
INSULIN-LIKE
EPTOR SYST

THE UNIVERSITY
OF ADELAIDE
AUSTRALIA

IS SUBMITTED IN PART OF THE REQU
or DocroRATE or PnIToSoPHY IN THE

MoLEcuLAR AND BIoMEDIc¡.I ScIENcE.

EnIc RIcnnRD BoNYTHON
B.SC.(HON)

JUNE 2OOE

llrll'

CflUGE





"No regrets then?"
"A few. But just a few. You?"
"Oh, enough to fill a lifetime. So much has been lost, so much forgotten. So much pain, so

much blood. And for what, I wonder. The past tempts us, the present confuses us, and the

future frightens us. And our lives slip away, moment by moment, lost in that vast terrible
inbetween. But there is still time to seize that one last fragile moment. To choose something

better, to make a difference, as you say. And I intend to do just that."

BABYLON 5
Centauri Emperor and Sheridan, The Coming of Shadows

J. Michael Straczynski
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SUMMARY

The insulin and insulin-like growth factor receptor (IR and IGF-1R respectively) networks are

ancient and fundamental systems that control growth and metabolism in multicellular organisms.

This thesis has examined several aspects of this field focusing on mammalian receptor biology

and a comparison of the similarities and differences between the insulin and IGF receptor

signalling systems.

The insulin receptor family of proteins consist of eleven structural domains, of which the

extracellular domains contain all the ligand binding and specificity determinants. The insert

domain, within the extracellular region is the least understood of all the domains, and it has no

similarity to any other protein sequence. It does however contain the cleavage site which

separates the receptor into two subunits and also a small stretch of residues shown to directly

contact bound ligand and which is absolutely required for ligand binding in short recombinant

forms of the receptor. In addition, the human insulin receptor, expressed as one of two isoforms,

A and B, results in the exclusion or inclusion of 12 amino acids directly adjacent to the ligand

contacting amino acids in the insert domain. The A isoform lacking exonll is expressed

ubiquitously and the B isoform containing exonll is co-expressed mainly in the traditional

insulin responsive tissues of liver, muscle, adipocytes and kidney, where it is the dominant

isoform.

In this thesis recombinant insert domain was expressed in a bacterial system in an attempt to

purify folded protein suitable for NMR structural analysis. The results of the expression studies

indicated that the insert domain was unstructured in isolation and was unable to be adequately

refolded by all conditions tried, although hydrophobic conditions appeared to partially stabilize

the structure. The overall conclusions of this project were that the Insert domain is likely to have

limited structure, and probably buried within the receptor, and therefore requires the presence of

the rest of the extracellular domains to adopt its correct structure.

A comparison of the ligand binding and phsophorylation potential between the two human

isoforms of the insulin receptor was made. A competition binding assay using europium labelled

insulin was developed, that found that both IGF-I and IGF-2 had an increased affinity for the

hIR-4, but insulin had a slightly reduced affinity. These results differ from the established

literature in the raw values, however the relative ratios of binding strength are consistent. The



most likely reason for this is that the europium labelled insulin has a different mode of binding

the receptors due to the location of the europium chelate. Interestingly, using europium labelled

IGF- 1 produced results nearly identical to those of conventional competition assays.

Phosphorylation assays indicated that the hIR-B isoform was more responsive than hIR-A. Even

though IGF-2 and IGF-I had improved affinity for hIR-A, the level of phosphorylation was not

as high. The ability of each growth factor to promote cellular proliferation corelated well with

the relative strength of binding and activation of the receptor.

The regions of the IR and IGF-IR involved in binding substrates and regulators are

predominantly found in the juxtamembrane domain and the C-terminal domain, which contain

several potential tyrosine and serine phosphorylation target sequences. In this study the effect of

mutations in unique tyrosine residues and other residues in the C-terminal domain of the hIGF-

lR was investigated. Results of time-course phosphorylation assays showed that mutation of

Tyrosinel2sl to phenylalanine caused hyperphosphorylation of the receptor and increased

proliferation, which was caused by deregulation of a tyrosine phosphatase. A Tyrosinel2s0 to

phenylalanine mutation had altered kinetics of phosphorylation, displaying an unchanging rate of

phosphorylation over time after ligand stimulation. However, proliferation was unaltered,

indicating that even under extended exposure to ligand, the initial strength of receptor activation

is more critical to affecting the biological response.

The Caenorhabditis elegans insulin-like peptide family is a very large family consisting of

possibly 38 peptides likely to be both agonists and antagonists of Daf-2 Receptor (IR homologue)

signalling. Comparative modelling of all 38 peptides was performed based on the known

structures of mammalian peptides. The overall results indicated that good quality models of ins

peptides could be made despite the low sequence similarity with the templates. This suggested

that it is the conformational shape of the molecule allowable by the individual residues that is

most important when modelling and not having a perfect sequence match'
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CHAPTER 1 INTRODUCTION

1.1 COMPONENTS OF THE INSULIN/IGF SYSTEM

The Insulin/Insulin-like Growth Factor (IGF) receptor networks are ancient and fundamental

systems that control growth and metabolism in multicellular organisms.

This thesis has examined several aspects of this field including receptor structural biology,

receptor-ligand interactions, receptor activation and the analysis of early representatives of

insulin-like ligands. Due to the scope encompassed by these topics this main introduction will

focus on mammalian receptor biology and a comparison of the similarities and differences

between the lnsulin and IGF receptor signalling systems.

úr mammals and many other vertebrate species the InsulidlcF system comprises multiple

homologous receptors and ligands in addition to ligand specific 'Binding Proteins'. Via the

intracellular protein kinase activity of the receptor this system feeds into a multitude of

intracellular signalling pathways, through recruitment and phosphorylation of receptor

substrates. In humans, three separate receptors were found that each bound insulin, IGF-I and

IGF-2 with preferential affinities (Jacobs et al., 1971) (Massague et a1.,1982). Two of these

receptors, hIR and hIGF-1R, were found to be homologous, while the third turned out to be

the same protein as the unrelated mannose-6-phosphate receptor (M6PR/IGF-2R).

The occurrence of distinct IR and IGF-IR genes appears to coincide with the evolution of

vertebrates from protochordates. The protochordate Amphioxus contains a single IR-like

receptor oDNA whereas the most primitive extant vertebrate, the Hagfish, has two different

IR-like cDNAs (Pashmforoush e/ al., 1996). The number of insulinJike proteins found in a

species appears to vary more dramatically ranging from 10 in humans, to an astonishing 38 in

Caenorhabditis elegans (see section 6.1).

The general function of insulin in vertebrates is the regulation of glucose metabolism where it

acts to increase the rate of glucose uptake in skeletal muscle and adipose tissue and inhibit the

production of glucose in the liver. It also increases lipid formation in adipose tissue and at the

same time prevents lipid breakdown. Deregulation of the Insulin system is the key area of

malfunction in Type-l and the highlyprevalent Type-2 Diabetes Mellitus.

4



In contrast, IGF-I and IGF-2 mainly function to stimulate cellular proliferation and inhibit

apoptosis. They have additional context dependent effects including promoting cellular

differentiation and increasing metastasis. Not surprisingly the upregulation of IGF system

components including the ligands and the receptor have frequently been found to be

associated with developing and mature cancers.

The Insulin and IGF systems are highly relevant areas of research that will lead to the

eventual treatment of several major human diseases. Given the homology between both the

ligands and the receptors and the overlapping activation of downstream signalling pathways,

it is important to understand the way in which these two functionally distinct systems interact.

This should allow the design of methods to manipulate one system and avoid a simultaneous

detrimental effect to the other.

1.2 STRUCTURAL BIOLOGY OF INSULIN/IGF RECEPTORS

1.2.1 RECEPTOR GENE STRUCTURE

The human Insulin Receptor (hIR) and IGF-IR (hIGF-IR) cDNAs were cloned and sequenced

in the mid 1980s (Ebina et al., 1985) (Ullrich et al., 1985) (Ullrich et al., 1986) followed

shortly by the sequencing of their respective genes (See Figure 1.1) (Seino et al., 1989)

(Abbott et aL.,1992).

Human insulin receptor is encoded by a single gene >130kb, located on chromosome 19,

composing 22 exons and 2l introns (Seino, 1989). It was quickly recognized that the IR

cDNAs sequenced earlier had been of an alternative isoform resulting from the exclusion of

exon 11 and the loss of a 12 aa sequence near the end of the cr-subunit in the insert domain

(Seino etal.,1939)(SeesectionsL2.2, 1.2.3).ThetwoisofotmswerenamedhlR-A(exonl1-

) and hIR-B (exonl1+). It was found that the altemative splicing is mainly controlled by two

elements in intron 10. A 48-nucleotide purine rich sequence at the 5' end acts as a splicing

enhancer, increasing exonll inclusion whereas a 43-nucleotide sequence at the 3'end

promotes skipping of exonll (Kosaki et al., 1998). The factors involved in controlling

switching the splicing of exonl1 have not been fully elucidated. However, it has been found

that the aberrant phosphorylation and cellular localization of the CUG RNA Binding protein,

CUG-BP, causes a switch in isoform expression in muscle from exonl1+ to exonll-, and

results in insulin resistance (Savkur et a1.,2001). Binding to the intronic sequence upstream

of exonll byCUG-BP was also demonstrated invitro.

Similar to hIR, hIGF-IR has a -100kb gene also on chromosome 19, comprising 21 exons and

20 introns (Abbott et a1.,1992). The hIGF-IR gene lacks an equivalent of the hIR exon 11 and

5
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Figure 1.1 Sequence alignment of human
IR and IGF-IR.

Domains are colour coded. Key regions in
the ID are highlighted dark orange.
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Figure 1.2 Schematic diagram of the Insulin Receptor and the Type-l IGF Receptor



1998) (Olson et a1.,1988). The two lectin chaperones, calnexin and calreticulin, together

with the HSP70 homologue, BiP, also assist in the correct folding of the receptor and must

dissociate from the receptor after folding has been completed to allow the final dimerisation

to occur (Bass et a1.,1998). This is followed by transport from the endoplasmic reticulum to

the cell surface membrane.

1.2.3.1 Hybrid Receptors

A consequence of the close similarity between the IGF-IR and the IR is the formation of

hybrid receptors containing one of each receptor ctp monomer. The existence of two isoforms

of the insulin receptor results in the potential occuffence of two t¡1pes of hybrid receptor.

Hybrids are naturally occurring where each receptor is expressed in a single cell. The wide

distribution of both receptors results in a large amount of overlap in expression. In fact it was

found in both rabbit and human tissues that hybrids occurred in every tissue examined ranging

from skeletal muscle to brain tissue (Bailyes et al.,1997).ln the majority of these tissues over

50o/o of the available IGF-IR half-receptors were contained within hybrids, and hybrids

appeared to be the dominant form in heart and muscle.

It has been shown that hybrid formation occurs by association of oB monomers in the ER at

the normal time of heterotetramer formation and that afterwards they are trafficked normally

to the extracellular membrane. It is not entirely clear whether the formation of hybrids is

random or slightly biased but the majority of reports provide evidence favouring random

assembly (Belfiore et al.,lggg) (Bailyes et al.,1997) (Pandini et aL.,1999). Receptor hybrids

have been shown to have ligand binding profiles similar to those of IGF-IR, binding IGF-I

and IGF-2 better than insulin (Kasuya et al., 1993). This suggests that insulin requires IR

specific sequences from each monomer for high affinity binding. The two different hybrids

have slightly different afhnities for their three ligands. The hIR-A/IGF-IR hybrid was

activated by IGF-I, IGF-II, and insulin, while the hIR-B/IGF-IR hybrid bound IGF-I with

high affrnity,IGF-2 with low affinity and only very weakly to insulin (Pandini et a1.,2002).

Binding of ligand produces receptor autophosphorylation and activation of downstream

signalling pathways similar to the IGF-IR, however the physiological significance of these

receptors has yet to be properly assessed. Given their prevalence and seemingly wild-type

activity, it is likely that they are responsible for a large part of the biological responses from

IGF-I and IGF-2, and depending on the hybrid, insulin as well, therefore care should be taken

not to misinterpret data obtained from cell lines expressing significant numbers of both

receptors. This also has a wider implication for the development of therapeutic agents against
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the actions of IGF-1 and 2, particularly if the target site is in the intracellular regions of the

receptor, as a hybrid will always retain a functionally active half.

1.2.4 THREE.DIMENSIONAL STRUCTURE OF TTIE RECEPTOR

A complete molecular structure of either the lnsulin receptor or IGF-IR has yet to be solved.

This has been mainly due to an inability to form appropriate crystals for X-ray

crystallography analysis. However, the atomic structures of portions of each receptor have

been solved using this method. The kinase domains of each receptor in both the activated and

inactivated state have been determined (See section 1.3.1). They were found to be very similar

to other tyrosine kinase domains and adopt the typical domain fold of this family (See section

1.3.1, figure 1.6). The only crystal structure of domains in the extracellular portion of the

receptor was solved relatively recently, and consists of a monomeric structure of the first

three domains of the human IGF-IR (Garrett et al., 1998). Overall the three domains are

roughly situated on three sides of a central cavity that would be large enough to accommodate

an IGF ligand (See figure 1.3). Both the Ll and L2 domains are rectangular box-like

structures formed mostly from perpendicular B sheets. The Cys-rich domain is a slightly

extended rectangular structure with what appeff to be flexible hinge regions connecting to

both the Ll and L2 domains. Mapping insulin receptor mutations that effect insulin binding

onto a homology model of the receptors first three domains suggests that there are distinct

surfaces of the Ll and L2 domains involved in forming the ligand-binding pocket (See section

!.2.5.l,Table 1.2). The relative orientation of the 3 domains may not be representative of the

native structure due to flexibility of the linking regions between each domain and the lack of

the presence of the Fn3 domains and the insert domain. It should also be noted that this

recombinant protein was unable to bind ligand as a C-terminal myc tag used in the

purification was found to be sitting in the space bounded by the three domains.

Initial electron microscopy studies into the overall shape of the insulin receptor suggested that

it adopted a 'Y' or 'Y" shape in the cell membrane, presumably with the two arms

representing each gB half receptor (Schaefer et al., 1992). More recently, imaging of single

insulin receptor molecules bound to individual antibodies was examined using electron

microscopy. The receptor resembled a U-shaped prism with a central cleft that is 30-40 Å

wide, which is adequate to accommodate a molecule of insulin. The localization of the

monoclonal antibodies indicated an antiparallel configuration of the two half-receptors

(Tulloch et al.,lggg). The antibody 83-7 (binds the CR domain), bound the receptor in two

places diametrically opposite each other half-way up each side-arm, compared to 83-14
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helices are coloured red and B-turns are coloured green. (Garrett et a1.,1998)



(binds the Fn3cr domain) and l8-44 (binds the ID), which both appeared to bind towards the

base of the molecule. This points towards the Ll, CR, and L2 domains occupying the top

portion of the receptor and the Fn3 domains and the ID providing the base.

In theory this type of structure would allow the ligand simultaneous access to both halves of

the receptor. More recent studies utilising electron cryomicroscopy and gold labelled insulin

have proposed the relative orientation of the known domain structures in relation to the

labelled insulin, based on space fill models and mutational data (Luo et al., 1999) (Slade e/

a1.,2002). However, it must be noted that this structure was analysed without the presence of

a plasma membrane and the overall structure is very compact and globular and quite unlike

the extended structures seen in the earlier electron microscopy studies. Also, the relative

positioning of the domains in these studies relied upon fitting homologous but dissimilar

fibronectin domains, and also the unaltered crystal structure of the combined LL-CP.-L2,

which is unlikely to be in the correct orientation due to its inability to bind ligand and

flexibility in the hinge regions between the domains. It therefore remains to be seen whether

the receptor adopts a more compact structure upon binding ligand while membrane

embedded.

1.2.4.1 Anti-receptor Antibodies

Antibodies raised against hIR and hIGF-1R have been used to puriry and identiff receptors,

study ligand binding, the positional relationship between domains and for a clinical pu{pose

as potent inhibitors of receptor function (Summarised in table 1.1). The vast majority of

commonly used anti-receptor antibodies appeff to affect ligand binding. As indicated in table

1.1, these effects can be inhibitory or enhancing, however in most cases triggering of receptor

signalling can occur independently of ligand binding. Inhibitory antibodies block receptor

access for the ligand but usually are themselves able to activate the receptor to varying

degrees. These antibodies map to the extracellular regions of the receptor and individual

antibodies have been found that bind to nearly all of the extracellular domains. Ligand

binding enhancing antibodies are believed to function by altering the structure of the ligand-

binding pocket, giving it higher affinity for the ligand. Interestingly, antibodies that enhance

receptor phosphorylation independent of ligand binding have been found to bind to the

receptor not only around the tyrosine kinase domain but also to some extracellular domains

including the Ll, CR, Fn3cr and Fn3øB (Nakae et al.,1995) (Desbois-Mouthon et a1.,1996).

This would suggest that the extracellular domain binding antibodies are affecting the

conformational structure of the receptor, forcing it into an active form that would normally
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Antibody Epitope
Effect on ligand

binding Reference

IR lnsulin

3D7

5D9

'18-44

25-49

47-9

83-7

83-14

MA-5

MA-10

MA-20

MC-51

1e1-2e7 (CR)

469-593 (Fn3cr)

765-770 (rD)

469-593 (Fn3a)

469-593 (Fn3a)

1s1-2e7 (CR)

469-593 (Fn3a)

469-593 (Fn3a)

469-593 (Fn3cr)

469-593 (Fn3a)

469-593 (Fn3a)

no effect

inhibits

inhibits

inhibits

inhibits

no effect

inhibits

inhibits

inhibits

inhibits

inhibits

Zhang and Roth, 1991

Zhang and Roth, 1991

Taylor et al., 1987

Taylor et al., 1987

Taylor et al., 1987

Taylor et al., 1987

Taylor et al., 1987

Zhang and Roth, 1991

Zhang and Roth, 1991

Zhang and Roth, 1991

Zhang and Roth, 1991

IGF.lR IGF-1

tR-3

4-52

16-13

17-69

24-31

24-55

24-60

25-57

26-3

217-274 (CR)

62-184 (11-CR)

62-184 (11-CR)

514-5BO (Fn3cr)

283-440 (CR-12)

440-586 (12-Fn3cr)

184-283 (CR)

440-586 (12-Fn3a)

283-440 (CR-12)

inhibits

enhances

enhances

inhibits

no effect

inhibits

inhibits

inhibits

enhances

Gustafson and Roth,1 990

Soos et a|.,1992

Soos et al., 1992

Soos et a1.,1992, Schumacher et al., 1993

Soos et a1.,1992, Schumacher et al., 1993

Soos et a1.,1992, Schumacher et al., 1993

Soos et al., 1992, Schumacher et al., 1993

Soos et a1.,1992, Schumacher et al,, 1993

Soos et a1.,1992, Schumacher et al., 1993

Table 1.1 Anti-receptor antibodies



only occur upon ligand binding, or it may also be allowing aggregation or cross-linking of

receptors to occur.

