each reaction well contained Met, 65 pM ATP, 2 pM peptide 

and potential inhibitor at either a high (30 pM or 10 pM; blue bars) or low (3 pM and 1 

pM: red bars) concentration. Assayed inhibitor concentration was dependent on 

compound solubility (A) 30 pM and 3 pM (B, C) 10 pM and 1 pM. Each assay point 

was determined in triplicate. The extent of phosphorylation was calculated relative to 

0 % and 100 % phosphorylation controls. Subsequently, the percentage inhibition was 

calculated relative to the 0% inhibition control. (*) Compounds that were found to 

inhibit Met activity by more than 60% were reassessed over several concentrations 

(Section 4.2.4). Several compounds gave negative results probably due to 

chromosome interference with the Z ’-Lyte kinase assay.
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Figure 4.6 Met inhibitory activity of AG213, Staurosporine and K252a.

The kinase assay was performed as described in Section 2.3.1 by using a 

peptide as substrate. The observed percentage inhibition was plotted versus the 

logarithm of inhibitor concentration. IC5 0  values were determined by fitting the 

data to the sigmoidal dose response equation using GraphPad Prism. Data 

points represent an average of four independent experiments determined in 

triplicate.
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4.3 Discussion

Among 53 experimentally tested virtual hit compounds, only one, AG213, 

emerged as a reproducible inhibitor of Met kinase. The remaining selected 

compounds did not show inhibitory activity up to 10 or 30 pM. Thus, the hit rate 

(ligands discovered per molecules tested) of this virtual screening study was only 

0.001 %. Hit rates tend to vary greatly between studies and are dependent on 

many variables, such as the composition of the virtual libraries chosen, the protein 

model used, the molecular modelling tools employed and no less importantly the 

target in question.

In addition, a common problem encountered with molecular docking is that of 

false negatives, molecules that are potentially capable of inhibiting the target, but 

that are not identified as active. Due to limitations of the scoring functions used, 

trivial differences in docking scores can often decide between a molecule being 

included in the virtual hit list or not. A small variance in docking scores is even 

more significant if the virtual library to be screened contains a large number of 

analogues. Entire classes of ligands can be missed because other classes are 

overrepresented in the highest scoring molecules^® .̂ In this study, a Tanimoto 

similarity search was carried out at the final stages of the selection process in 

order to select as diverse a set of molecules as possible. It might have improved 

the outcome had a similarity search been carried out earlier on in the selection 

process to limit groups of analogues emerging at the final stages of selection. 

However, this was not deemed computationally practical at the time.
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Another limitation of the screening process was the limited number of compounds 

that could be screened in the biological assay due to financial constraints. As 

mentioned above, a ‘fine line’ divides the compounds that make it to the final set 

versus those that are discarded, and even in the best-case scenarios the vast 

majority of high-ranking compounds turn out to be inactive. Increasing the 

amount of molecules that were experimentally evaluated would therefore have 

increased the chances of finding Met ligands.

AG213 was, in fact, one of the 95 known kinase inhibitors from the Tocris 

database. Originally, AG213 was described as a member of a group of compounds 

with kinase inhibitory activity by the Levitzki group^^ .̂ These compounds shared 

a benzylidenemalononitrile structural framework and structurally resembled the 

naturally-occurring compound erbstatin. This family of compounds are now 

known as the as tyrphostins (Section 1.4.4.4) (Figure 4.7).

N

CHO

B C

Figure 4.7 Benzylidenemalononitrile framework (A) Erbstatin (B) and AG213 

(C)
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AG213 has previously been reported to inhibit EGFR and platelet-derived growth 

factor receptor (PDGFR) at micromolar concentrations ( I C 5 0  values of 0.8 and 3 

|xM respectively), but there have been no reports to date of Met kinase inhibitory 

activity^^^. In this study we have demonstrated that AG213 is a micromolar 

inhibitor of the Met tyrosine kinase receptor with an I C 5 0  value of 5.25 pM. It is 

not possible to compare this I C 5 0  value with the reported I C 5 0  values for EGFR 

and PDGFR inhibition, as they were obtained under different assay conditions. 