1.2.5 MOLECULAR BASIS OF LIGAND BINDING

Given the similarity between the receptors and ligands, much research has been done looking

into the regions and residues involved in directly binding ligand and in determining ligand

specificity. The main methods employed have included using photo-affinity labelled ligands,

receptor chimeras and mutants, and anti-receptor antibodies and cryoelectron microscopy.

Unfortunately, as mentioned previously, a 3D structure of an insulin-like ligand bound to a

receptor has not been able to be solved, so the specific molecular details remain unknown.

1.2.5.1Role of the Ll Domain

Photoaffinity labelling human insulin receptor with the insulin derivative (829-(2-nltro-4-

azidophenyl)-biocytinyl-insulin) resulted in the isolation of a 14kDa receptor fragment

beginning at Leu20 and ending -80 residues later still within the Ll domain (Wedekind et al.,

1989). Further evidence to implicate the Ll domain as a binding determinant came from

recombinant receptor chimera studies between the hIR and hIGF-1R. Exchanging the majority

of the Ll domain between the receptors in either combination results in the loss of binding

affinity for both Insulin and IGF-I (Schumacher et al., l99l)(Schumacher et al., 1993). A

number of mutations in hIR L1 domain have been found to affect Insulin binding

(summarised in table 1.2). The residues exhibiting the most dramatic effects on binding were

kgto, Asnls, Phe64, Argtu, and Phe8e, of which only the latter two occur in hIR compared

with hIGF-IR (Williams et al., 1995) (De Meyts et al., 1990). The majority of these residues

map to a single surface on the crystal structure of the hIGF-1R Ll domain that faces towards

the InsulidlGF sized space between the domains. A recent cross-linking study using an

insulin derivative has indicated that insulin's B chain alpha helix directly contacts the Ll

beta-helix in the insulin receptor (Huang et al,2004). Comparatively few mutations have

been found in the hIGF-IR Ll domain that affect IGF-I binding. In fact only Asp8, Asnrl and

Phes8 (equivalent of hIR Arpt', Asnls, and Phe6a) had a moderate effect by decreasing IGF-I

affinity by 4-fold (Mynarcik et al.,1gg7).It was further found that Tyr28, His30, Leu33, Leus6,

A"gu', and Pheno also reduced ligand affrnity and along with Asp8, Asnlr and Phess

map to the same surface as the IR mutations (Whittaker et aL.,2001). It therefore appears that

the Ll domain functions primarily as a binding and specificity determinant for insulin and the

IGFs. Recent alanine scanning mutagenesis of the IGF-1R looking for residues affecting IGF-

2bindinghas found that N-terminal Ll domain residues and C-terminal residues of the úrsert

Domain in the cx,-subunit are a critical part of the epitope (Sorensen et a1.,2004).
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Mutation Effects References

h¡R

L1 domain AsnlsLys (Nat)

AsnlsAla

Asptz¡¡"

llel3Ala

Argta ¡'"
GlnsAla

Leu36Ala

Met3sAla

Phe3sAla

GluaAla

PheoaAla

pheosAla

PheseLeu

AsneoAla

TyrstAla

AsOss6¡t,*"t,

Leu62Pro (Nat)

ArgsoPro (Nat)

LeusTPro (Nat)

LeusTlle

LeusTAla

decreased affinity(5X),processing, surface
expression

decreased affinity (250X)

decreased affinity

decreased affinity

decreased affinity(700X)

decreased affinity

decreased affinity

decreased affinity

decreased affinity

decreased affinity

decreased affinity (>700X)

decreased affinity

no binding

decreased affinity

decreased affinity

decreased binding (X4)

folding,oligomerisation,surface transport

no binding, some constitutive receptor
activity,leprechaunism

leprechaunism

increased affinity (X4)

decreased affinity (X6)

Kadowaki, 1995, JBC

Williams, 1995,J8C

Williams, 1995,J8C

Williams, 1995,J8C

Williams, 1995,J8C

Williams, 1995,J8C

Williams, 1995,J8C

Williams, 1995,J8C

Williams, 1995,J8C

Williams, 1995,J8C

Williams, 1995,J8C

Williams, 1995,J8C

Rouard, 1999, JBC

Williams, 1995,J8C

Williams, 1995,J8C

Rouard, 1999, JBC

Rouard, 1999, JBC

Nakae, 1995, JBC

Nakae, 1995, JBC

Nakae, 1995, JBC

Nakae, 1995, JBC

hIGF.IR

Lî domain AspsAla

AsnlrAla

TyrzoAla

His3oAla

Leu33Ala

Leus6Ala

PhessAla

Argss¡¡"

PheeoAla

TrPzs4¡"

decreased affinity (X4)

decreased affinity (X4)

decreased affinity

decreased affinity

decreased affinity

decreased affinity

decreased affinity (X4)

decreased affinity

decreased affinity

decreased affinity

Mynarcik,l 997,JBC

Mynarcik,l 997,JBC

Whittaker,2001,JBC

Whittaker,2001,JBC

Whittaker,200l,JBC

Whittaker,2OO1,JBC

Mynarcik,l 997,JBC

Whittaker,2001,JBC

Whittaker,2001,JBC

Whittaker,2001,JBC

Table 1.2 Effects of Mutations in the Ll domains of the IR and IGF-IR



1.2.5.2 Role of the Cys-Rich Domain

The Cys-rich domain module has also been found to occur in the related EGF Receptor family

of proteins (Bajaj et al., 1987). ln this family it is also located between the first two L

domains however additional modules occur afterwards in place of the Fn3 domains. Iodinated

LysB2g Insulin, bound a23kDa fragment, amino acids 203-316 from the CR domain to the

start of L2, implicating the CR domain as forming part of the ligand binding pocket (Yip et

al., 1988). Few mutational studies have focused on the CR domain, however a

pro2a3 ArglPrc2aa ArgHis2a6Asp triple mutant was found to increase the affinity of the Insulin

Receptor for insulin two to three fold (Rafaeloff et a1.,1989). A chimeric hIR with the whole

CR domain and flanking regions of both Ll and L2 exchanged with hIGF-1R retained high

affinity insulin binding while at the same time gaining high affrnity IGF-I binding. The

corresponding hIGF-1R chimera displayed the opposite properties losing affinity for both

ligands. The same results were achieved when an exchange of both the Ll and L2 domains

was made. Similar results were obtained when slightly different exchange variations were

used with soluble ectodomain receptors, thereby avoiding the formation of hybrid receptors

to complicate experiments performed with membrane based full-length receptors (Reviewed

in (Adams et a1.,2000). Overall these experiments indicated that high affinity insulin binding

and specificity required the presence of elements from Ll and L2 domains from the insulin

receptor while IGF-I required the CR domain from the IGF-IR. Disrupting the interplay

between the Ll andL2 domains by only exchanging one domain severely affected insulin and

IGF-I binding, implying that part of the binding pocket is reliant on the correct relationship

between Ll and L2 and another region by the CR domain. A deletion of Asn281 resulted in

decreased ligand affinity but constitutive kinase activity, indicating that the CR domain plays

an important role in the conformational switch between the active and inactive states

(Desbois-Mouthon et al.,lgg6).In the IGF-IR alanine mutagenesis of Arg2a0, Phet4t, Gh]42,

and Phe2s1, together with Trp7e, of the Ll domain appear to form a patch at the interface of the

Ll and CR domains that effect IGF binding (See table 1.3)(Whittaker et a1.,2001). Recent

mutagenesis studies however, indicate that the CR domain does not play amajor role for IGF-

2binding specihcally (Sorensen et a1.,2004).

1.2.5.3 Role of theL2 Domain

A contact site for the ectodomain of the insulin receptor was found to lie within an 18kDa

fragment in the L2 domaindownstream of Glfe0, extending approximately to Atgott near the
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htR

GR domain Pro243Arg/Pro24Argl
His246Asp

Asn28r deletion

increased affinity (X2-3)

decreased affinity, constitutive
kinase domain

Rafaeloff, 1989

Desbois-Mouthon, 1996

hIGF.IR

GR domain Argz+04¡"

Phe241Ala

Glu242Ala

Phe251Ala

decreased affinity

decreased affinity

decreased affinity

decreased affinity

Whittaker,2001

Whittaker,2001

Whittaker,2001

Whittaker,2001

htR

L2 domain se1323Leu

Gly366Arg (Nat)

Phess2vat(Nat)

TrP+tz5"r,*",,

lys+ooGlu (Nat)

Asn¿62Ser (Nat)

vat33sdel (Nat)

no binding

defective proreceptor processing,
transport

defective proreceptor processing,
transport, no insulin triggered
autophosphorylation,
conformationally restrained

defective proreceptor processing,
transport, no insulin triggered
autophosphorylation

increased receptor degradation

increased receptor degradation

no binding

Roach, 1994

Taylor, 1994

Taylor, 1994

Taylor, 1994

Kadowaki, 1995

Kadowaki, 1995

Johansen,2003

htR

lnsert Domain Thr704Ala

Phe705Ala

LeuToeAla

His71oAla

Asn71lAla

Phe7l4Ala

decreased affinity

decreased affinity

decreased affinity

decreased affinity

decreased affinity

decreased affinity

Mynarcik, 1996

Mynarcik, 1996

Mynarcik, 1996

Mynarcik, 1996

Mynarcik, 1996

Mynarcik, 1996

hIGF-IR

lnsert Domain Phe701Ala No Binding Mynarcik,1997

Table 1.3 Effects of Mutations in the C& L2, and Insert domains of the IR and IGF-IR



start of the FnIIIo domain (Fabry et al., 1992).This was identified using the photoreactive

insulin (4-azidosalicyloyl(81-biocytinyl-82-lysine)-insulin). It is therefore likely that the L2

domain participates in the formation of the ligand-binding pocket.

1.2.5.4 Role of the Fibronectin Type-I[ Domains

There are no reported mutations in Fn3cr or Fn3oB domains in either IR or IGF-IR that affect

ligand binding, processing or display. The cysteines in this region involved in disulphide

bonding, however, have been mapped (Sparrow et al., 1997). These commonly found

fibronectin domains function as a scaffold or stabilising structure, which in the case of IR and

IGF-IR are used to build the ligand binding domains and allow activation of the tyrosine

kinase domain upon ligand binding. Interestingly, all of the antibodies which bind to Fn3

domains listed in table 1.1 are able to inhibit ligand binding. This could suggest that their

binding induces a conformational change in the binding site or that the position of the

antibodies when bound inhibits access to the site.

1.2.5.5 Role of the Insert Domain

In a surprising result, an additional region in the insulin receptor involved in directly binding

insulin was identified from an experiment involving the receptor cross-linking of another

biotinlabelled photoreactive insulin derivative (despentapeptide-(826-830) (825 p-

azidophenylalanine-alpha-carboxamide) insulin). After Lys-C endoproteinase digestion of the

receptor/ligand complex, the smallest fragment found bound to insulin comprised residues

104-718, which lie within the insert domain, directly adjacent to the residues encoded by

exon 1 1 and the furin cleavage site (Kuros e et al., 1994)(See figure 1.4). This suggested a role

for at least this region of the lnsert Domain in forming part of the ligand binding pocket for

insulin.

Confirming the results of the previous experiment, alanine scanning mutagenesis of this 13 aa

stretch at the C-terminus of the cr-subunit identified several residues which when mutated

severely affected insulin binding affinity (Mynarcik et al.,1996). These were Thr70o, Phet0s,

G1u706, Tyrtot, Leu70e, His710, Asn711, and PheTla (See Figure 1.4). Since this experiment was

carried out using the soluble ectodomain form of hIR, which only exhibits low affinity one-

site, binding it can be concluded that these residues form part of the initial site for the

receptor-ligand interaction. A comparable experiment in the IGF-IR found that only residue

Phe70l (equivalent of hIR Phe7la¡ had a large effect on IGF-I affinity, however this resulted in

undetectable binding (Mynarcik et a1.,1997).
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Figure 1.4 Comparison of the sequences surrounding exon 11.

hIR-B, hIR-A, hIGF-IR, and hIRR are shown. Exon 11 residues are coloured red. The

residies constituting the furin cleavage site are coloured blue. The residues found to

significantly affect ligand binding when mutated to alanine in hIR-B and hIGF-IR are

coloured orange [Mynarcik et a1.,1996,1997].



Swapping the C-terminal 16 residues of the alpha subunit between hIR-A, hIGF-IR, and hIRR

only abolished binding of the cognate ligand when the hIRR stretch was used, highlighting

the importance of the Phe7la/Phe70l residue, which in hIRR is a Threonine (Kristensen et al.,

1999). It is therefore clear that this stretch of residues is involved in the binding of both

insulin and IGF-I though to a much greater extent in insulin binding'

After the initial identification of the two alternative isoforms of the lnsulin Receptor, various

studies were performed to ascertain whether there was any functional difference. Ligand

binding experiments using only insulin and IGF-1 revealed a very little difference in insulin

affinity and a moderate 10 fold increase in IGF-1 affinity for hIR-A (exon 11-) over hIR-B

(exon 11+) (Yamaguchi et al., 1993). However the increase in IGF-I affinity was not

considered sufficient enough to make hIR-A physiologically relevant for this ligand. Coupled

with observations that hIR-A had a reduced signalling capability (Condorelli et a1.,1994) and

that tissue expression of the isoform was limited to non-classical insulin responsive tissues,

was a virtual end to attempts to assess its biological significance. It wasn't until evidence

began mounting that both IGF-1 and IGF-2 were likely to have significant effects through the

insulin receptor during embryogenesis, and that the residues directly upstream were directly

involved in the receptor/ligand interaction that the binding properties were re-investigated,

this time comparing insulin and IGF-2. It was found that in experiments conducted on mouse

embryo fibroblasts derived from a mouse with a targeted disruption of the IGF-IR, that IGF-2

had an affinity for hIR-A comparable to that of hIGF-1R (Frasca et al.,1999).

It is important to note that the chimeric receptor experiments discussed in section 1.2.5 were

performed using the hIR-A isoform and therefore probably underplayed the importance of this

additional region in ligand binding and also did not examine the binding of IGF-2.

1.2.5.6 Different Mechanisms of Binding between the Insulin Receptor and IGF-IR

It seems clear that, although the ligands rely on similar areas of each receptor to form the

binding site, they are not coincident. Various studies analysing the kinetics of ligand binding

have found that insulin binds the insulin receptor with a curvilinear scatchard plot, indicating

a two-site binding mechanism. In addition, at insulin concentrations above 100nM, negative-

cooperativity is apparent, resulting in competition experiments showing an increase in the

amount of tracer binding (DeMeyts, 1994). This is due both to the binding of up to three

molecules of insulin to the receptor and the formation of dimers and hexamers of insulin that
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may also bind the receptor. The biological consequence of insulin dimer binding was tested in

vitro with a covalently dimerised insulin derivative, which although binding to the receptor

with a similar affinity to monomeric insulin, lead to reduced activation of glucose transporters

and DNA synthesis (Joost et a1.,1989) (Weiland et a1.,1990). Insulin forms dimers only at

micromolar concentration and will subsequently form hexamers in the presence of zinc ions

however blood insulin concentrations remain sub-nanomolar even after a massive increase

after eating. This however does not rule out having significance for instances of higher local

tissue concentrations. In contrast IGF-I, exhibits a linear scatchard, signiffing one-site

binding, however it remains unclear as to whether the receptor can allow the simultaneous

binding of two IGF molecules (Christoffersen et a|.,1994).

1.2.5.7 Minimized Ligand Binding Receptor

In an effort to further identifr critical regions of the IR and IGF-IR required for high affinity

ligand binding and to create a.recombinant receptor suitable for X-ray crystallographic

analysis, many studies have been performed to minimise the size of a ligand binding receptor

fragment. Since only the extracellular portion of the receptor has been found to have a direct

effect on ligand binding the obvious first step was to express a form of the receptor truncated

before the start of the transmembrane domain. For both hIR and hIGF-IR this ectodomain

form of the receptor was found to have a reduced affinity for their respective cognate ligands,

and in the case of the hlRsp also showed a linear scatchard plot, indicating the loss of a two-

site interaction with insulin (Cosgrove et aL.,1995)(Jansson ¿/ aL.,7997).

The ligand binding affinity of the ectodomain form of the insulin receptor was found to be

improved by the C-terminal addition of either a fragment of the self-associating constant

domain of mouse y-globulin (mFc) or a 33 residue leucine zipper from the S. cerevisiae

transcriptional activator GCN4. Not only do these recombinant receptors bind insulin with an

affinity comparable to wild{ype membrane anchored receptor, but also unlike ectodomain

receptors they exhibit a curvilinear scatchard (Hoyne et aL.,2000).

Interestingly, the smallest recombinant receptor fragment capable of binding ligand with near

wild-type affinity consists of the first 255 residues, covering the Ll, and the majority of the

CR, in addition to 16 residues from the Insert Domain (aa 704-719, see 1 .2.2.5) (Kristensen

et a1.,2002). This receptor binds insulin with an apparent affinity of 11t4 nM, which is only

5-10 fold lower than wild{ype, suggesting that the majority of the binding pocket is formed

from the first two domains and the small section from the Insert domain. The major function

of the other extracellular domains therefore appears to be to correctly orient the binding
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pocket and to accommodate the conformational change required to activate the kinase

domains.