However, it is possible to compare the potency with the I C 5 0  values obtained for 

K252a and staurosporine in this study. K252a and staurosporine were found to be 

more potent inhibitors of Met than AG213 with I C 5 0  values of 2.84 and 0.24 pM, 

respectively (Figure 4.6).

It is interesting to compare AG213 with the other 52 compounds that were 

screened in the kinase assay, as it stands out as the smallest and least lipophilic 

molecule in the collection (MW = 220; cLogP = 0.33) (Table 3.2). As scoring 

functions are typically based on the interaction energy between the target protein 

and individual compounds, the selection process of virtual screens is often biased 

towards higher MW compounds (Section 3.2.4). Therefore, in this study, it was 

important that any MW bias was accounted for through application of the 

normalisation factor The fact that AG213 was selected from the virtual 

database as a hit, demonstrates that the computational modelling strategy was 

successful for our study.
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In terms of possible drug development, the lower MW and lipophilicity of AG213 

could be advantageous. During the initial filtering process of the virtual 

molecules, it was necessary to extend the upper limits of the physicochemical 

property parameters to drug-like values that would include staurosporine and 

K252 (Section 3.2.2). Compounds at the early stages of the discovery process are 

often considered to require ‘lead’-like properties. It has been suggested that lead

like molecules should have lower molecular weight (MW 200 -  350) and 

lipophilicity (clogP < 1.0 -  3.0) as these values almost inevitably increase as a 

result of lead optimisation. Therefore, AG213 with its low MW and lipophilicity 

leaves scope for optimisation, which may include increasing its potency and 

selectivity.

The ability of a kinase inhibitor to engage in hydrogen bonding with its receptor 

appears to be a recurrent feature in inhibitor -  kinase complexes On the basis 

of its docked geometry, AG213 appears to form three hydrogen bonding 

interactions with residues Met-1160 and Pro-1158 of the hinge region, thus 

mimicking the hydrogen bonding pattern of the adenine base in protein 

kinaseiadenosine nucleotide complexes (Figure 4.8). The two aromatic hydroxy 

functionalities of AG213 donate a hydrogen bond to the carbonyl oxygen of 

residue Pro-1158. In addition, one hydroxy group accepts a hydrogen bond from 

the main-chain amide of Met-1160. Two additional hydrogen bonds, unique to 

this complex, are formed between the terminal nitrogen of the thioamide group of 

AG213 and the carbonyl oxygens of two amino acid residues of the activation 

loop, Ala-1226 and Arg-1227 (Figure 4.8).
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Figure 4.8 Ribbon diagram of the ATP binding domain of Met with the 

docked AG213 structure.

AG213 makes three hydrogen bonds (left) to residues Met-1160 and Pro-1158 of 

the hinge region thus mimicking the hydrogen bonding pattern of the adenine 

base of ATP. Two additional hydrogen bonds (right) are formed between AG213 

and two residues of the activation loop, Ala-1226 and Arg-1227. The hydrogen 

bonds are indicated by dotted lines. (Figure was prepared using VMD viewer; 

PDB entry IrOp)
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Interestingly, AG213 appears to fit effectively into the back of the ATP binding 

site with high complementarity between the interacting surfaces (Figure 4.9 C/D). 

When compared to the bound structure of K252a, AG213 occupies a much 

smaller portion of the binding site (Figure 4.9 A/B). This leaves scope to increase 

the interaction of AG213 with other areas of the binding site through the addition 

of chemical groups in order to increase affinity. In particular, it should be possible 

to target poorly conserved areas of the binding site, such as those that are not 

normally occupied by ATP, in order to enhance selectivity.
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Figure 4.9 Surface of the ATP binding site of Met with docked structures 

K252a and AG213.