1.2.6 Structure and Function of Insulin-like Proteins

Insulin-like proteins have been found in all species where an insulin-like receptor has been

identified indicating the maintained co-evolution of this insulin system and the requirement

for conservation of receptor and ligand structure in the binding interaction. lnsulin-like

proteins are generally characterised by a conserved pattem ofsix cysteine residues.

The human gene for insulin is situated on the short arm of chromosome 11, and directly

adjacent to its 3' end lies the gene for IGF-2, while the gene for IGF-I maps to the long arm

of chromosome 12 (Werner et al., 1994). Transcription of all the genes can occur from

multiple promoters, and can be regulated in a developmental and tissue-specific manner.

Insulin and the IGFs are highly conserved among vertebrate species, and there is even enough

similarity with more distantly related species such as Aedes aegypti (mosquito) or C. elegans

(nematode worm) for them to remain biologically active when expressed in these systems

(Graf et aL.,1997) (Pierce et aL.,2001).

Insulin is synthesised with an N-terminal signal peptide and a C domain separating the B and

A domains, which is subsequently removed during processing of the protein by

carboxypeptidase H (Davidson et al., 1987).IGFs also have a signal peptide and C domain in

addition to a C-terminal D domain. Unlike insulin however, the C domain is not removed

during processing of IGFs and from NMR structural analysis appears to be a relatively

unstructured loop between the B and A chains (Cooke et al., 1991) (Sato e/ al., 1992) (Sato e/

al, 1993) (Torres et al., 1995). The insulin-like domain consists of core 'B' and 'A' chains

which fold together to form a conformationally restrained molecule consisting of two shorter,

roughly anti-parallel alpha helices from the A chain, lying perpendicular to a third longer

alpha helix in the B chain. A more detailed description of the involvement of residues in the

function of insulin-like proteins is given in section 6.1 (See Figure 1.5). There also exist

several alternate unprocessed extended versions of IGF-2 containing an extra C-terminal O-

glycosylated E domain (Haselbacher and Humbel, 1982) (Hudgins et al., 1992). These forms

of IGF-2 are mitogenically active and do not bind IGFBPs, however their physiological role is

unclear (Blahovec et a1.,2001). It has been suggested that they may be developmentally more

important as this long form is more bioavailable during embryogenesis.
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Figure 1.5 Three Dimensional Structures of human Insulin-like proteins

A. Human Insulin (PDB: IMHJ), NMR Spectroscopy, Jorgensen et al.,1996
B. Human Relaxin (PDB: 6RLX), X-Ray Diffraction, Eigenbrot et al.,L99l
C. Human IGF-I (PDB: IIMX), X-Ray Diffraction, Vajdos et a1.,2001
D. Human IGF-2 (PDB: lIGL), NMR Spectroscopy, Torres et a1.,1995
Peptide Backbone is represented as a yellow solid ribbon. Disulphide bonds are

represented by a green ball and stick. A transparent solvent exposed surface was

added using ViewerPro, with charged atoms coloured either red (+ve) or blue (-ve).



Receptor specificity is maintained between insulin, IGF-1 and IGF-2 mostly by the C and D

domains, which when added to insulin increase IGF-IR afhnity and decrease IR affinity and

conversely, when removed from IGF-I have the opposite effect (Bayne et aL.,1988) (Cara et

al.,1990).

1.2.7 Insulin-like Growth Factor II Receptor

The Insulin-like Growth Factor II Receptor (IGF-IIR) or cation independent mannose-6-

phosphate receptor is quite distinct from the IR family. It is synthesised from a single chain

pollpeptide into a large monomeric glycoprotein and consists of 15 contiguous Cys-rich

repeats, each with a conserved arrangement of the cysteine residues (Lobel et al',1988). Its

well characterised function is to translocate mannose-6-phosphate containing lysosomal

en4lmes from the trans-golgi network into the endosome (Nielson et aL, 1992). Cell surface

expressed IGF-IIR, however, can bind extracellular glycoproteins and also IGF-2, which upon

binding are then endocytosed into endosomes and the ligand degraded (Oka et al', 1985).

Interestingly IGF-2 is only able to bind IGF-IIR from mammalian vertebrate species and not

chicken oÍ xenopus homologues indicating that any physiological role for the interaction came

after the evolutionary divergence of the species (Clairmont et al., 1989)' IGF-2 has higher

affinity for the IGF-IIR than it does for the IGF-IR and binds specifically to domain 11

(Schmidt et a1.,1995). IGF-I however only has very weak binding affinity for this site (500-

1000 fold lower affinity), while insulin is unable to bind at all. An IGF-IIR knockout mouse is

embryonic lethal whereas a double IGF-IIR/IGF-2 knockout results in variable survival and

aî average birth weight similar to that of an IGF-2 knockout mouse (Barlow et al., l99l)

(Filson et a1.,1993). This suggests that the IGF-IIR may be required to prevent a toxic build-

up of IGF-2 and provides further evidence that its role is to regulate circulating IGF-2

concentration. Recent studies have focused on the role of the IGF-IIR in modulating IGF-2

levels, and have found that increased expression of IGF-IIR reduces the rate of proliferation

of several cancer types. Signal transduction emanating from the IGF-IIR has not been

definitively proven, although binding of IGF-2 does stimulate association and GTPase activity

of GTP-binding proteins that may initiate a cascade (Okamoto et al', 1990).

1.2.8 Insulin-like Growth Factor Binding Proteins

In addition to binding the various receptors, IGFs in particular are further regulated in vivo by

a family of soluble high affrnity tnsulin-like Growth Factor Binding Proteins (IGFBPs) of

which seven members have been identified. Circulating IGF proteins are almost entirely

bound to IGFBPs, whose interaction with the IGFs is of a higher affrnity than IGFs with the

receptors. Individual binding proteins exhibit preferential affinities for IGF-I or IGF-2, and
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have little affinity for insulin. It appears that IGFBPs function to transport IGFs and regulate

their metabolic clearance by signifrcantly increasing their half-life (Jones and Clemmons,

1gg5). The majority of circulating IGF-I and IGF-2 is bound to IGFBP-3 and an acid-labile

subunit (ALS), this complex serving to increase the stability of the growth factors and

preventing their action until required. Tissue specific localisation and evidence that IGFBPs

may both inhibit and enhance presentation of ligand to the receptor indicates that these

proteins are key players in the in vivo control of IGF action.

1.3 RECEPTOR SIGNAL TRANSDUCTION: SIGNALLING AND SPECIF.ICITY

1.3.1 Tyrosine Kinase Activation

Upon ligand binding the receptor, a substantial conformational change occurs resulting in the

activation of the intracellular tyrosine kinase domain. This leads to the autophosphorylation of

both halves of the receptor, which immediately leads to the phosphorylation of receptor bound

substrates. The tyrosine kinase domains of IR and IGF-IR are very highly conserved (84%)'

however the regulatory regions including the juxtamembrane domain and the C-terminal

domain contain substantial differences in the position and number of potential

phosphorylation sites and also protein docking sites. Activation of the kinase requires the

sequential phosphorylation of three conserved tyrosines within the activation loop of the

catalytic domain (hIR Tyrlltt, TYrttut , -lyr"u'l hIGF-1R Ty"t", Ty"t", Tyrll36;' with

functional deletion of these residues rendering the domain inactive (Li et al.,1994).

Crystal structures of both the hIR and hIGF-IR kinase domains in the active and inactive

states have been solved (Hubbard et al.,lgg4) (Hubbard et a1.,1997) (Favelyukis et al',2001)

(pautsch et a1.,2001). It was seen that in the inactive state the activation loop behaves as a

pseudosubstrate with Tyr rr62lTyrtt" lyttrg in the active site preventing access to other

substrates while itself remaining unphosphorylated. The interaction is maintained by a

hydrogen bond between Tyrll62lTyrt"t and the conserved residue Aspl132/Aspttot. Trattt-

phosphorylation of the three tyrosines forces the activation loop to leave the site, which is

then stabilised by another hydrogen bond between Tyrll63lTyrt"6 and Argllstlç,grr'8,

allowing other substrates to access the site (See Figure 1'6)'

1.3.2 Phosphorylation and Activation of Common Receptor Substrates

The primary role of the kinase domain of the IR and IGF-IR upon ligand induced activation

appears to be the phosphorylation of residues in the adjacent juxtamembrane and C-terminal

domains followed by the recruitment and activation of various receptor substrates' The
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A.

Figure 1.6 Structures of the inactive and activated tyrosine kinase domain of the Human
Insulin Receptor

A. Inactivated Tyrosine Kinase Domain (PDB: lIRK), X-Ray Diffraction, Hubbard et al.,1994
B. Activated Tyrosine Kinase Domain and peptide substrate (PDB:lIR3), X-Ray Diffraction,
Hubbard et a1.,1997
Peptide Backbone is represented as a orange ribbon. The Activation loop is depicted as a white
solid line with the critical tyrosines triplet also shown.
Adapted from De Meyts and Whittaker,2002
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phosphorylation of constitutively receptor bound substrates is also likely. Given the sequence

similarity, many of the substrates that bind the IR are also bound and activated by the IGF-IR.

Many of these substrates are also shared by other receptor tyrosine kinases and cytokine

receptors. Numerous mutational studies have identified specific residues which when changed

abrogate or reduce the capacity of the receptors to autoregulate, bind and activate specific

substrates, as well as initiate normal biological responses (See Figure 1.7 for a summary of

insulin signalling pathways).

The primary receptor substrates able to bind to both the IR and IGF-IR are large adapter

proteins named Insulin Receptor Substrate (IRS) proteins and Shc (Src homology/collagen)

proteins (p46lp52lp66), which trigger two major signalling pathways. The four members of

the IRS family, IRS-I to 4, are modular proteins containing PH (Plekstrin Homology) and

PTB (Phospho-Tyrosine Binding) domains. Apart from the critical tyrosine triplet in the

activation loop of the kinase domain, Tyne6oreso in the juxtamembrane domain, occurring as

part of the common PTB domain binding motif NPEY, has been shown to be very important

for the binding of the insulin receptor family's primary adaptor proteins, the Insulin Receptor

Substrates (IRS). The residue Tyre60reso is common to both hIR and hIGF-IR, and when

mutated to phenylalanine appears to greatly reduce the proliferative and transforming

potential of the IGF-IR, but does not have a significant effect on anti-apoptotic activity

(Miura et a1.,1995). It has been shown to be important for the binding of IRS-I, IRS-2 and

SHC (Gustafson et a\.,1995) (He et aL.,1995).

1.3.2.1 Activation of Pathways Controlling Biological Effects

It is well established in the literature that the IR and IGF-IR are both capable of increasing

cellular proliferation or augmenting the proliferative ability of other factors.

1.3.2.1 J Phosphatidylinositol 3-kinase Pathway

A major pathway activated by both the IR and the IGF-IR is the phosphatidylinositol 3-kinase

(Pl3-Kinase) pathway. The role of Pl3-Kinases activated by growth factors is to convert

phosphatidylinositol 4, 5-bisphosphate (PI(4, 5)P2) into the active phosphatidylinositol 3,4,5

trisphosphate (PIP3) molecule. Pl3-kinases function as heterodimers consisting of a regulatory

subunit associated with a catal'¡tic subunit, in which several isoforms of each subunit exist

(Shepard et a\.,1998). Insulin and IGFs primarily activate Pl3-kinases containing the Class 1a

p110 kinase subunit isoform. The relative importance of each regulatory subunit isoform

(including p85or, p858, p55o, and p50cr) has not yet been resolved. The activation of the
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complex results in a transient, acute increase in PIP: levels. IR and IGF-IR activation is linked

to the activation of pl3-kinase both by direct interaction with the regulatory subunit of PI3-

kinase and probably more importantly through the IRS proteins. Interactions are achieved

through the binding of SH2 domains in the regulatory subunit preferentially for tyrosine

phosphorylated residues in the YMXM motif, which is also a preferred substrate for the IR

and IGF-IR kinase domain (Songyang et a1.,1993) (Songyang et a1.,1995).

The pl3-kinase pathway has been shown to be involved in initiating nearly every aspect of

insulin and IGF action including stimulation of glucose transport, glycogen synthesis, protein

synthesis, mitogenesis, protection from apoptosis, and regulation of gene transcription

(Shepard et a1.,199S). The key step appears to be the production of PIP¡ which itself activates

alargevariety of molecules. Increased PIP¡ levels allow PDKI and PDK2 to phosphorylate a

major target of insulin signalling Protein Kinase B (PKB) (also known as Akt). PKB is a

serine/threonine kinase and its activity is increased by the phosphorylation of residues Thr308

and Sera73 (pKBcr isoform numbering) (Alessi et al., 1996). PKB activation can be blocked by

inhibition of PI3-kinase function.

Two of insulin's main functions, glucose uptake and glycogen synthesis, are mediated

through pl3-kinase. The key step to upregulation of glucose uptake into the cell through

translocation of GLUT4 glucose transporters to the outer membrane, is the activation of PI3-

kinase and the production of PIP3 (Kanai et al., 1993) (Jiang et al., 1998). However, it is as

yet unclear as to which proteins provide the definitive link between GLUT4 and PI3K

although there is some evidence to suggest the involvement of PKB, PKC, and Rab4

(Standaert et al., I9g7) (Mora et al., 1gg7). The main method for increasing the storage of

glucose as glycogen appears to be through inactivation of GSK3B by phosphorylation by

pKB, which leads to glycogen synthase activity (reviewed in Lawrence et aL.,1997).

Insulin and IGFs signal through Pl3-kinase to promote cell growth, which can be attenuated

through blocking its activation (Cheatham et al., 1994). Protection against apoptosis is also

controlled through pI3-kinase, however the key step is the activation of PKB and its pathways

(Kulik et al.,lggT). Cell survival in part can be controlled by the direct phosphorylation of

BAD by pKB which enables sequestering of BAD by 74-3-3 protein, blocking it from

dimerising with Bcl-2 and promoting apoptosis (Datta et al., l99l). Pathways from PKB can

also serve to block apoptosis induced cell detachment (Khwaj a et al., 1997). The involvement

of further proteins is as yet undetermined'
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t.3.2.L.2 Mitogen Activated Kinase Pathway

The Mitogen Activated Kinase Pathway (MAP kinase pathway) is activated downstream of

many receptor kinases and is involved in the control of metabolism, mitogenesis and

differentiation (Su and Karin, 1996). The principle method of activation of this pathway by

the Insulin or IGF Receptor is through the adapter protein Shc, which upon binding to

tyrosine 9501960 in the juxtamembrane domain is phosphorylated and able to bind another

adapter protein, Grb¿. Grb2 in turn facilitates the activation of Ras (a GTP-binding protein)

via the guanine nucleotide exchange factor Sos. Activated Ras phosphorylates, two

intermediary kinases, c-Raf and MEK, which themselves activate the serine-threonine MAP

kinases (including ERK-1 and ERK-2). Contribution to activation of the MAP kinase pathway

may also be through Grb-2binding IRS-I (Valverde et a1.,1995). The specific contribution of

the MAP kinase pathway tends to vary with cell type, for example for stimulation of

proliferation by IGF-1 in MCFT breast cancer cells it contributes equally to the Pl3-kinase

cascade, however in foetal brown adipocytes it is essential (Jackson et al., 1998) (Yalvetde et

at., 1995).In NIH3T3 cells the p38 MAP kinase pathway was exclusively found to control

upregulation of T cell Death Associated Gene 51(TDAG51), whose presence was critical for

IGF-I mediated prevention of apoptosis (Toyoshima et al., 2004).It is therefore clear that

there is a certain amount of redundancy between the MAP kinase and PI3 kinase pathways,

however in some contexts and cell types the roles are tightly segregated.

1.3.2.2 Separating the IR and IGF-IR Specific Pathways and Substrates

Site directed mutagenesis has been employed to identiff specific regions and residues in the

juxtamembrane domain, kinase domain, and CT domain that control substrate interactions and

kinase regulation. The CT domain is the least conserved intracellular region in the receptor

and contains the most number of obvious differences between the IR and IGF-IR' Despite

this, deletion or conversely overexpression of the entire CT domain tethered to the membrane

has little overall effect on receptor signaling (Myers et al., 1991) (Paz et al', 2000)' Isolated

CT domain from the IGF-IR was however able to bind to both the IGF-IR and IR' Strangely,

this had the effect of activating tyrosine kinase activity from the IR but not the IGF-IR (Li et

øt., 1998). An isolated IGF-IR C-terminal domain peptide consisting of amino acids 7282-

1298 (unique to IGF-lR), linked to a stearic acid moiety, was able to promote apoptosis,

interestingly, by activating the caspase cascade rather than by competition with endogenous

IGF-IR (Reiss et al., lggg). This overall effect in itself was sutprising since the IGF-IR

normally has potent anti-apoptotic effects. It may be that particular sequences are required to

recruit the pro-apoptotic proteins enabling them to be inhibited by other proteins activated by
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the IGF-IR, and that in an isolated context, these sequences serve only as activators. In this

stretch of sequence, phosphorylated Ser1283 is believed to be the site of interaction of the IGF-

lR with the 14-3-3 isoform e, and a 51280-12834 mutant has been shown to lack

transforming ability (Craparo et al., 1997) (Li et al., 1996). An H1293F|KI294R mutant

remained mitogenically capable, but was unable to protect from apoptosis (O'Connor et al.,

1997). It is therefore likely that this region of the receptor modulates the more subtle

differences between the receptors.

Tynl2so and Tyr12s1, whose homologous residues in the insulin receptor are phenylalanine and

histidine, are obvious targets to contribute to the biological differences between the two

receptors. The Y1250F mutation exhibited a greatly reduced capacity to form colonies in soft

agar (Blakesley e/ al., 1998), and showed a 70o/o reduction in the rate of internalisation

compared to both wild-type and a Y1251F mutant (Miura et al., 1997). This most likely

indicates that the proteins that bind this residue contribute to receptor internalisation and also

that the signalling pathways initially activated upon the receptor being intemalised are

important for cellular transformation. NIH 3T3 hbroblast cells expressing the Y125lF mutant

showed actin cytoskeleton disruption (Blakesley et al., 1998), and like Y1250F receptors, a

greatly reduced ability to make colonies in soft agar (Blakesley et al., 1998). Cells also

appeared to be mitogenically competent but with little anti-apoptotic activity (O'Connor e/

al., 1997). Altogether these data demonstrate that phosphorylation of Shc, and assembly of

the Shc complex necessary for activation of Ras and the MAPK pathways are deficient in

cells expressing the Y12501I251F mutant IGF-IR. This would explain the loss of IGF-I-

mediated survival in FL5.12 cells expressing this mutant and may also explain why this

mutant IGF-IR is deficient in functions associated with cellular transformation and cell

migration in fibroblasts and epithelial tumour cells (Leahy et a1.,2004).

Recent two-hybrid screens for IGF-1R interacting proteins identified a new protein RACKl, a

homologue of the B-subunit of heterotrimeric G proteins. It specifically interacts with IGF-IR

and not the IR, and this interaction is independent of receptor activation, but did require Ser

1248 in the C-terminus. Its role in signalling is unclear as there are differing reports from

overexpression studies are performed in NIH or MCFT cells, however under diffferent

conditions it may be involved in the modulation of proliferation, anti-apoptosis and cell

spreading (Kiely et aL.,2002) (Hermanto et a1.,2002).

It is apparent that the types of downstream pathways capable of being activated by the IR and

the IGF-IR are virtually indistinguishable in in vitro experiments. It is therefore in the precise
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details of concentrations and binding affinities of substrates and the levels of activation that

allow the systems to have different biological functions'

1.4 ROLE OF INSULIN-LIKE PROTEINS IN DISEASE

1..4.1DIABETES

Diabetes is a multifactorial disorder that generally describes a condition where carbohydrate

and lipid metabolism is no longer properly controlled by the lnsulin system. Diabetes is split

into two categories, Type-1/Insulin-Dependent Diabetes Mellitus (IDDM), and Type-2À'lon-

Insulin Dependent Diabetes Mellitis (NIDDM), which have common complications but a

completely different pathophysiolo gy.

l. .l.L Normal Re gulation of Glucose Metabolism

The control of glucose metabolism is essential for the survival of all animals as it provides a

ready source of energy in the form of ATP. Hypoglycemia causes cell death, and

hyperglycemia can damage whole organs so the body maintains a plasma glucose level of

around 5 mM. This homeostasis is regulated primarily by skeletal muscle controlling glucose

disposal after eating, and by the liver when fasting, which produces glucose through

gluconeogenesis. The balance is controlled by the two opposing hormones insulin and

glucagon. Insulin is rapidly secreted into the bloodstream after increases in plasma glucose

are sensed by the B cells of the islets of Langerhans in the pancreas. Insulin then acts to

increase glucose uptake in skeletal muscle and in adipose tissue through increasing the level

of cell surface GLUT 4 glucose transporter. The storage of excess glucose as glycogen in

muscle is stimulated by activation of glycogen synthase and in adipose tissue as lipid by

activation of lipid synthesizing en4lmes, while at the same time inhibiting glycogen and lipid

breakdown. Insulin also inhibits gluconeogenesis through phosphorylation and de-

phosphorylation of metabolic enzyrnes and by reducing the expression of the rate-limiting

eîzqe in gluconeogenesis, phosphoenylp¡rnrvate carboxylase (PEPCK)' As plasma glucose

levels fall glucagon is secreted by the neighbouring cr cells, stimulating the release of stored

(glycogen and lipid breakdown) and synthesized (liver) glucose, reversing insulin's effects.

1.4.1.2 Molecular Basis of Insulin Dependent Diabetes Mellitis

IDDM is normally early-onset, manifesting itself sometime during childhood through to

puberty and is charcctenzed by loss of insulin production caused by autoimmune destruction
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of the pancreatic p cells of the islets of Langerhans. This results in the inability of the body's

muscle and fat cells to take up sugar efficiently and control fat storage. This disease can be

controlled by the regular selÊadministration of insulin before each main meal, which allows

patients to have a normal lifespan.

1.4.I.3 Molecular Basis of Non-Insulin Dependent Diabetes Mellitis

NIDDM is by far the most common form of diabetes and generally occurs in adults, resulting

from defects in both insulin secretion and utilization. The key step in the development of

NIDDM is the state of insulin resistance which is defined as a state in which a greater than

normal amount of insulin is required to elicit a quantitatively normal response. Insulin

resistance is commonly associated with obesity, aging, and a sedentary lifestyle, but there also

appears to be some genetic predisposition. NIDDM overall is therefore thought to be mostly a

disease caused by an inappropriate lifestyle. Skeletal muscle insulin resistance reduces

glucose uptake, resulting in B cell compensation by increasing insulin levels, either through

increased insulin production or increased B cell mass. Insulin resistance in adipose tissue

increases lipolysis leading to fatty acid release, which has the additional effect of inhibiting

insulin from suppressing gluconeogenesis in the liver. The ever-increasing concentration of

plasma glucose causes the B cells to further increase insulin production leading to

hyperinsulinemia and further exacerbating cellular insulin resistance. At some point the p

cells can no longer compensate, and start producing ever-decreasing amounts of insulin

resulting in an inability of the body to respond appropriately to glucose (Kahn, 2003).

At a cellular ard molecular level the precise events that lead to the initial insulinresistance

and subsequent loss of glucose homeostasis can be varied and are not totally understood.

Naturally occurring mutations of the hIR affecting ligand binding or receptor activation are

rare and usually result in extreme insulin resistance and leprachaunism, but at this level are

not believed to contribute to the pathogenesis of NIDDM (Virkamaki et al., 1999).

Insulin receptor inactivation in mice, using cre-lox recombination driven by a tissue specific

promoter has given valuable insight into the relevance of receptor signaling in specific tissues.

Muscle specific insulin receptor knockout (MIRKO) mice had increased fat stores and

hypertriglyceridemia, but did not develop hyperinsulinemia and diabetes, due to the excess

glucose being utilised by adipose tissue instead of muscle (Bruning et al., 1998) (Kim et al.,

2000). In contrast ablation of the glucose transporter GLUT4 in muscle can lead to a diabetic

state, indicating that there are compensatory mechanisms that bypass the insulin receptor to
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activate GLUT4 (Zisman et a1.,2000). This probably includes the IGF-IR, as overexpresslon

of a dominant negative IGF-IR, which inactivated the IR through hybrid formation, produced

mice that also develop diabetes (Fernandez et a1.,2001). When insulin receptor is removed

from adipose tissue, mice are resistant to obesity and do not develop insulin resistance, and

also exhibit lower fasting insulin levels a vastly reduced ability for adipocytes to uptake

glucose (Bluher, et a1.,2002). Liver-specific ablation of the insulin receptor had a profound

effect with mice showing insulin resistance, glucose intolerance, hyperinsulinemia, and the

expected lack of insulin induced suppression of hepatic glucose production (Michael et al.,

2000). This indicates that the liver plays an important role in glucose homeostasis and insulin

clearance. Lack of the insulin receptor or IGF-IR in the pancreatic B cells impairs insulin

secretion, leading to glucose intolerance and in some cases diabetes (Kulkarni et al., 1999)

(Kulkarni et al., 2002). Double mutant mice of either IR/IRS-I or IR/IRS-2 both develop

diabetes at similar rate with the IR/IRS-I mutants being insulin resistant mainly in the muscle

and the IR/IRS-2 in the liver (Kido et al., 2000). This highlights the polygenic nature of the

disorder and the way in which the same disease can occur through slightly different initial

mechanisms. Interestingly knocking out the p85 alpha regulatory isoform of PI3K sensitizes

the mice to insulin and improves glucose tolerance through upregulation of the other two

regulatory isoforms (Fruman et a1.,2000)'

Higher frequencies of mutations in IRS-I have been found in NIDDM populations over

normal controls. The most well studied mutation in IRS-I (G972R) reduces the binding

affinity of IRS-1 for the p85 subunit of PI3K and results in an overall 35-40Yo decrease in

insulin's activity (Almind et al., 1996). Mice bearing a disrupted IRS-I gene develop insulin

resistance but not the diabetic state, whereas IRS-2 KO mice do develop diabetes associated

with insulin resistance and impaired insulin secretion (Araki et al., 1994) (Tamemoto et al.,

lg94) (Withers et a1.,199S). Additionally, since IRS-2 appears to be unnecessary for skeletal

muscle glucose uptake, this suggests that the key to the progression to diabetes is in the B cell

function.

1.4.1.3.1Is there a Role for Altered Expression of the IR Isoforms in NIDDM?

It was proposed that the alternative splicing and therefore the relative expression of the two

hIR isoforms may be affected during the pathogenesis of type-2 diabetes, however there have

been conflicting results between studies performed on rats, monkeys and humans. In human

patients with diagnosed NIDDM or insulin resistance, there was found to be increased

expression of hIR-B in muscle to a level similar to or greater than hIR-A (Sesti et a1.,1991)

(Kellerer et al., Ig93) (Haring et al., 1994) (Sbraccia et al., 1996). In a diabetic rhesus
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monkey model the opposite trend was seen with increases in hIR-A expression in muscle and

liver (Huan g et al., lgg4) (Huang et al., 1996). Finally in a diabetic rat model no change was

detected in the expression of the isoforms in muscle (Sbraccia et al., 1998)' The intrinsic

effect of changing the isofofln expression patterns has not been tested and it remains to be

seen how this would effect in vivo insulin signaling. In light of recent evidence highlighting

the importance of tissue specific expression of the insulin receptor and the preferential

binding of IGF-2 to the IR-A isoform it would be prudent to re-evaluate the expression of the

isoforms in the liver, adipose tissue and the pancreatic B cells for any changes throughout the

development of NIDDM'

1.4.2 CANCER

The progression of a normal cell to a cancerous cell is a complicated process involving the

stepwise degradation of controls regulating cellular proliferation, DNA integrity, matrix

attachment and ability to undergo apoptosis. The details are beyond the scope of this review

so instead I will focus on the involvement of the insulin/IGF system in the development and

maintenance of human cancers.

Evidence to suggest that the IGF system plays an important role in cancer came from

numerous knockout mouse experiments. Single gene knockouts of any of IGF-I, IGF-2, IGF-

IR, or IR and in combination have shown that the IGFs in particular play an important role in

cell growth and differentiation throughout development (Reviewed in Butler and LeRoith'

2001). IGF-2 is particularly important in mice and the regulation of its availability during

development by the IGF-2R is critical for survival. Recently it has been found that increased

expression of IGF-2R in cancer cells producing IGF-2 is able to inhibit their growth and

correspondingly aloss of expression of IGF-2R promotes growth and increases intracellular

signalling from the insulin receptor and IGF-1R (O'Gorman et a1.,2002) (Ospio et a1., 2001)'

l.4.2.l Evidence of a Role for the IGF-IR in Transformation and Maintenance of

Tumours

Studies utilising the IGF-IR KO mouse derived fibroblasts (R-) found that these cells, unlike

most other fibroblasts, were unable to be transformed by a number of common cancer causing

agents, including the SV40 T antigen, Human papilloma virus E7, Ras' c-src, overexpression

of Epidermal Growth Factor Receptor (EGF-R), PDGF-R, IR, and IRS-I.

Receptor number plays an important role in the ability of the IGF system to allow

transformation. Cells with 3x103 receptors/cell did not respond to IGF-I. With 1'5 X 104
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receptors/cell IGF-I induced DNA synthesis but not cell division, while at 2.2 X 104

receptors/cell full proliferation was achieved without the ability to grow colonies in soft agar

(transformation). Only at receptor levels of 3x104 receptors/cell were the cells fully

transforming (Rubini et al., lgg7) (Reiss et al., 1998). This suggests that there are critical

thresholds for the activation of particular downstream pathways and that those needed for

transformation have the highest requirement for a strong signal from the IGF-IR.

While the relevance of IGFs preventing apoptosis during development is unclear, it has been

found in a large number of studies that the most important role of the IGF system in cancer

progression and maintenance is that of an anti-apoptotic agent. IGFs help to protect the cancer

cell from immune system targeted destruction and also from human mediated chemo and

radiation therapy. Activation of the IGF-IR has been found in vitro to protect against hlpoxia,

growth factor withdrawal, chemotherapeautic agents, uv-B irradiation, and TNF-cr

(Reviewed in Adams, et a1.,2000). As discussed in 1 .3.2.1.1the major route through which

this occurs is through the activation of Pl3-kinase and in many cases PKB. Recent studies

have also focused on the role of IGF signalling in metastasis and membrane remodelling

where alteration of the expression or inhibiting the function of integrins reduces the ability of

IGFs to promote cell motility (Zhang et a1.,2004)'

1.4.2.2 Breast Cancer

As an example of a specific case, many forms of breast cancer have been found to have an

altered IGF system. IGF-I and IGF-2 are both potent mitogens for breast cancet) and act

synergistically with estrogen to stimulate cell growth (sachdev and Yee, 2001). Both

oestradiol and IGF-I are required to promote mammary gland growth (Ruan et al., 1999)'

Overexpression of IGF-I in the mammary gland causes h¡perplasia and protects these cells

from post-lactational apoptosis and, combined with the loss of the p53 tumour suppressor,

accelerates breast tumourigenesis (Neuenschwander et al., 1996) (Hadsell et al', 2000)' A

positive correlation was found between circulating concentrations of IGF-I and the risk of

breast cancer in pre-menopausal but not post-menopausal women even after IGFBP-3 levels

were taken into account (Hankinson et al., 1993). It appears that in breast cancer the IGF

system has several roles including the promotion of proliferation, anti-apoptosis, and even

migration and invasion'

1.4.2.2.1Is there a Role for Altered Expression of IR Isoforms in Cancer?

Recently, several studies have found that the expression of the hIR-A isoform has increased in

cancerous cells, including breast, thyroid, ovarian, and muscle, relative to the untransformed
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cells (Sciac ca et al., 2002) (Kalli et al., 2002) (Vella et al',2002) (Sciacca et al', 1999)' It has

been speculated that in these cases the cells are reverting to a more 'fetal' like nature, where

IGF-2 signalling through the IR-A isoform is more relevant to cell growth. This occurrence

together with an increase in IGF-2 concentration was found to contribute to the increased

proliferative potential of the cells and resistance to apoptotic signals. Therefore in this

instance the IR-A isoform is functioning more like an IGF-IR. The question of whether this is

a unique result of IGF-2 binding or a normal property of the insulin receptor if overexpressed

in the appropriate context remains to be determined'

1.4.3 TARGETING THE INSULIN/IGF SYSTEM

Researchers are faced with an interesting problem when considering how to develop strategies

to treat diseases involving insulin and the IGFs. Treatments are required to enhance insulin

signalling in diabetes, and conversely they are required to inhibit IGF sig¡ralling in cancer'

Given the cross-reactive nature of the ligands and the overlapping signalling pathways

emanating from the IR and IGF-IR it is easy to visualise situations where treatment of one

disease would increase the risk and development of the other.

A variety of strategies have been successfully used both in vitro and in vivo, to inhibit cancer

progression or growth by inhibiting the action or expression of the IGF-IR. Anti-sense RNA

to IGF-IR has been successfully used to either inhibit the growth or increase sensitivity to

apoptotic drug treatment, of Ewings Sarcoma, breast, cervical, and brain tumour cells

(chernicky et a1.,2002) (chernicky et a1.,2000) (scotlandi et a1.,2002) (Nakamura et al',

2000) (Resnicoff et al., 1996). Neutralising antibodies that block IGF binding to the IGF-IR

have also been shown to inhibit the progression of many different cancer cell lines (Maloney

et a1.,2003) (Hailey et al., 2002).It is now apparent however, that even if a method of

specifically blocking the interaction of IGFs with the IGF-IR were achieved, that IGF-2 in

particular would still be able to act through the IR-A isoform if present. IGF-IR kinase

substrate inhibitors and kinase ATP mimetics, although effective, also blocked the highly

similar IR kinase, which would be clinically undesirable (Blum et a1.,2000) (Parrizas et al',

IggT). Recently, more selective inihibitors have been developed by pharmaceutical

companies including Roche and Merck.

The treatment of Type-2 diabetes is an ever-growing area of research that generally involves

indirectly modulating the levels and sensitivity of insulin. Metformin, sulphonylureas, and

thiazolidinediones are the most commonly used drugs in the treatment of type-Z diabetes'
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Metformin appears to function through inhibiting gluconeogenesis in the liver thereby

reducing hyperglycaemia and allowing eventual resensitization to insulin (Hundal and

Inzucchi, 2003). Sulphonylurea compounds stimulate pancreatic beta cell production of

insulin and the relatively new thiazolidinedione compounds bind to the nuclear peroxisome

proliferator-activated receptor-gamma proteins (PPARgamma), which activates transcription

of genes controlling adipogenesis, and glucose and lipid metabolism (Diamant and Heing

2003). overall these treatments tend to affect downstream targets of insulin that eventually

leads to insulin sensitisation rather than directly targeting the cause'
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1.5 SUMMARY AND PROJECT AIMS

The insulin/IGF system traverses control of both growth and metabolism through partially

common signalling networks in addition to the cross-reactivity of the ligands. Signalling

specificity is maintained through a combination of tissue specific expression of receptors and

substrates, alternate modes of ligand binding utilising overlapping but distinct sites on the

receptors, and by the presence of different phosphorylation and substrate binding sites within

the regulatory regions adjacent to the intracellular tyrosine kinase domain' The substantial

functional differences between the IGF and insulin systems, but use of common factors,

requires a more detailed understanding of the way the systems overlap so that effective

strategies to control them can be formulated'

Of all the insulin/IGF receptor domains, the insert domain is the most mysterious, having no

homology to any structurally known domain. Other than its involvement as part of the ligand

binding site and as the site for crp cleavage, it is still unclear how this domain(s) is oriented in

relation to the other domains. Therefore an initial aim of this project was to ascertain the 3D

structure of the insert domain using NMR spectroscopy'

The insulin receptor exists as two isoforms that differ only by 12 amino acids situated at the

end of the cx-subunit in the Insert domain. Initial studies have suggested that the absence of

the 12 amino acids (IR-A isoform) increases the affinity of the receptor for IGF-2, and to a

lesser extent IGF-I, while retaining high affinity for insulin. They also found that IGF-2

induced greater proliferative effects from the IR-A receptor. A further aim of the project was

to confirm these observations, and compare and analyse the binding, phosphorylation and

proliferative potential of each ligand for each of the three receptors, IR-A, IR-B and IGF-IR'

In order to identiff specific differences in signalling potential between the insulin receptor

and IGF-IR intracellular regions, mutants of the IGF-IR in potential phosphorylation or

binding sites that do not occur in the insulin receptor, were analysed for their effect on overall

receptor phosphorylation and proliferation'

The C. elegans genome has been found to contain 38 separate insulinlike peptides but only

one insulin-like receptor. The possibility exists that some of these peptides may be able to

modulate activation of human insulin-like receptors both positively and negatively, as at least

some of these peptides are inhibitory in C. elegar¿s. An understanding of their structure may

therefore lead to the development of clinically useful proteins to use in the treatment of both
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diabetes and cancer. Each insulin-like peptide was homology modelled using a variety of

different template structures to determine how structurally similar they were likely to be with

each other and the templates. Attempts to clone several of the different types of insulin like

peptides were made, for the pu{pose of expression and eventual NMR structural analysis, to

examine in reality how closely related they were to insulin and the IGFs and to veriff the

accuracy of the homology modelling.