A) K252a; front view and B) top view of binding site. C) AG213; front view and D) 

top view of binding site (Figure was prepared using VMD viewer; PDB entry 1rOp)
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CHAPTER 5

THE EFFECT OF AG213 ON CELLULAR 

FUNCTIONS MEDIATED BY MET
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5 The effect of AG213 on cellular functions mediated by Met 

signalling

5.1 Introduction

The work presented in chapter four examined the inhibition of Met by AG213, 

employing a biochemical kinase assay. In contrast to biochemical assays, in which 

Met is utilised as an isolated target protein, cell-based assays can identify 

bioactive molecules that are cell-permeable and potentially capable of exerting 

their effect within a physiological environment. Biochemical assays are generally 

used for rapid primary hit identification, prior to carrying out cellular studies, as 

cell-bases assays have more variables to take into account and are thus more 

complicated to automate.

In order to determine whether AG213 was able to inhibit biological responses 

mediated by Met, it was decided to extend the biochemical assay results to 

cellular systems. In this context, the effect of AG213 on HGF/SF-induced 

phosphorylation of Met, cell scatter and cell proliferation was examined.
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5.2 Results

5.2.1 Inhibition of Met phosphorylation in cells by AG213

Upon ligand binding and dimérisation of Met, specific tyrosine residues within the 

activation loop of the catalytic domain undergo phosphorylation. The 

phosphorylation of tyrosine residues 1234 and 1235 has been found to be crucial 

in order to fully stimulate the intrinsic kinase activity of Met and initiate 

phosphorylation of tyrosine residues at the C-terminal tail of the receptor (Section 

1.3.3.). To evaluate the effect of AG213 on HGF-dependent Met phosphorylation, 

A549 cells were exposed to different concentrations of AG213. After stimulation 

with HGF/SF, phosphorylation of Met was detected by Western blotting using a 

P-Met antibody specific to Tyr-1234 and Tyr-1235 within the activation loop of 

the catalytic domain of Met. As shown in Figure 5.1, unstimulated A549 cells 

demonstrated no significant basal Met phosphorylation. Upon stimulation with 

HGF/SF, phosphorylation of Tyr-1234 and Tyr-1235 was evident. Upon exposing 

the A549 cells to increasing concentrations of AG213 for two hours a decrease in 

HGF-induced Met tyrosine phosphorylation could be detected.
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Figure 5.1 AG213 inhibits HGF-stimulated Met phosphorylation in A549 

cells.

A549 cells were exposed to the indicated concentrations of AG213 for 2 hours 

and then stimulated with HGF/SF (40ng/ml) for 10 minutes. Lysates were 

prepared from the treated and untreated cells and subjected to SDS-PAGE. 

Phosphorylated Met was detected using anti-p-Tyr-1234/1235 Met antibody and 

total Met protein was visualised with an anti-Met antibody. Total tubulin was used 

as the loading control and was detected with an anti-a tubulin antibody.

5.2.2 Inhibition of HGF-induced scattering of MDCK cells by AG213.

The term cell scatter is used to describe the dispersion of compact colonies of 

epithelial cells, a dynamic process usually initiated by membrane ruffling and 

centrifugal spreading of cell colonies. Subsequently, some cells within the colony 

begin to detach from their neighbourings leading to the scattering of cells from 

colonies^^^. Cell scatter is one of the diverse biological effects induced by the 

activation of Met through HGF/SF. HGF/SF was, in fact, identified independently 

as ‘scatter factor’, a fibroblast-derived protein that causes migration and scatter of 

MDCK cells (Section 1.3.2)“'’.
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Therefore, potentially, the inhibitory effect of AG213 on Met can be tested in a 

HGF-induced scatter assay. The canine cell line, MDCK, is a preferred cell line 

for the scatter assay since, in the absence of HGF/SF, MDCK cells grow in tight 

clusters. Upon overnight treatment with HGF/SF, MDCK cells dissociated and 

underwent morphological changes into scattered, individual cells (Figure 5.2). 

However, when the MDCK cells were treated with increasing concentrations of 

AG213, HGF-induced scattering was significantly inhibited without noticeably 

affecting cell viability. A partial block of the scatter response by AG213 was 

apparent at 100 nM, and at 10 pM a substantial inhibitory effect was observed. 

The control inhibitor, K252a, exhibited substantial inhibitory activity at a 

concentration as low as 10 nM. Previously, Morotti et ah had demonstrated that 

K252a has a similar effect on the HGF-induced scatter response of MLP-29 

cells^^ .̂ Interestingly, in the MDCK scatter assay K252a showed signs of drug- 

induced toxicity at concentrations of 10 pM. Therefore, the cells were not 

adhering to the bottom of assay wells and were washed away before staining. 

AG213 on the other hand did not show drug-induced toxicity at 10 pM (Figure 

5.2).
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Figure 5.2 Inhibition of HGF-induced scattering of MDCK cells by AG213. MDCK cells were seeded in 96-well plates at 2000 cells/well in triplicate.

After 24 hours cells were stimulated with HG F/SF (20 ng/ml) either alone or in the presence of various concentrations of the test compounds. After overnight 

incubation, wells were washed with PBS and fixed with methanol for 10 min. Subsequently, cells were stained with 0.5 % crystal violet in 50 % ethanol for five 

minutes and washed carefully with water. Plates were left to dry for a day after which photographs were taken with a digital camera at lOOx magnification.
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5,2.3 Inhibition o f  the proliferation o f  MKN45 cells by AG213.

AG213 was further evaluated for its ability to block cellular proliferation mediated by 

Met in MKN45 cells. MKN45 is a human gastric cancer cell line that expresses very 

high levels of Met that appears to be constitutively activated in a ligand-independent 

fashion (Figure 5.3)^'^. Figure 5.4 shows that AG213 and the control inhibitor K252a 

were able to inhibit the proliferation of MKN45 cells. AG213 was found to be a less 

potent inhibitor of the proliferation of MKN45 cells compared to K252a (EC50 values 

of 11.8 pM and 61.4 nM, respectively). Crucially, the inhibitory effect of both these 

compounds on cell proliferation was not due to cytotoxicity because they did not seem 

to cause cell death at concentrations as high as 100 pM for AG213 and 10 pM for 

K252a, the highest concentrations tested for each inhibitor.

HGF Wng/ml

Total Met

Figure 5.3 Constitutive activation of Met in MKN45 cells.

MKN45 cells were stimulated with HGF/SF (40 ng/ml) for 10 minutes. Lysates were 

prepared and subjected to SDS-PAGE. Phosphorylated Met and total Met were 

detected using anti-p-Tyr-1234/1235 Met and anti-Met antibody.
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Figure 5.4 Inhibition of proliferation of MKN45 cells by AG213.

MKN45 cells were seeded in black flat-bottomed 96-well plates at 1000 cells per well. 

After overnight incubation, cells were treated with different concentrations of inhibitor. 

After seven days of additional incubation, 20 pi of a 10 pM solution of resazurin in 

PBS was added to each well and incubated for 4 hours. The ability of the cells to 

reduce resazurin to resorufin was measured spectrofluorometrically by excitation at 

544 nm and emission at 595 nm.
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5.3 Discussion

Subsequent to the initial identification of Met, extensive studies have explored its 

biological function and it is now known to be associated with the activation of 

multiple and diverse pathways that control cellular processes including cell 

proliferation, scatter, angiogenesis, motility, survival and invasion.