OVERALL AIMS:

A. Determine the structure of the insert domain by NMR spectroscopy.

B. Examine the biological differences between the hIR-A and hIR-B isoforms.

C. ¡rvestigate the role of unique residues in the C-terminal domain of the IGF-IR-

D. Use comparative modelling to predict the structures of the C. elegans ins peptides.
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CHAPTER 2 MATERIALS AND METHODS

2.1 ABBREVIATIONS

AA
ABTS
Amp
APS
ATCC
ATP
BCA
BME
bp
BSA
DEPC
DMEM
DMSO
DNA
dNTP
DTT
ECL
EDTA
ELISA
EtBr
FCS
GLB
HEPES
HRP
IGF
IGF.1R
IP
IPTG
IR
kb
LAlOO
LF2000
MQ
OD*n,n
PBS
PBST
PMSF
RNA
RNase
Rpm
SD
SDS
SDS-PAGE
TBS
TBST
TK
Tm
tris

amino acid
2, 2' azinobis 3 -ethylbenzthiazoline-6 sulfonic acid

ampicillin
ammonium persulphate
American Tissue Culture Collection
adeno sine tripho sphate

bicinchoninic acid

B-mercaptoethanol
base pair
bovine serum albumin
diethyl pyrocarbonate
Dulbecco's modified eagles medium
dimethyl sulfoxide
deoxyribonucleic acid
deoxynucleotide tripho sphate

dithiothreitol
enhanced chemiluminescence
ethylene diamine tetra-acetic acid
enzpe linked immunosorbent assay

ethidium bromide
fetal calf serum
gel load buffer
N-2-hydroxyethylpiperazine-N' -2-ethanesulfonic acid

horseradish peroxidase
úrsulin-Like Growth Factor
Type-l Insulin-Like Growth Factor Receptor
immunoprecipitation
i sopropyl- p -A-thio galactopyrano side

Insulin Receptor
kilobase pair
LB plus Amp (100 pe lmL)
Lipõfectamine 2000rM
Milli-Q
optical density at x nm wavelength
phosphate buffered saline
phosphate buffered saline and tween-20
phenylmethyl sulfonyl fl uoride
ribonucleic acid
ribonuclease
revolutions per minute
super duper buffer
sodium dodecyl sulphate
sodium dodecyl sulphate polyacrylamide gel electrophoresis
tris buffered saline
tris buffered saline and tween-20
th¡rmidine kinase
melting temperature at which half maximal binding occurs

tris(hydroxymethyl) aminomethane
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U
UV

units (active)
ultra violet
volt

2.2 Materials

The materials that were used and their main supplier/manufacturer are listed

2.2.1 General Materials

V

3 MM chromatography paper
Centricon concentrators, 30 and 100 kDa MWCO
Filter, 100 kDa MWCO
Fluro Nunc 96-well
HybondrM-C (nitrocellulose membrane)
Nunclon Delta white 96 microwell
LumiTracrM 600
Minisart 0.2 or 0.45 pM filters, syringe top
Needles, various gauges

PD-l0 Desalting Column
Photographic slide film
Sealed plastic container
Syringes, various volumes
Tissue Culture Vessels, various
X-ray film
500ml bottletop filter 0.45 pM

Whatman Ltd
Millipore
Amicon
Nunc
Amersham
Nunc
Greiner
Sartorius
Terumo
Amersham
Kodak
Supermarket
Becton Dickinson
Falcon
Konica, AGFA
Corning

2.2.2 Chemicals and Reagents

All chemicals and reagents were of analytical grade, or of the highest purity available. The

majority of common laboratory chemicals were obtained from either Sigma or BDH
Chemicals Ltd. Specialized chemicals are listed below.

ABTS
acrylamide (Acryl/bis 29: l)
Acti-rapidrM Insulin
Amp
APS
ATP
bacto-agar
Bacto-tryptone
Benchmark Size markers
BCA assay reagent

B-mercapto-ethanol
Bradford reagent
bromophenol blue
BSA
BSA (TC quality) (#48806)
Coomassie stain
Colour Markers þrotein) (#C3437)

Boehringer Mannheim
Astral Scientific
Novo Nordisk
Sigma
BDH Chemicals Ltd.
Sigma
Difco Labs Ltd.
Difco Labs Ltd.
Invitrogen
Pierce
Sigma
Biorad
Sigma
Sigma
Sigma
Sigma
Sigma
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DELFIA Enhancement Solution
DEPC
DMEM (#r2430-0s4)
DMSO
dNTP
DTT
EDTA
Ethidium bromide
FCS
Gentamycin (Gal8)
Guanidium
Horse Serum
Immidazole
Insulin (media g¡ade)

IGFI (media grade #ru100)
IGFl (receptor grade #CM001)
IGF2 (media grade #OU100)
IGF2 (receptor grade #OM001)
Igc (G-a386)
IPTG
LioofectaminerM Plus
LipofectaminerM 2000
Luminol
Methylene Blue
NaVO¡
NaF
nickel-IDA agarose
Nonidet P-40
Oxaloacetic acid
Paraformaldehyde
Pfu buffer
PMSF
Protease inhibitor cocktail (#P8340)
PUC19 DNA markers
Puromycin
RNAlater
RNaseZAP
Sepharose-A (#P3391)
SDS
skim milk powder
sodium azide
SPPl DNA markers
temed
Trypan Blue
Trypsin/EDTA
triton X-100
TRIzolrM
tween-20 (polyoxyethylene-sorbitan monolaurate)
yeast extract

Perkin Elmer Life Sciences
Sigma
Gibco/BRL
Sigma
Sigma
Diagnostic Chemicals
Sigma
Sigma
Gibco/BRL
Gibco/BRL
Sigma
CSL
Sigma
Gropep Pty Ltd
Gropep Pty Ltd
Gropep Pty Ltd
Gropep Pty Ltd
Gropep Pty Ltd
Sigma
Sigma
Gibco/BRL
Gibco/BRL
Sigma
Sigma
Sigma
Sigma
Zymatrobe
BDH Chemicals Ltd.
Sigma
Sigma
Stratagene
Sigma
Sigma
Geneworks
Sigma
Ambion
Ambion
Sigma
Sigma
Diploma
Sigma
Geneworks
BIORAD
Sigma
Gibco/BRL
Sigma
Gibco/BRL
Sigma
Difco Labs Ltd.
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2.2.3 Enzymes

Enzymes were obtained from the following listed suppliers:

DNAase, RNAase free
Lysozyme
RNaseA
RT-mMLV (#M6125H)
Turbo Pfu DNA pol¡rmerase

anti-phosphotyrosine monoclonal (4Gl 0) I :2000
europium anti-phosphotyrosine monoclonal (PY20)
europium anti-phosphotyrosine monoclonal (PTl 00)
Sciences)

Boehringer Mannheim
Sigma
Sigma
Epicenter
Stratagene

Upstate Biotech
Santa Cruz
Wallac (Perkin Elmer Life

2.2.4 Antibodies

All antibodies were diluted according to the manufacturer's recommendation. The following
antibodies were obtained from these sources:

a) Primary Antibodies:

anti-insulin monoclonal (CT- I )
Cambridge)
anti-insulin monoclonal (8 3 -7)
Cambridge)
anti-insulin monoclonal (83- 1 4)
Cambridge)

anti-IGF-IR monoclonal (24-3 I)
Cambridge)
anti-IGF-IR monoclonal (1 6-1 3)
Cambridge)
anti-IGF-IR monoclonal (26-3)
Cambridge)
anti-IGF-IR monoclonal (24- 5 5)
Cambridge)

1:1000

N/A

N/A

(eift

(eift

(eift

from Ken Siddle,

from Ken Siddle,

from Ken Siddle,

b) Secondary Antibodies

anti-mouse-HRP conjugate, sheep polyclonal 1:2500 Silenus (AMRAD)
anti-rabbit-HRP conjugate, goatpolyclonal I :2000 DAKO
anti-mouse HRP conjugate, goalpolyclonal N/A Silenus (AMRAD)

2,2,5 Bacterial Strains

DH5cr: The E. coliDIl1cr strain was used in transformations and was a host for all
recombinantplasmids. {supE44, DlacUl69(phi80, lacZ, DMI5), hsdRl7, recAl, endAl,
gyrr1r96, thil, relAl).

N/A (gift from Ken Siddle,

N/A (grft from Ken Siddle,

N/A (gift from Ken Siddle,

N/A (gift from Ken Siddle,
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BL21(DE3): The E. coliBL2l(DE3) strain was used in transformations and was a host for
recombinantproteinexpressionplasmids. {hsdS, gal(Àclts857, ind7, Sam7, nin5, lacUV5-

TTgenel))

ADA294: The E. coti ADA294 strain was used in transformations and was a host for
recombinant protein expression plasmids.

2.2.6 Tissue Culture Cell Lines

The following cell lines have been used throughout the course of this study:

R- : embryionic fibroblast from IGF-IR KO mouse (Renato Baserga, Kimmel Cancer

Center, Philadelphia)
P6 : IGF-IR overexpressing fibroblasts (Colin Ward, CSIRO, Melbourne)

NIH 3T3 hIR : hIR-B overexpressing fibroblasts (Colin Ward, CSIRO, Melboume)
LecS hlRexll-EDZIP: carbohydrate conjugating deficient fibroblasts secreting hIR-A ED

ZIP (Colin Ward, CSIRO, Melbourne)
CT5 : hIR-B ED secreting fibrolblasts (Colin Ward, CSIRO Melbourne)

2.2.7 Bacterial Cloning and Protein Expression Vectors

pET32a+ :(Novagen) cloning and bacterial expression vector was used to

generate fusion proteins with a thioredoxin (Trx) (109aa) and 6-His tag.

pBluescriptll-Ks+ :(Stratagene) generalpurposecloningvector
pEEl4 :(Celltech) Mammalian expression vector
pGEX4T-2 :(Amrad) bacterial expression vector
pSP72 :general purpose cloning vector
pGEM-Teasy :(Invitrogen) general purpose cloning vector
pEZZlS :(CSIRO, Melbourne) bacterial expression vector
pET32a :(Invitrogen) bacterial expression vector

2.2.8 Mammalian Cell Culture Expression and Reporter Vectors

Stable mammalian cell lines were selected for using the antibiotic resistance plasmids to

neomycin and puromycin using the pEF-IRES vector as a backbone (Invitrogen).

2.2.9PcRPrimers

The following primers were used in PCR. Their nucleotide sequence is as shown:

Oligonucleotides

DNA primers were slmthesised by Geneworks

PCR primers:
Y950F lower
5'IGF-IR/ID
3'IGF-IR/ID
5'hIR/mFc 5'
5'IGF-IR/FN3-ID

5' AGCAGCGCTGAAGACTCCGGTTTTA 3'
5'TAC GGA TCC AAA GAC AAA ATC CCC 3'

5'AGT GAA TTC TTA GTT ATC CAC TCT GCT CTC 3'
GGTTGGTAAGCCTTGCATATG 3'

5',

ATCCAA
TTCCC 3'
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3'IGF-IR/FN3-ID
5'Irexl1
3'IRexl1
IRseq950
mFc-delhinge-upper
mFc-delhinge-lower
5'Ins6Amp
3'Ins6Amp
3'Ins6RT
5'Insl lAmp
3'lns1lAmp
5'Ins17Amp
3'Ins17Amp
5'Ins23Amp
3'Ins23Amp
5'Ins3OAmp
3'Ins30Amp
5'Ins37Amp
3'lns37Amp
5'Ins-6ExpZ
3'Ins-6Exp
alJ

5'Ins-6ExpE
wr950
Y950F upper
wr Y1250
Yl250F upper
Yl250F lower
wrYl251
Y125lF upper
Y1251F lower
wr s1283
S12834 upper
S12834lower
wr H12931K1294
Hl293FlK7294Rtt
H1293FlKl294Rl

2.2.10 Commercial Kits

DELFIA Eu-Labelling Kit
ToTALLY RNArM Extraction Kit (#1910)

UltracleanrM DNA purification
Cell Titre GlorM

5' GCGGAATTCTTATGCGGGCATAGTCC 3'

5' CTGGGAGAGGCAGGCGGAAGACAGTGAGCTGTTCG 3'

5' CCTGGTTGCAAGCCTGCAGCTCGATGCGATAGCCC 3'

5'CACCACACCCTTGGC 3'
5' CCGTCAAATATTGCfuqAAGTCCCAGAAGTATCATC 3'

5' GATGATACTTCTGGGACTTTTGCAATATTTGACGG 3'
5' ATGAACTCTGTCTTTACTATC 3'

5' TCATGGACAACAAGCAGATC 3'

5' GACTGATATCGGAGTAAAGG 3'

5' ATGTCTAGTTACCGTCAAAC 3'

5' TTAAATGTCCCGAGTTGAC 3'

5' ATGTTCTCGACCAGAGGGG 3'

5' TTATCCAAAAGGATTGCAGATTG 3'

5' ATGTTCGTTCTTCTTATTATTC 3'

5' TCACTGAGAAGTTGGACAG 3'

5' ATGAGTTCTCACGCCCTG 3'

5' TCAGAAGACGAATGGTGTC 3'

5' ATGGCTGCTTTCCTGCCAATTG 3'

5' TTACTTTATTTTTACACAATTAATACAG 3'

5I CGGGGATCCGCTGGTTCCGCGTGTTCCAGCACCAGG 3'

5' CGGGTCGACTCATGGACAACAAGCAGAGCGTATGTAGTC

5' CGGGGATCCCTGGTTCCGCGTGTTCCAGCACCAGG 3'

5' GTAAAACCGGAGTACTTCAGCGCTGCT 3'

5' GTAAAACCGGAGTTCTTCAGCGCTGCT 3'

5' GAGGTCTCCTTCTACTACAGCGAGGAG 3'

5' GAGGTCTCCTTCTTCTACAGCGAGGAG 3'

5' CTCCTCGCTGCAGAAGAAGGAGACCTC 3'

5' GTCTCCTTCTACTACAGCGAGGAGAAC 3'

5' GTCTCCTTCTACTTCAGCGAGGAGAAC 3'

5' GTTCTCCTCGCTGAAGTAGAAGGAGAC 3'

5' GCCTCCTCGTCCACACTGCCACTGCCC 3'

5' GCCTCCTCGTCCGCACTGCCACTGCCC 3'

5' GGGCAGTGGCAGTGCGGACGAGGAGGC 3'

5' AGACACTCAGGACACAAGGCCGAGAACGGC 3'

5' AGACACTCAGGATTCAGGGCCGAGAACGGC 3'

5' GCCGTTCTCGGCCCTGAATCCTGAGTGTCT 3'

'Wallac

Ambion
Geneworks
Promega

2.2.11 Molecular \ileight Standards

2.2.11.1DNA Markers

Hpa II digested pUC19 markers were purchased from Geneworks.

Band sizes (bp): 501, 489, 404, 331, 242, 190, 147, 1 I 1, 1 I0, 67, 34, 34, and 26
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EcoRl digested SPP-I markers were purchased from Geneworks.
Band sizes (bp): 8557,7427,6106,4899,3639,2799,1953,1882, 1515,1412,1164,992,
7r0, 492,359,81.

2.2.11.2 Protein Markers

SDST markers were purchased from Sigma. Protein constituents: Albumin (Bovine) 66kDa,
Albumin (Egg) 45I<D a, Glyceraldehyde-3 -P -Dehydro genase 3 6kDa, Carbonic Anhydrase
(Bovine) 29kDa, Trypsinogen (Bovine Pancreas) 241<Da, Trypsin inhibitor (Soybean)

20kDa, cr-Lactalbumin (Bovine milk) l42kDa

The following protein markers were purchased from Gibco:
BenchmarkrM Prestained Protein Ladder molecular weight markers:
Contains a mixture of 10 proteins stained blue except 67 kDa stained pink. Approximate MW
(kDa): 221, 133, 93, 67, 56, 42, 28, 23, 17, and I l.

2.2.12 Solutions

The Milli-Q Reagent V/ater System was employed to filter the water for these experiments.
All solutions were sterilised by autoclaving or filtering with a 0.45 pM filter. Tissue culture
solutions were filtered in vacuo using Coming disposable bottle top 0.22 ¡rM filters. The
following solutions were used.

General Laboratory Solutions

ABTS reagent: 60nM citric acid buffer (pH 9), 0.12%HzOz, 1 ABTS tablet per l0mls
Anode Buffer: 0.2 M tris (pH 8.9).
Ammonium acetate DNA buffer 1: 25mM tris (pH 7.5), 1OmM EDTA (pH 8), 0.9% (wlv)
glucose and 2 mglml Lysoz¡rme.
Ammonium acetate DNA buffer 2:7Yo (w/v) SDS and 0.2M NaOH.
Bicarbonate Buffer: 150mM NazCO¡ (pH 9.5)
Blocking Solution: 5% skim milk powder, PBST
Cathode Buffer: 0.1M tris, I%SDS, I M tricine.
Citric Acid Buffer: 60mM citric acid and 8lmM NazHPO+ with a final pH of 4.
Coomassie blue stain: 0.1%(wlv) Coomassie brilliant blue, 30%(v/v) methanol,l}%o(vlv)
acetic acid.
Destain: 50%(vlv) methanol, S%(vlv) glacial acetic acid.
ECL solution 1: 2.5mM luminol, 0.4mM courmaric acid, 0.1M tris (pH 8.5).
ECL solution 2: 0.0192% (vlv)HzOz, 0.1M tris (pH 8.5).
Europium elution buffer: 50mM tris (pH 7.8),0.9yo (w/v) NaCl and 0.05% (w/v) sodium
azide.
Europium labelling buffer: 100mM NazCo¡ (pH 9.3).
Europium lysis buffer: 150mM NaCl, l.5mM MgCl2,lmM EGTA, 20mM hepes, l0% (vlv)
glycerol, 0.1% (vlv) triton-X-l00, lmM PMSF, lmM Na¡VO¿, 10mM NaF and lx Protease
inhibitor cocktail.
Gel Buffer {3X}: 3M tris base, 0.3%(w/v) SDS.
GLB {10X}: 50% (vlv) glycerol, 0.05% (w/v) bromophenol blue and 0.05% (w/v) xylene
cyanol.
Hepes Buffer 1125I-Gr;: 100mM HEPES, 120mM Nacl, 5mM KCl, 1.2mM MgSoa.7H2o,
8mM Glucose, 0.5% BSA
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IP binding buffer: 10mM tris (pH 7.5),0.1o/o triton-X-l00 (or NP-40), 2mM EDTA,

lmM PMSF, lmM Na¡VO¿, 10mM NaF and lx Protease inhibitor cocktail.

IP wash buffer: 10mM tris (pH 7.5), o.lyo triton-X-l00 (or NP-40), 0.15M KCl,

2nMEDTA, lmM PMSF, lmM Na¡VO+, 1OmM NaF and lX Protease inhibitor cocktail'

Ligandbindingbuffer: l00mM Hepes (pH 8), 100mM NaCl, 2¡t}i4 4,4'Dithio-
bis(phenyl azide) and 0.05% (v/v) tween-2O.

Ni-tpa binding buffer: 0.5M Nacl, 5mM imidazole, 20mM tris (pH 7.9).

Ni-IDA wash buffer: 0.5M Nacl, 60mM imidazole, 20mM tris (pH 7.9).

Ni-IDA elute buffer: 0.5M Nacl, lM imidazole, 20mM tris (pH 7.9).

Ni-IDA strip buffer: 0.lM EDTA, 0.25M NaCl, 20mM tris þH 7'9)'

Ni-IDA charge buffer: 50mM NiSO¿
pBS: 8% (w/v) NaCl, 0.02% (w/v) KCl, 0.02% (w/v) KHzPO¿, 0.115% (w/v)

NazHPO+. PBST is PBS supplemented with 0.1% (vlv) Tween-2O'

Resolving Gel: gy, (itv) acrylamide:bis 28:1, 10.5% (v/v) glycerol, 1 x gel buffer,

0.0014% (v/v) temed and0.04Yo (w/v) APS.

SD buffer {10x}: 330mM tris (pH 8.3), 625mM KAc, 100mM MgAc, 40mM spermidine'

5mM DTE.
SDS load buffer {5X}: 0.25M tris (pH 6.8),5o/o (v/v) p-mercaptoethanol,l}Yo (w/v) SDS,

0.5% (w/v) bromophenol blue and 50o/o (v/v) glycerol.

Stacking óel: 4.5% (v/v) acrylamide:bis 28:1, I x gel buffer, 0.0009% (v/v) temed

and.078o/o (w/v) APS.
Stripping Buffer: 0.lM p-mercaptoethanol,2o/o SDS, 62.5mM tris (pH 6.7).

TAE: 40mM tris, 20mM NaAc, 10mM EDTA (pH 8'2)'

TBS:25m[tris(pH7.4),0.737MNaCl,2'Tm]|i4KCl'TBSTisTBS
supplemented with 0.1% (vlv) Tween-20.

western Transfer Buffer: 25mM tris þH 8.4), 0.25M glycine and20Yo methanol.

WCE buffer: 20mM HEPES, 420mM NaCl, 0.5% NP-40 (or 7o/o triton-X-l00),

25o/o Glycerol, 0.2mM EDTA, 1.5mM MgCl2 and freshly added lmM PMSF, lmM
Na¡VO+, 1OmM NaF and lx Protease inhibitor cocktail.

2,2.13 Online and Computing Resources

Data Analysis and RePresentation:

Excel 2 000, Micro soft , (http : //www' office.microsoft . com/ )

Pris m v3 . 03, GraphP ad S o ftware Inc. (http : //www. eraphpad. corn/prisrn/ )

DNA and Protein sequence visualisation, analysis and manipulation:

MagDNASIS v2.0, Hitachi software Engineering America Ltd. (http://www.hitachi-soft'com )

ABI prismrM Editliew vl.01, Applied Biosystems, (http://www.appliedbiosystems'com )

Chroma v1 .0, (http://www.le'ndirect'co.uldchroma )

DNA and protein sequence alignment:

clustal\M vl.7, European Molecular Biology Laboratory, Heidelberg,

Germany. (http ://www. ebi. ac.uk/clustald) (Thomp son, e t a 1., 1 9 9 4)

T-Coffee v|.37 , (httrp://www.ch.embnet.ore/software/TCoffee.html) (Notredame et a|.,2000)
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Protein structure file visualisation:

VMD vI.Sa2l,University of Illinois Theoretical and Computational Biophysics Group,

(http ://www.ks.uiuc.edu/Researctr/vmd/) (Humphrey et al', 199 6)

DS ViewerproTM v5.0, Accelrys Inc. (http ://www.accelrvs.com/viewer/ )

Comparative Modelling:
MODELLER 6v2, (http ://structbio.vanderbilt. edr¡/comp/soft/modeller/ ).

Protein structure refinement and evaluation:

NAMD v2.5, University of Illinois, Theoretical and Computational Biophysics Group,

(http://www.ks.uiuc.edu/Research/namd/ )'

Procheck v3.5.4 (http://www.biochem.ucl.ac.uld-romartprocheck/procheck'html )'

ProSa 2003 v4.0, Center of Applied Molecular Engineering, ProCeryon Biosciences

(http://www.proceryon.com/solutions/prosa.html )

STAMP Structural Alignment of Multiple Proteins v 4.2, Unlersity of Oxford, Molecular

Biophysics (http://www.compbio.dundee.ac.uk/Software/Stamp/stamo.html ). (Russel andBarton, 1992)
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2.3 METHODS

2.3.1 Bacterial Methods

2.3.1.1 Making Glycerol Stocks

A small-scale bacterial culture was set up in selective LB medium from a single transformed

Escherichia coli colony and grown ovemight at 37oC, shaking. The following morning,

triplicate 50ppl samples were diluted 1:1 with 80% glycerol, mixed and stored at -80oC.

2.3.1.2 Calcium Chloride Competent Cells

A small-scale bacterial culture was set up in LB medium from a single E. colí colony (DH5cx,,

BL2I(DE3) strain) and grown overnight at37"C with shaking. The following morning, a 1olo

(v/v) subculture was made in 500 mL of LB medium and the culture was expanded to an

optical density at 600nm wavelength (ODeoo.,,) of 0.4-0.5. The culture was chilled on ice for

10 min and bacterial cells were collected by centrifugation at 2990 x g (4'C) for 15 min.

Pellets were then washed in 100 mL ice cold CaClz solution (0.06 M CaCl2, l5%o vlv

glycerol), centrifuged at2990 x g (4'C) for 15 min and resuspendedin20 mL ice cold CaClz

solution. Approximately 20ppl aliquots in Eppendorf tubes were snap frozen in a dry

ice/ethanol bath and stored at -80"C until used.

2,3.1.3 Transformation of Competent Cells by Heat Shock

Competent cells were transformed with circular plasmids by the heat shock method as

follows. Plasmid DNA or 20. pL ligation reaction was mixed with freshly thawed 200. pL

CaClz competent cells and incubated on ice for -10-20 min before heat shock at 42"C fot 2

min and then incubation on ice for a further 10 min. Cells were then incubated at 37"C for

10min before being plated onto LB agar plates with appropriate selection and incubated

overnight ar3J"C.

2.3.1.4 Large Scale Midiprep Kit

100 mL of overnight culture was processed using the QIAGEN Maxi prep kit according to the

manufacturers recommendation. Briefly, cells were pelleted aI 2990 x g for 10 min and

resuspended in QIAGEN kit Buffer Pl and lysed by the addition of buffer P2. Ãftet addition

of buffer P3 contaminants were removed by filtration through a disposable column into a

QIAGEN-tip prepared by washing with buffer QBT. Plasmid DNA attached to the tip was

washed with buffer QC and eluted in buffer QF, precipitated with isopropanol, washed with

70o/o ethanol and resuspended in TE. Approximately 500 pg of plasmid DNA suitable for

mammalian cell transfection was obtained from each preparation'
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2.3.1.5 Medium Scale Plasmid Preparation

Single bacterial colonies or frozen glycerol samples were inoculated into 50 mL of LB

containing 100 pg/ml ampicillin, and incubated overnight at 37"C in an orbital shaker. -40-

45 mLof bacterial culture was aliquoted into oakridge tubes, and spun at2990 x g at 4oC for

5 minutes. The supernatant was removed, and the pellet resuspended in 3 mL of TEG buffer

(50mM Glucose, 25mM Tris-Cl pH 8.0, 10mM EDTA pH 8.0). 6 mL of fresh Lysis buffer

(0.2M NaOH, l% (wlv) SDS) was then added and the solution incubated on ice for 5 minutes.

4.5 mL of potassium acetate solution (5M KOAo pH 5.2, glacial acetic acid) was added and

incubated for a further 20 minutes on ice. Following centrifugation at 30,000 x g for 15

minutes aI 4"C, the supernatant was transferred to oakridge tubes containing 8mL

isopropanol. These were centrifuged at 30,000 x g at 4"C for 5 minutes and the pellet

resuspended in 400 pL H2O. RNA was digested by adding 2 pL RNase A (l0mg/ml-) and

incubating at 37" for 30 minutes. Proteins were removed by phenol/chloroform extraction in

which an equal volume of phenol/chloroform was added, the mixture vortexed and

centrifuged at 30,000 x g for 2 minutes and the aqueous layer removed. Residual phenol was

removed by adding an equal volume of chloroform, vortexing and spinning. The aqueous

layer was againremoved and the DNA precipitated by adding l/16 volume of 3M NaAc pH

5.2, ImL 95% (vlv) EtOH and incubating at -20o for 10-20 minutes. The DNA was pelleted

by spinning at 30,000 x g for 10 minutes. The pellet was washed in 400 ¡tL70% (v/v) EtOH

and vacuum dried, before being resuspended in 100-200 pL of lxTE.

2.3.1.6 Small scale kit

Up to 5 mL of overnight culture was processed using the Ultracleatttt miniprep kit according

to the manufacturers recommendation. Briefly, cells were pelleted and all traces of media

were removed before resuspension in UltracleanrM miniprep kit Solution 1. Cells were lysed

by the addition of kit solution 2. After addition of kit solution 3 contaminants were removed

by centrifugation at 20,800 x g for 1 min and filtration through a disposable column, Plasmid

DNA attached to the column was washed with kit solution 4 by centrifugation and eluted in

TE with centrifugation. Approximately 19 pg of plasmid DNA suitable for DNA sequencing

or mammalian cell transfection was obtained from each preparation.
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2.3.1.7 Small Scale Plasmid Preparation

Single bacterial colonies were inoculated from aî agar plate or from a ftozen glycerol sample

into 2 mL of LB containing the appropriate antibiotic (100 pglml- amp), and incubated

overnight at 3j"C in a rolling drum. Plasmid DNA was extracted by the rapid miniprep

method. 1.5 mL of bacterial culture was aliquoted into an eppendorf and centrifuged at l4 000

x g for 30 seconds, then resuspended in -50 pL of supernatant. This solution was then

vorrexed with 300 pL of Megadeath solution (0.1M NaOH, 05% (wlv) SDS, 10mM Tris pH

g, 1mM EDTA). 150 pL of 3M NaAc pH 5.2 was added, and the cell debri pelleted at 14 000

x g for 3minutes. Plasmid DNA in the supematant was transferred to a fresh eppendorf, lml-

of cold 95% (vlv) ethanol added, and the mixture vortexed and spun at 14 000 x g for 4

minutes to pellet the plasmid DNA. The supernatant was aspirated, and cleaned with 400 pL

of 10yo (v/v) ethanol. After spinning for 4 minutes, the supernatant was removed and the

pellet vacuum dried and resuspended in 20 pL of TE. Samples were treated with RNase A

(-O.spg/pl) and incub ated at 37'C for 30 minutes'

2.3.2 Molecular Methods

2.3.2,1 Agarose Gel Electrophoresis

Agarose minigels were prepared by pouring 10-12mls of gel solution (l-3% (w/v) Agarose

(Sigma) in 1 x TAE) onto a 5.0cm x 7.5cm glass microscope slide. Gels were submerged in 1

x TAE and samples containing 1 x GLB were electrophoresed at 70-100 Volts. DNA or RNA

was stained by a 1 WùmL solution of EtBr and visualised by exposure to medium lengfh UV

light.

2.3.2.2 Purification of Linear DNA fragments

DNA samples were excised from agarose minigels using a sterile scalpel blade and purified

using the ULTRAclean Nucleic Acid Purification Kit, from Geneworks, according to the

instructions.

2.3.2.3 Restriction Endonuclease Digestion of Plasmid DNA

plasmid DNA was digested with 2-5 units of enzymelpg of DNA. Restrictions were done in

SD buffer and incubated at 37oC for 45-60 minutes. Digestions were examined by TAE

agarose gel electroPhoresis.

42



2.3.2,4 Ligation Reactions

Ligation reactions contained -50 ng of restricted, purified vector, a 3 fold molar excess of

purified insert, 1 x Ligation Buffer with lmM ATP and 1U of T4 DNA ligase in a 20 ¡tL

volume. Reactions were incubated for 2-4hrs or overnight at 16'C before transformation.

2.3.2.5 RNA purifÏcation from cells in tissue culture

The TRIzolrM RNA extraction protocol was employed to obtain RNA from tissue-culture cell

pellets (5 x 106 cells) (Chomczynski and Sacchi, 1981). All solutions, including the

electrophoresis gel and buffers were prepared with DEPC treated water. Briefly outlined, the

procedure involved addition of I mL of reagent to these sample amounts in an eppendorf and

tituration performed to ensure thorough homogenisation. After a 5 min RT incubation to

allow complete disassociation of all complexes, 0.2 mL of chloroform was mixed vigorously

by shaking and the phases allowed to seperate during 3 mins of incubation at room

temperature. Micro-centrifugation at 12,000 x g for 15 mins was followed by removal of the

aqueous layer to a fresh eppendorf. The RNA was then extracted from the solution by

addition of 0.5mL of isopropanol and a 10 min RT incubation. RNA was precipitated by

centrifugati on at 12,000 x g for 10 mins, and the pellet washed withl5o/o (v/v) ethanol before

being air-dried and resuspended in 50 pL RNase-free water.

RNA samples from either extraction method were electrophoresed (Section 2.3.2.I) to

visualise the 18S (1.8kb) and 28S (5kb) ribosomal subunits as well as any contamination by

DNA or protein. Spectroscopy was performed to obtain RNA concentrations (ODzeo*o of 1 :

4gmg/ml) and to ensure purity of samples (the 230:260 ratio required to be between 1.7 and

2.1 and a 260:280 ratio of 2 required). Only clean and intact samples were used for reverse

transcription into gDNA (Section 2.3.2.7), if necessary samples underwent re-extraction with

a phenol:chloroform mixture followed by salt precipitation to remove contaminating protein

or were digested with RNase-free DNase I (0.5mg/mL) aI37"C(#458).

2.3,2.6 mRNA Purification from whole c. elegøns RNA

mRNA was isolated from total RNA using the Micro-Fast TrackrM Kit (Invitrogen). Briefly,

c. elegans RNA stored in ethanol was pelleted and vacuum dried to remove the ethanol.

Pellets were resuspended in 1 mL Micro-Fast TrackTM Lysis buffer and 63 uL 5M NaCl . An

Oligo dT cellulose tablet was added to each tube and allowed to swell for 2 min before

dispersion with a sterile tip. After a 20 min incubation at RT, the oligo dT cellulose \ryas

pelleted by a 4000 x g spin for 6 min and the supematant removed. The cellulose pellet was
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then washed three times with 1.3 mL Micro-Fast TrackTM Binding buffer with a 4000 x g

spin for 6 min between each wash. The pellet was finally resuspended in 300 pL Binding

buffer and added to a spin column, followed by a 10 sec sin at 4000 x g' A further three wash

steps were performed with 1 mL Binding buffer on the column with intervening 10 sec spins.

Non-polyadenylated RNA was removed with two 200 pL Micro-Fast TrackTM Low Salt

Wash Buffer wash steps. mRNA was obtained from the column by adding two lots of 100 pL

Elution Buffer with subsequent 10 sec spins at 4000 x g and collecting the flow through.

mRNA was precipitated and stored for future use by the addition of 10 pL glycogen (2

mg/ml), 30 pL 2M NaAc and 600 ¡tL 95% EtOH to the 200 ¡tL of elution buffer and -70 C

storage. mRNA for use was recovered by centrifugation and resuspension in 20 pL 10mM

Tris pH 7.5.