In chapter four the inhibition of Met by AG213 was demonstrated in a biochemical 

assay and the results in this chapter extend these observations to cell-based assays, 

which is of particular importance to show that AG213 affects Met activity in a more 

physiological context, taking into account cell permeability and stability. The 

micromolar potency of AG213 in the kinase assay appeared to differ from the 

concentrations required for Met inhibition in the cell-based assays performed. Only 

partial inhibition of Met activity, measured by its phosphorylation, was achieved at a 

maximal concentration of 100 pM. However, the total inhibition of proliferation of 

cells that express constitutively active Met was demonstrated at 100 pM. This 

variance between the inhibitory effects of Met in cellular context compared to the 

biochemical assay is most likely attributable to the high intracellular ATP 

concentration. The millimolar cellular ATP concentration compared to the 

micromolar concentration used in the kinase assay probably has a profound effect on 

the potency of the inhibitor. In addition, only the cytoplasmic domain of Met was 

used in the kinase assay rather than the entire Met receptor and this could have also 

affected the inhibitory activity of AG213.

Interestingly, AG213 was shown to inhibit HGF-induced scatter in MDCK cells at 

nanomolar concentrations. Yet, similar outcomes were noted by Morotti et al. when
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investigating the inhibitory effect of K252a on Met^^ .̂ K252a was found to inhibit 

total Met phosphorylation at a concentration of 100 pM, whereas inhibition of HGF- 

induced scatter of MLP-29 cells was observed at nanomolar concentrations. Both 

K252a and AG213 are known to be non-specific kinase inhibitors. A possible 

explanation for the perceived sensitivity of cell scatter to Met inhibition could be that 

both K252a and AG213 inhibit a signalling molecule downstream of Met that is part 

of the signalling pathway involved in scatter but not proliferation.

The potency of AG213 compared to K252a in the cell scatter assay is consistent with 

the results from the biochemical assay, where K252a was found to be more potent 

than AG213. However, K252a shows concentration dependent cellular toxicity 

whereas no adverse effects on cells were noted for AG213, suggesting that it might be 

non-toxic even at concentrations upto 100 pM. Therefore, these results suggest that 

AG213 is an interesting lead molecule that could be investigated in vivo to establish 

whether it has antitumour activity. It could also be subjected to further optimisation 

chemistry to produce potentially more-potent analogues.
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CHAPTER 6

DISCUSSION
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6 Discussion

In the last few decades, advances in understanding how various cellular processes are 

involved in the malignant transformation of cells have provided new approaches for 

the development of cancer therapeutic agents that target specific cellular pathways 

involved in carcinogenesis. The Met tyrosine kinase receptor is viewed as such a 

target, as it is extensively involved in cancer progression and metastasis. Using small 

molecule inhibitors to target the ATP binding site of Met has been shown to be a 

useful approach for drug discovery purposes.

The work presented in this thesis examined an in silico screening approach to 

prioritise small molecules as potential Met kinase inhibitiors based on their predicted 

ability to dock into the ATP binding site of Met. The compounds selected from this 

virtual screen were subsequently evaluated for their inhibitory effect in an in vitro 

biochemical kinase assay. The molecule AG213 was identified as a low-micromolar 

inhibitor of Met. Finally, in order to examine the ability of AG213 to inhibit Met 

under physiological conditions, several cell-based studies were undertaken that 

demonstrated the inhibition of several Met-dependent cellular processes.

The virtual screening approach described in chapter three served as an effective 

starting point for the identification of potential lead molecules. A test database of 

commercially available molecules was prepared and seeded with known active and 

inactive compounds. These molecules were docked against the active site of Met, 

which was defined from a crystal structure of the Met kinase domain co-crystallised 

with K252a. Subsequently, the docked binding poses were analysed taking into
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account their ranking by the scoring functions employed and their individual docked 

binding poses through visual inspection.