2.3.2.7 Reverse TranscriPtion

Reverse transcription was performed on various extracted RNA samples generated in Sections

2.3.2.5 and2.3.2.6 to create oDNA to be used as a template in PCR (Section2.3.2.9). In

general, I-2 ïtg of RNA was added to a 20 pL final solution containing 1 x RT buffer, 0.5

Ul¡tL m-MLV Reverse Transcriptase, 0.625mM random hexamers, 10mM DTT, lmM

dNTps and MQ water. This solution \Mas incubated at 37"C for I hour to allow reaction to

occur. Often to encourage extension of full-length oDNA containing the 3' end, an additional

3' or 3'UTR primer was 'spiked' into reaction aI a ftnal concentration of. 2.5ngl¡lL. The

reaction was then either stored at 4"C until required or immediately added as template (2-3¡tL

) to a PCR (Section 2.3.2.9).

2.3.2,8 Primer Design

primers for polymerase chain reaction (PCR) reactions were designed with the aid of OligorM

software. Generally, primers were >17 bp long, terminated in a G/C residue, had>40o/o GIC

content, unique 3' end of 7 nucleotides (compared to the template) and did not self anneal.

primer pairs had similar melting temperature at which half maximal binding occurs. Primers

designed to amplif,i sequences for cloning incorporated a restriction site at the beginning of

the coding sequence and a different restriction site and stop codon at the end of the coding

sequence.

2.3.2.9 Polymerase Chain Reaction (PCR)

pCR was used to produce insert domain constructs, check the exon 11 status of hIR

constructs, and to ampliSr C. elegans genes from cDNA. Amplihcation reactions contained
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pCR buffer, deoxynucleotides, oligonucleotides, template DNA and Taq polymerase. The

amplification program used had the following basic conditions for denaturation and

annealing, with variations as stated in the text to improve yield or purity : Cycle 1,94"C 5

minutes I 40"C I minute, cycle 2, g4"C I minute I 40"C I minute, cycles 3-30, 94"C I

minutes I 56"C 1 minute. The program was carried out by the PTC-100 Progammable

Thermal Controller.

2.3.2,10 Cycle Sequencing of Plasmid DNA

DNA sequencing was performed with reactions containing 0.5-1.9 Lrg of plasmid DNA,

l00ng sequencing primer and þ pL DYETERMTM or BIGDYETM ready reaction mix (AP

Biotech) in a total volume of 1.5 pL. 26 rounds of PCR were performed with denaturation at

96.C for 30 sec, annealing at 50'C for 15 sec and extension at 60'C for 4 min. The PCR

reaction was precipitated with ethanol (70% final) and sodium acetate (85mM final) at -20"C

for 15 min followed by centrifugation at 30,000 x g for 10 min. Pellets were washed with

200 ¡tL 70% (vlv) ethanol and dried before being processed at the IMVS DNA sequencing

facility. Alternatively, the PCR reaction was precipitated with isopropanol (60% (v/v) final) at

room temperature for 15 min followed by centrifugation at 30,000 x g for 20 min. Pellets

were washed with 25Q ¡tL I5%o vlv isopropanol and dried before being processed at the IMVS

DNA sequencing facility which uses an ABI sequencer (Applied Biosystems)'

2.3.3 In vitro Methods

2.3.3.1Culture of Mammalian Cells

Standard tissue culture techniques were used in the culture of mammalian cells' These

included thawing, subculturing, and freezingwhich are briefly described as follows. Cells in a

vial stored in liquid N2 were thawed rapidly in a 37"C water bath before dilution in 10 mL

media, centrifugation (290 x E, 2 min) and resuspension in fresh medium and cultured. To

passage cells, adherent cell monolayers were washed once with PBS and treated with trypsin

(l mL per 75 c-2; fo. 5 min at room temperature. Detached cells were resuspended in

medium containing l0%:o fetal bovine serum (FCS), centrifuged (290 x g, 3 min) and

resuspended in fresh medium. Where appropriate a haemocytometer grid was used to estimate

cell concentration prior to subculturing. Generally, cells were cultured in medium consisting

of DMEM supplemented with 10% FBS. Freezing cells for long term storage was done by

gtowing the cells to -80-90% confluence, trypsinising them as above, followed by a pelleting

a1290 x g for Zmrn, The trypsin/media was aspirated and the cells resuspended in freeze mix
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(95%FCS, 5% DMSO) and aliquoted into freezing vials and placed at -80'C. Vials were then

moved to storage under liquid nitrogen.

2.3,3.2 Cell counting using cytometer

Cell counts using a cytometer were performed on cells trypsinised to a single cell suspension.

Depending on a visual approximation of the cell density either 5 pL or 10 pL of cells were

added to lTYo (w/v) Trypan blue in 1xPBS. Five large squares on the cytometer were counted

and the cell concentration in cells/ml calculated according to the formula:

(Total cells from 5 squares/5) x Dilution factor x 104

Dead or dying cells were distinguished from viable cells by their ability to take up trypan blue

stain.

2.3.3.3 Transfection of cells using Lipofectamine +rM

The day before transfection the cells were counted and plated to a cell density to allow growth

overnight to 50-80% confluence in a 10cm dish. For each transfection 4 pg DNA was mixed

with 750 pL of serum free medium (OPTIMEMTM) and 20 ¡tL of PLUS ReagentrM and

incubated at room temperature for 15 min. 30 pL of Lipofectamine * Reagent was diluted in

750 ¡tL serum free medium and mixed with the DNA solution and incubated for a further 15

min. Cells to be transfected were washed once in IxPBS and replaced with 5 mL serum free

medium. The combined DNA/Lipofectamine mix was then added evenly to the top of the

cells and mixed gently by rocking the dishes. After a 3 hr incubation at 37"C, the transfection

media was replaced with complete medium. To select for stable transfectants antibiotics were

added 24l.rs after the transfection to allow the cells time to recover form the process.

2.3.3.4 Methylene Blue cell viability assay

Cells to be assayed for viability by methylene blue staining were grown in clear Falcon 96

well tissue culture plates. Media was removed by aspiration and each well washed xl with

0.15M NaCl. The cells were then fixed by the addition of 100 pL of methanol to each well

and incubation at room temperature for 30 min. The methanol was subsequently aspirated and

cells stained by adding 70 ¡tL Methylene Blue Stain (I% (wlv) Methylene Blue/0.01M

Borate) to each well followed by a further 30 min incubation at room temperature. The stain

was aspirated and each well washed x2 with 0.01M Borate Buffer. The dye was eluted from

the cells by adding 100 pllwell of 1:1 (v/v) 0.1M HcvEthanol. Plates were left for at least 10
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min and shook to ensure even distribution of the dye. Absorbance at 580 nm was then read

using the PolarStar Galaxy (BMG Technologies)'

2.3.3,5 Cell titre Glo assay

Cells to be assayed for viability by the CellTitre GlorM Assay were grown in clear Falcon 96

well tissue culture plates in a volume of 100 pL of media. Assays were essentially developed

according to the manufacturers instructions. Briefly, CellTitre GlorM buffer and substrate

were thawed at room temperature, and mixed together to dissolve the substrate. Tissue culture

plates were allowed to equilibrate to room temperature for 30 min prior to the addition of 100

pllwell of the combined CellTitre GlorM reagent. Contents were mixed for 2 min on an

orbital shaker to induce cell lysis and then the plate left for l0 min at RT to stabilize the

luminescent signal. Luminescence was then recorded with an integration time of 0.5 sec/well

on the PolarStar Galaxy (BMG Technologies).

2.3.3.6 Cell Lysis

Adherent cells to be lysed had their media aspirated and were washed once in IxPBS' Ice cold

Lysis buffer (20mM HEPES, 150mM NaCl, 1.5mM MgCl2, l0% (vlv) Glycerol' l% (vlv)

Triton X-100, 1mM EGTA, pH 7.5) containing 1/100 dilution of Protease Inhibitor mix

(Sigma) was then added to the plate or well and incubated at 4"C for at least 30 min. If intact

tyrosine phosphorylation was to be assayed for then 5mM Na Orthovanadate and 1OmM NaF

was also included in the lysis buffer. The cell lysate was then transferred to a new tube and

spun at 2,500 x g for 5 min at 4"Cbefore being used or stored in eppendorf tubes at -80oC'

2.3.3.7 Basic FACS analYsis

Media was aspirated and cells washed xl in 1xPBS. Cells were harvested with the addition of

trypsin/EDTA (1.5m1/10cm dish, lml T25 Flask). cells were removed in pre-walmed media

into a 20ml blue cap.

Harvested cells checked for being a single cell suspension were centrifuged a|290 x g for 2

min. The mediahrypsin mix was aspirated and the cell pellets were washed inlxPBS and spun

again at 290 x g for 3min. The supernatant was aspirated and the cells resuspended in lxPBS.

Aliquots of -20 pL cells for each sample were put into Falcon 2008 tubes. 50 pL of 1/50

diluted 1" Antibody (either g3-14 for hIR or 16-13 for hIGF-IR) and incubated on ice for -40
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min. Cells were washed xl with 3 mL IxPBS and pelleted at 290 x g, 3 min. The supernatant

was again aspirated and the cells resuspended in 50 pL 1/50 diluted FITC labelled goat anti-

mouse antibody and incubated on ice for a further 40 min. Cells were washed x2 in 3 mL

1xPBS, after each wash pelleting the cells by centrifugation at 290 x g for 3 min. Labelled

cells were finally resusupended and fixed in 500 pL Io/o paraformaldehyde in IxPBS and

stored in the dark on ice until FACS acquisition'

FACS machine Instrument settings for R- cells

Pl FSC 800 1.00 Lin
P2 SSC 350 1.00 Lin
P3 FLI 510 1.00 Log
P4FL2 560 1.00 Log
P5 FL3 667 l.00Log

2.3.3.8 Phosphorylation AssaY

Stable cell lines expressing either IR or IGF-IR were plated in clear Falcon 96 well tissue

culture plates at a cell density of 25,000 cells/well and grown overnight at37"C. The media

was aspirated and 50 pL serum-free DMEM added to each well and incubated at 37oC for 4

hrs. Following this period, cells were stimulated with 50 pL pre-warmed serum-free media

containing growth factor and incubated for 10-15 min at 31"C. The media was then quickly

aspirated and 120 ¡rL ice cold lysis buffer added to each well (see section 2.3.3.6).100 pL of

cell lysate was then transferred to a white lumintrac 600 96 well plate, which had been pre-

coated with the appropriate anti-receptor antibody (See section 2.3.4.3) and incubated

overnight at 4"C. The amount of tyrosine phosphorylation present in each well was then

assayed (see section 2.3.4.7).

2.3.3.9 Time-course Phosphorylation Assay

Stable ce|l lines expressing either IR or IGF-IR were plated in clear Falcon 96 well tissue

culture plates at a cell density of 25,000 cells/well and grown overnight at 31"C. The media

was aspirated and 50 pL serum-free DMEM added to each well and incubated at 37"C for

4hrs. In the case of phosphatase inhibition, sodium othovanadate was added to the media to a

concentration of 30 pM for 30 min prior to growth factor stimulation (Tan et al',200I).

Following this period, on a bench at room temperature, cells were stimulated with 50 pL pre-

warmed serum-free media containing growth factor and time points taken at 0, 15, 30, ó0,

lZ0, 300, and 600 sec. At each time point the media was quickly aspirated and 120 pL ice

cold lysis buffer added to each well (see section 2.3.3.6). 100 pL of cell lysate was then
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transferred to a white lumintrac 600 96 well plate which had been pre-coated with the

appropriate anti-receptor antibody (See section2.3.4.3) and incubated overnight at 4'C. The

amount of tyrosine phosphorylation present in each well was then assayed (see section

2.3.4.7).

2.3.4Protein Methods

2.3.4.1Western Blot

Briefly, proteins were separated using 8o/o, 7\o/o or l2.5Yo (v/v) Tris/Tricine/SDS lacrylamide

gels with a Hoefer gel cast system and transferred to Hybond-C (Amersham) membrane at

4gmA/gel for 90 min in lx WTB containing 20% (vlv) ethanol using a Hoefer SemiPhor

Western Transfer apparatus (Pharmacia Biotech). A Hoefer 500 V/400 mN200 W DC power

supply was used. Membranes were blocked overnight in blocking solution washed where

appropriate in wash solution and probed with antibody diluted in blocking solution.

Secondary antibodies: anti-rabbit-HRP, anti-mouse-HRP and anti-goat-HRP were used at

1:4000. Enhanced chemiluminescence (ECL) detection was used as follows. Membranes were

developed for 1 min in a freshly combined mixture of equal volumes of ECL solutions I and

2 and exposed to X-ray film that was developed using a CURIX ó0 X-Ray developer' Digital

images were recorded using a Canon laser scanner and UMAX Magicscanll software. To strip

Western blots for reuse, they were submerged in Stripping buffer at 50'C for 30 min with

occasional agitation. After washing twice in wash solution, blots were blocked overnight in

blocking solution.

2.3.4.2 Europium-labelling proteins

The DELFIA Eu-labelling kit was used to europium label either antibodies or growth factors

on the N-terminal and side chain amine gloups. Proteins to be labelled were either

resuspended from solid or buffer exchanged using a PD10 column (See 2.3'4.10), into

labelling buffer (100mM Na2CO3 pH 8.5). In each case -lmg of protein was mixed with Eu-

labelling Reagent (used at a molar ratio of - 3:1 Eu:protein) and incubated in the datk at 4"C,

overnight for 24hrs. Reactions were quenched with L-Lysine for 15min and the protein

separated from unreacted eu-labelling reagent using a PD10 column and eluting from the

column with 50mM Tris-HCl pH 7.5,09% (wlv) NaCl, 0.05% (v/v) NaN3. 500 pL fractions

were collected in siliconised tubes and subsequently tested for protein content using a BCA

assay (See 2.3.4.8) and the presence of europium using time-resolved fluorescence (See
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2.3.4.5). Fractions containing both protein and europium were assumed to be labelled and

stored at 4"C in the elution buffer.

2.3.4.3 Preparation of 96-well Plates with anti-receptor antibody

Receptor capturing plates were prepared using white 96 well Lumintrac 600 plates and anti-

receptor antibodies 24-31(o-IGF-IR) or 83-7 (a-IR). Antibodies were diluted in IxPBS at a

concentration of 2-2.5 y.4lmI. and 100 pL added to each well. Coating was allowed to occur

aL 4oC overnight, after which wells were aspirated and blocked by the addition of 125 pllwell

of 0.5% (w/v) receptor grade BSA (SIGMA) in 1xPBS. This was incubated for up to 3 hrs at

3i"C. Wells were again aspirated and washed x2 with TBST (IXTBS and 0.05% Tween 20).

Plates were either used immediately or stored at -20"C in 200 pllwell TBST.

2.3.4.4 Insulin Receptor ELISA

Receptor capturing plates were prepared using clear 96 well TC grade plates and coated with

the anti-insulin receptor antibody 83-7. Antibodies were diluted in IxPBS at a concentration

of 2-2.5 WdmL and 100 pL added to each well. Coating was allowed to occur at 4"C

ovemight, after which wells were aspirated and blocked by the addition of 125 pllwell of

0.5% receptor grade BSA (SIGMA) in 1xPBS. This was incubated for up to 3 hrs at 37"C.

Wells were again aspirated and washed x2 with 1xPBS. Plates were either used immediately

or stored at -20"C in 200 pllwell PBS. 100 pL samples were then added to the wells for 2-4

hr at RT or overnight at 4"C. Following a further x2 washes with 1xPBS, 100 pL of

biotinylated 83-14 diluted 1/1000, was added to each well. Wells \Mere washed again with

IxPBS and BCIP substrate added and absorbance measured at 405 nm.

2.3.4.5 Competition Assay with eu-labeled growth factors

prepared and washed plates were tapped dry and 100 pllwell of soluble or solubilised

receptor was added (if purified then at 0.5 pglml, otherwise undiluted). Having incubated

overnight at 4"C, wells were aspirated and washed twice with 200 pllwell TBST and patted

dry. Eu-labeled growth factor was diluted in Ligand Binding Buffer (LBB: 100mM HEPES

pH 8, 100mM NaCl, 0.05yo (v/v) tween 20) and 50 pL added to each well (See section 4.2'5

for a discussion on the amount of eu-growth factor to use). 50 pL of unlabelled ligand diluted

in LBB to double the required concentration was added to each well in triplicate and the plate

incubated overnight at 4"C. The mix was aspirated and the wells washed x3 with 200 pL MQ
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HzO and finally patted dry. 100 pllwell of Wallac Enhancement solution was added to release

the europium and left for -10 min before measuring the time-resolved fluorescence from a

PolarStar Galaxy (BMG lab technologies).

Instrument settings- Excitation Filter: 340-12, Emission Filter: 612-12, No of Flashes: 50,

Integration Delay (ps): 0400, lntegration Time (ps): 0800

2.3.4.612sI growth factor competition assay

R- cells, wild-type or stably transfected, were plated in 24 well trays to yield 80-95%

confluence ovemight. Following at least 2 hrs growth in serum free medium, cells were

washed xl with ice cold lxPBS. r2sl-Growth Factor (IGF-I, 2 or Insulin(Yl9)) was diluted in

ice cold HEPES buffer (100mM HEPES, l20mM NaCl, 5mM KCl, 1.2mM MgSO¿.7HzO,

8mM Glucose, 0.5% BSA) to give -10-15, 000 cpm/400 pL and 400 pL added to each well.