The performance of the above virtual screening strategy was evaluated through the 

known actives that were ranked highly. In fact, the ranking of the known actives 

played an essential role in validating certain scoring functions and consensus scoring 

schemes to contribute to the filtering strategy. However, although two of the known 

actives, K252a and staurosporine, were found among the top ranking molecules, the 

pyrrole indolin-2-one structures were not ranked very highly and plausible docking 

conformations could not be obtained upon docking. A possible reason for this was the 

steric conformation of the active site of Met that was employed in this study. Met is 

inherently a flexible molecule that undergoes structural rearrangements upon ligand 

binding. The conformation of the binding site employed in this study was adopted as a 

consequence of the bound ligand K252a. The docking programme FlexX was not able 

to take the inherent flexibility of Met into account, and this might have prevented the 

pyrrole indolinon-2-one molecules from assuming their correct binding poses upon 

docking. Also, only one complexed crystal structure of Met was available at the 

initiation of this study. However, recently, another crystal structure of Met has been 

published complexed with the pyrrole indolinon-2-one, SU 11274. Had time 

permitted, employing the two different protein presentations in parallel for virtual 

screening may have enhanced the screening performance for two reasons. First, the 

prediction of the correct orientation of other known actives, apart from K252a and 

staurosporine, would have enabled a more educated choice of a filtering strategy for 

this system. Second, employing distinct protein presentations would have allowed the 

binding of structurally more diverse compounds, which might have increased the hit
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rate by decreasing the occurrence of false negatives. It would be interesting to repeat 

the docking experiment with an active site defined from the recent crystal structure of 

Met in order to verify the results obtained and potentially select more compounds for 

biological screening.

Whereas the above screening approach would most likely increase the in silico 

screening performance, this approach still relies on the existence of several 

representative conformations of the protein. However, recent advances in 

computational chemistry have allowed the development of induced fit algorithms that 

take both ligand and protein flexibility into account and do not rely on the availability 

of experimental s t ructures^*Incorporat ing protein flexibility is at present 

computationally very time consuming but, with improvements in computational 

power, these methods will become more feasible.

The screening strategy employed, restricted the large test database to 53 of the most 

promising candidates for further evaluation. A fluorescence-based kinase assay was 

utilised to evaluate the inhibitory activity of these selected compounds and the 

tyrphostin AG213 was found to inhibit Met at micromolar concentrations. Although 

the detection of one potential lead molecule in a collection of approximately 100,000 

compounds can be seen as a reasonable success, ideally more molecules of potential 

interest should have been identified (assuming more than one true Met inhibitor was 

entered into the test database). Unfortunately, both the virtual and high-throughput 

screening processes are relatively error prone and some potential lead molecules will 

always be missed. However, the chances of finding a true Met inhibitor could have 

been enhanced by increasing the number of molecules selected from the virtual screen
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for in vitro evaluation. Therefore, it would be of value to explore a larger number of 

top scoring molecules in the kinase assay, an option that was not fully explored in this 

research project due to lack of funds.

The results presented in chapter four demonstrated that AG213 is a micromolar 

inhibitor of Met. These results were based on the fact that AG213 was selected from a 

virtual screen against the ATP-binding site of Met. Therefore, AG213 was therefore 

assumed to behave as a competitive inhibitor with respect to ATP. Erbstatin, the 

naturally occurring tyrosine kinase inhibitor on which the tyrphostins are structurally 

based, was originally chosen as a structural lead for its reported mechanism of action. 

Erbstatin appeared to compete directly with the protein substrate rather than with 

ATP’97 jYiQ fact that Erbstatin behaved as a substrate-competitive rather than an 

ATP-competitive inhibitor was thought to be advantageous as the molecule was 

assumed to be more selective because of the greater diversity in substrate-binding 

domains. In addition, a substrate-competitive inhibitor would not have to compete 

with high intracellular ATP concentrations. However, a later report established 

erbstatin as a competitive inhibitor with respect to both ATP and substrate of 

EGFR^*^. This report also demonstrated the kinetics of inhibition of EGFR by AG213 

and revealed that AG213 behaved as a competitive inhibitor for both the protein 

substrate GAT and ATP. From the results obtained in this project, it was not possible 

to deduce whether AG213 behaved as ATP-competitive, substrate-competitive or both 

with respect to Met^^ .̂ Therefore, it would be interesting to conduct kinetics 

experiments in order to evaluate the mechanism of inhibition Met by AG213.
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The kinetic behaviour of tyrphostins was also shown to depend on receptor activation 

states, which can significantly alter the ATP-binding site conformation. For example, 

the tyrphostin AG1296 was shown to behave as a pure ATP-competitive inhibitor for 

the inactive form of PDGFR, whereas it behaved as a non-competitive inhibitor once 

PDGFR was fully activated^ Therefore, it would be of interest to establish whether 

the kinetic behaviour of AG213 is dependent on the activation state of Met.

Specific kinase activation states can also be exploited in order to increase the 

selectivity of ATP-competitive inhibitors, as the inactive conformation state is often 

less conserved between different kinases than their active conformation^^^. Most 

kinase inhibitors that have been developed to date, target the ATP-binding site of the 

kinase in its active conformation. However, imatinib is an example of a kinase 

inhibitor that binds to the inactive Abl kinase and locks the kinase into this state^^ .̂ 

The protein conformation that was used in this thesis research represented the Met 

receptor in its active state. However, a crystal structure of the kinase domain of Met in 

its inactive form has been recently deposited in the PDB (entry 2gl5) '̂*^. Therefore, it 

would be interesting to use the inactive conformation of Met for docking and repeat 

the virtual screen in order to find any inhibitors that specifically target the inactive 

conformation of Met. Such molecules might display more specificity for Met. 

However, one potential disadvantage of targeting the inactive conformation of Met is 

apparent. The inactive conformation is more likely to acquire resistant mutations than 

the active conformation, as the latter requires conservation of its 3D structure.

These results are the first to establish Met inhibitory activity for AG213. However, 

AG213 is not a selective inhibitor of Met, and has been previously demonstrated to
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inhibit EGFR and PDGFR^^^. In addition, it is possible that AG213 inhibits other 

kinases that have not been described in the literature. Initially, efforts were aimed at 

developing selective kinase inhibitors in order to limit potential side effects. However, 

currently it is considered acceptable for a molecule to be just selective enough to 

provide an acceptable side-effect profile. Indeed, some drug developers argue that it 

may be advantageous to hit a group of kinases with one inhibitor, so that several 

alternative pathways driving a malignancy may be eliminated thus reducing the 

chances of resistance to the drug developing. Further investigations will be required to 

establish which kinases are inhibited by AG213 apart from EGFR, PDGFR and Met. 

Even though the ATP-binding site is conserved among different kinases, it may prove 

possible to target poorly conserved areas of the binding site, such as those that are not 

normally occupied by ATP, in order to enhance selectivity. It should be possible, for 

example, to fine-tune the selectivity profile of AG213 by adding specific chemical 

groups that access the hydrophobic pocket extending behind the adenine moiety of 

ATP that is not normally occupied by ATP.

As a micromolar inhibitor of Met, AG213 does not appear to be particularly potent. 

However, the screening of commercially available compounds often uncovers 

micromolar compounds. Therefore, it is advantageous if a ‘h if compound is as simple 

as possible to provide scope for the structural optimisation required to produce 

suitable clinical candidates. AG213 has both a low MW and low lipophilicity, and this 

leaves scope for the addition of chemical functionalities in order to increase its 

interaction with other areas of the binding site in order to increase affinity and 

potentially enhance potency and selectivity.
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In conclusion, the work described in this thesis has led to the discovery that the 

tyrphostin molecule, AG213 inhibits Met at micromolar concentrations. Therefore, 

AG213 may now be considered as an interesting lead molecule worthy of being a 

suitable starting point for further optimisation to increase potency and selectivity.
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