Unlabeled growth was serially diluted (at x5 required concentration) in ice cold HEPES

buffer and 100 pL added to each well. Having been left overnight at 4"C, competition mixes

were aspirated and washed xl with 2.5 ml.s lxPBS. Following a further aspiration, I mL of

0.5M NaOlHl}.l% Triton X-100 was added to each well, triturated and transferred to

eppendorfs for counting on a multigamma counter (CSIRO)'

2.3.4.7 Detection of Tyrosine Phosphorylation using eu-labeled anti-phosphotyrosine

Antibody

Prepared and washed plates were tapped dry and 100 pllwell of solubilised receptor was

added (See section2.3.3.6 for lysis method). Having incubated overnight aI4"C, wells were

aspirated and washed x2 with 200 pllwell TBST and patted dry. Eu-labelled anti-

phosphotyrosine antibody was diluted in LBB and 100 pL added to each well and incubated

in the dark for at least 2hus atroom temperature. The eu-antibody was aspirated and the wells

washed x3 with 200 ¡tL MQ H20 and finally patted dry. 100 pllwell of 
'Wallac 

Enhancement

solution was added to release the europium and left for -10 min before measuring the time-

resolved fluorescence from a PolarStar Galaxy (BMG lab technologies) (Okada et a1.,1998).

Instrument settings- Excitation Filter: 340-12, Emission Filter: 612-12, No of Flashes: 50,

Integration Delay (ps): 0400, Integration Time (ps): 0800
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2.3.4.8 Quantitation of Protein concentratio

Protein concentration was determined by either Bradford assay or the bicinchoninic acid

(BCA) protein assay. 10 pL of various BSA standards (0 - 1.0 mg/ml) and sample (neat or

diluted) were added to a 96 well tray along with either 20p ¡tL of 25o/o Bradford reagent or

BCA mixture. The ODooo.r, was measured on a 96 well Emax microplate reader (Molecular

Devices) or a PolarStar Galaxy (BMG lab technologies). A standard curve was plotted and

the sample concentration was measured from the gaph. The BCA assay was used more

routinely as it has a greater tolerance for the Tween-2O and Triton-X-l00 detergents used in

protein preparations.

2.3.4.9 SDS-PAGE Electrophoresis

Denaturing SDS-PAGE gels (0.75-l mm thick, 5-12.5%) were prepared using a HoefefM gel

pouring apparatus. The resolving-gel was allowed to polymerise with an overlay of water to

form a smooth interface. Once the gel had set and the water removed, a stacking-gel was

added and allowed to polymerise with 10 or 15 well comb inserted. Samples were mixed to a

final concentration of lx SDS load buffer and heated to 100"C for 5 min before loading (up to

20 ¡tL) onto the gel. Gels were electrophoresed at 50 mA per gel using a continuous buffer

system with Anode Buffer and Cathode Buffer. The gels were elecrophoresed with cooling,

until the ion front reached the bottom of the gel. The gels were then either electroblotted (See

Section 2.3.4.1) or stained with Coomassie blue stain (0.1%(w/v) Coomassie brilliant blue,

30%(vlv) methanol, l)%(vlv) acetic acid) to visualise protein content for 30 mins at 37oC.

Stain was removed by extensive washing in Destain solution (50%(v/v) methanol, 5%(vlv)

glacial acetic acid). A digital image of the gel was recorded using a Canon laser scanner and

UMAX Magicscanll software.

2.3.4.10 Ni-Affinity Chromatography

Ni-Affinity Chromatography was used to puriry bacterially expressed fusion proteins from

pqT32athat contain a Histidine Tag. 2mLs of Ni-NTA agarose resin (Zymatrobe) was added

to a PD10 column and allowed to settle before washing with 3 bed volumes of MQ HzO, 5

bed volumes of Charge buffer (50mM NiSO4), and 3 bed volumes of Binding Buffer (0.5M

NaCl, 5mM imidazole, 20mM tris pH 7.9). Resin was transferred in Binding Buffer as a

slurry into a tube containing the protein sample and incubated for 1-1.5 hrs at 4"C on a

shaking platform. The combined sample and resin were loaded back into the column and the

flow through collected and repoured. The column was washed with 10 bed volumes Binding

Buffer, followed by 6 bed volumes of Wash Buffer (0.5M NaCl, 20-60mM imidazole, 20mM
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tris pH 7.9), and remaining protein eluted with 6 bed volumes of Elute Buffer (0.5M NaCl,

200-1000mM imidazole, 20mM tris pH 7.9). lmL fractions were routinely collected of both

the flow through from the Wash and Elute buffers and analysed by Bradford assay (See

section 2.3.4.5) and SDS page gel electrophoresis (See Section 2.3.4.9) for protein content.

Samples to be kept had 1/100 dilution of Sodium Azide added to them and were stored at4"C.

Ni-NTA resin was stripped of the Ni and any remaining bound protein by adding 3 bed

volumes of Strip Buffer (0.1M EDTA, 0.25M NaCl, 20mM tris pH 7.9), followed by 6 bed

volumes of MQ HzO.

2.3.4.11 High Performance Liquid Chromatography Analysis

Reverse phase HPLC was used to separate peptide fragments and to check the purity after

speration. A C4 analytical column (Brownlee Aquapore 8U300, 7pm particle size, 300-A

pore size 4.6X100 mm) and a Cl8 analytical qolumn (Brownlee Analytical Rp-l8, Spheri-5,

5pm particle size, 4.óX100 mm) were used in various studies. Samples were acidified to -pH

3.0 with 0.1%-2% (v/v) TFA prior to loading onto the column. Columns were equilibrated

with 0.1% (v/v) TFA between runs. Various linear gradients using 01% (vlv) TFA and

0.088% (v/v) TFA/8Oolo acetonitrile were used to elute peptides from the column. A flow rate

of 0.5 mllmin was used and the eluted proteins were detected by absorbance at 2l5nrt

þeptide bonds) and 280nm (aromatic rings) using a Flow-through Ultraviolet Detector

(Waters, Model 490). Due to the small quantities of proteins being analysed if fractions were

collected then siliconised eppendorf tubes were used. Reverse Phase HPLC was controlled

using, MilleniumTM chromatography software.

2.3.4.12 Thrombin Cleavage of fusion proteins

Fusion protein purified by glutathione sepharose affinity chromatography was cleaved with

bovine thrombin to remove the thioredoxin. Digests were performed in the presence of the

chromatography elution buffer, in addition to 2.5mM CaClz and between 1-5U/mg fusion

protein of Thrombin. Reactions were incubated at 3l"C from I hr to overnight to ensure

complete cleavage occurs. Enterokinase digestions were performed in a similar manner only

CaClz was added to a final concentration of lOmM.

2.3.4.13 Proteinase K Digestion

Fusion protein purihed by glutathione sepharose chromatography was assayed for structural

compactness and stability by treatment with Proteinase K (Boehringer Mannheim) to a hnal

53



concentration of 1 mg/ml for up to 10 min at room temperature. Aliqouts of 15 pL were

taken at several time points for analysis by gel electrophoresis.

2.3.4.14 NMR Spectroscopy

NMR experiments rwere performed on a Varian Inova 600 mHz spectrometer. Data sets were

recorded at 25"C using a 5mm inverse triple resonan"e lH/t'Cl1sN pfg probe. Insert Domain

sample used for NMR spectroscopy were obtained from liophilised samples purified by

HPLC. Thioredoxin sample was obtained from liopholised samples purified by Ni-affrnity

chromatography. These were dissolved in 90o/o IJzoll}yo DzO. The pH was adjusted using

1M NaOH or HCl.

2.3.5 Computational Methods for Comparative Modelling

2.3.5.1 Protein Sequence Alignments

Ins peptide sequences were aligned for use in comparative modelling using v1.37 of the T-

Coffee algorithim (Notredame, Higgins et a1.,2000) using the'slow pair'method, based on

the Myers-Miller alignment algorithim (Myers, Selznick et a1.,1996).

2.3.5.2 Building the Comparative Models

Template PDB fîles were edited to remove headers, hetero-atoms, and water molecules.

Aligned sequences from T-Coffee were modelled individually on each template in

MODELLER (Andrej Sali, Rockefeller University), using the default parameters in addition

to restraints specif,zing which cysteines would be disulphide bonded.

2.3.5.3 Simulated Annealing

Simulated annealing was carried out using a version of the Linge et al., (2003) simulated

annealing script that was modified for use in XPLOR and NAMD. Proteins for refinement

were prepared by solvation in a 4Å wide shell of TIP3 water, addition of hydrogen atoms,

setting the correct cysteines to be disulphide bonded, for final production of protein structure

and parameter files using XPLOR and the CHARMM 22 forcefteld for proteins (MacKerell,

Bashford et a1.,1998). Proteins were first minimised by conjugate gradient minimisation for

5000 steps, before 1000 steps at each temperature during ramping from 200K to 500K in

100K increments. Simulation was carried out for a further 5000 steps before the temperature

was lowered in 25K increments Io 25K, with 500 steps of simulation at each temperature. A

final 3000 step conjugate gradient minimisation step was then performed.
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2.3.5.4Model Evaluation

Models were evaluated by determining the overall energy of the structure and the quality of

the structure/fold. Free energy was calculated in NAMD using the CHARMM22 forcefield

(Kale et al.,lggg) (MacKerell et a\.,1998). Model energy potentials for structure/fold quality

were evaluated using ProSa II v3.0, to determine a combined z-score (zp-comb) of the pair

and surface energies, lower energy indicating a more stable structure (zp : (Ep - Eune.) I o). Z-

scores were then converted to q-scores to obtain a value independent of peptide length (Sippl,

1993) (q-score : zol ln þeptide length)) (Sanchez and Sali, 1998). 3D structural alignments

were performed using STAMP v4.0 to obtain RMSD's between backbone carbons (Structural

Alignment of Multiple Proteins) (Russel and Barton,1992)'
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CHAPTER 3 EXPRESSION OF INSERT DOMAIN PROTEINS

3.1 INTRODUCTION

The Insulin Receptor (IR) and the Type-l lnsulin-Like Growth Factor Receptor (IGF-IR) are

homologous receptors, each able to bind a sub-set of a family of Insulin-like ligands that

includes Insulin, and Insulin-like Growth factors I and 2 (IGF-I and IGF-2). The IR is

primarily involved in controlling metabolic processes, particularly glucose uptake, while the

IGF-IR predominantly signals to increase proliferation and protect cells from apoptosis'

An important step in the development of therapeutic agents is the mechanistic and molecular

understanding of the relevant protein-protein interactions in the target system. In the IR and

IGF-IR fields the Holy Grail has been to determine the structure of one of the ligands bound

to either receptor. Due to the large size of a receptor/ligand complex, X-ray crystallography is

the only method currently available to study this problem at atomic resolution. Unfortunately

both the IR and IGF-IR have not been amenable to the formation of crystals of the required

quality.

The Insulin receptor family of proteins consist of eleven structural domains (See Figure 1.2),

of which the extracellular domains contain all the ligand binding and specificity determinants.

The N-terminal region consists of two homologous domains, Ll and L2, sepatated by a

cysteine rich (CR) domain (Bajaj et al., 1987). The remainder of the extracellular domains

were found to consist of three fibronectin type 3 (Fn3) domains with the central Fn3 domain

intemrpted by a -120-130 Insert domain (ID) (Marino-Buslje et al., 1998) (Mulhern et al.,

199S) (Ward et al., Iggg), which also contains the cleavage site between the u and P subunits'

A transmembrane domain follows the final Fn3 domain marking the end of the extracellular

domains of the receptor.

The 3D structure of the first three domains (LIICP./L2) of the IGF-IR has been solved using

X-ray crystallography (Ganett et al., 1998). It confirms the existence of three discreet

domains as predicted by earlier sequence analysis. As shown in figure 1.3, the overall

structure is bilobal. The two L domains form a rectangular structure consisting of three beta

sheet sides with each end capped by short alpha helices and a disulphide bond. Unfortunately,

this fragment is unable to bind ligands as a C-terminal myc tag used in the purification was

found to sit in the gap between the lobes and therefore block the likely sites of interaction. In

addition you require a 12 amino acid insert peptide from the insert domain that has been

shown to contribute to high affinity binding (Kristensen et al., 1999). The relative orientation
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of both L domains to the CR domain is probably incorrect in the crystal structure and likely

requires the Fn3 domains and the insert domain to form an appropriate scaffold.

Fn3 domains are a cofitmonly occurring scaffold domain, and although a structure has not

been produced of a Fn3 domain from either the IR or the IGF-IR, several groups have used

comparative modelling to predict the structures based on the relatively high sequence

similarity with other known Fn3 domains (Marino-Buslje 1998). These domains are

predicted to form a seven stranded beta sandwich. The relative orientation of the three

domains with each other is unknown, as is their orientation relative to the insert domain and

the hrst three domains. Currently it is thought that their main function in extracellular proteins

is to act as a spacer to correctly position the other functionally important domains.

There has been no evidence to date to suggest that the intracellular region has a direct role in

ligand binding, but it appears to be required for a high affinity conformation, presumably by

altering the orientation of the extracellular domains. This has been shown by the fact that a

receptor truncated at the transmembrane domain has several-fold lower affrnity for ligands

(Jansson et al., l99l) and that the addition of dimerisation domains (i.e. a mouse IgG Fc

region or a yeast leucine zipper) at the C-terminus of a truncated receptor nearly restores full-

length receptor affinity (Hoyne et al., 2000). [n order to reduce the size of a ligand binding

receptor fragment even further, many studies have focused on minimizing the receptor size

such that it contains only those domains andlor sequences necessary for wild-type binding

affinity, and at the same time, hoping to produce a protein able to properly crystallize.

However, suitable crystals for collecting x-ray diffraction data, from recombinant receptors

able to bind ligand, have not yet been reported.

The insert domain is the least understood of all the IR/IGF-IR domains, as sequence analysis

shows it is not similar to any other protein sequence. It also has the least amount of sequence

similarity between any of the major hIR and hIGF-1R domains (35%), suggesting that there

may be a significant number of loosely structured regions in this domain. A study in which

bound insulin was cross-linked to the IR, followed by protease digestion of the complex and

peptide sequencing, found that a 12 amino acid stretch in the insert domain was closely linked

to insulin sequences (Kurose et al., 1994). Interestingly, these 12 amino acids lie directly

before the furin cleavage site, and represent the only well conserved region in the entire insert

domain. In support of the previous study, alanine scanning mutagenesis of these residues

produced receptors with reduced affinity for their ligands, and for one residue in particular

(Phe 701) completely abolished ligand binding (Mynarcik et al., 1997). This data suggests
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that at least this part of the insert domain is involved in forming part of the ligand binding

pocket.

3.1.1 Project Summary and Aims

The insert domain has an important role in the structure and function of the IR and IGF-IR. It

is directly involved in ligand binding, it is the site for protease cleavage during receptor

biosynthesis, and it contains a triplet of cysteine's from which a single inter-subunit

disulphide bond forms. The general aim of this project was to elucidate the 3D structure of the

Insert Domain using NMR spectroscopy and determine how its structure enables its functional

role.

AIMS:

a) Puriff and characterise recombinant insert domain Protein

b) Determine the structure of the insert domain by NMR spectroscopy
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3.2 RESULTS

3.2.1 Construction of recombinant insert domain expressing vectors

In the first instance the insert domain was expressed as a fusion protein with bacterial

thioredoxin. In many cases a thioredoxin fusion partner has been used to successfully express

proteins that contain disulphide bonds (Carrick et aL.,2001). Since the insert domain is known

to have several inter-domain disulphide bonds present between two insert domains, it was

thought that if the insert domain dimerised naturally that the thioredoxin may be able to

stabilize its structure or at least prevent inclusion body formation. The pET32 vector system

(Novagen) is a commonly and successfully used bacterial expression system that allows the

expression of a protein of interest as a C-terminal fusion partner of thioredoxin. The linker

peptide region between the thioredoxin and the inserted protein contains a thrombin cleavage

site and His-Tag to enable release and purification respectively.

Since the insert domain is cleaved at a furin cleavage site almost in the centre of the domain,

there are at least two ways in which the domain could be processed. The cleavage may occur

before any secondary structure has formed and therefore the two halves form independent

structures in separate parts of the tertiary structure of the receptor. Alternatively, if the

cleavage occurs after the domain forms, this may lead to a local change in conformation to

allow the critical 12 amino acid C-terminus of the alpha subunit to become part of the ligand

binding pocket. This presents a problem when it comes to deciding how best to attempt to get

a structure of this domain. To cover both eventualities it was decided to construct both a

single whole Insert Domain protein in addition to a double domain protein consisting of the

intemrpted Fn3crB domain and the insert domain. In the latter case it was reasoned that the

Fn3aB domain would be able to fold correctly and bring the two halves of the domain

together. This should allow the insert domain to fold by itself or, if required, use the Fn3ctB

domain as a scaffold.

Primers were designed to ampliff the whole insert domain, containing an additional 5'

BamHI, a3' EcoR[ restriction site and a 3'translation stop codon, to allow insertion into the

pET32a bacterial expression vector multiple cloning site. Insertion was designed to be in

frame with the N-terminal fusion protein thioredoxin (See Figure 3.1). A further two primers

were designed to ampliSr Fn3op/ID in an analogous way to the insert domain alone (See

Figure 3.1). PCR amplification using Pfu polymerase from the plasmid pKS+ containing IGF-

IR oDNA using each primer set yielded two products of the expected sizes (See Figure 3.2).

Products were gel purified, digested wilh BamHl and EcoR[, and ligated into similarly cut
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Figure 3.1 Schematic representation of the cloning strategy used to make
Insert Domain Constructs.

Primers were designed incorporating a 5'BamHl and 3' Stop codon and EcoRl
sites to amplify either the Insert Domain (ID) or both the Fn3op Domain and the
Insert Domain (Fn3ID). PCR products were subsequently cloned in frame into the
MCS of pET32abacterial expression through BamHl/EcoRl restriction digests.

5

B EcoRI BamHI EcoRI

pET32A:lD pET32A:Fn3lD
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375 bp ID- - 
501/489 bp

- 
404 bp

- 
331 bp

- 
5.9 kbp
pET32a

- 
375 bp ID

Figure 3.2 PCR amplification of ID and cloning into pET32a

A. Insert Domain was amplified from pKS+:IGF-IR. PCR
products were run on 2o/o agarose gel and bands visualised
by ethidium bromide staining.

B. The PCR product was digested with BamHl and EcoRl and
ligated into similarly cut pET32a vector. Transformants
were digested with BamHI and EcoRl to drop insert, run on
a lYo agarose gel, and visualised by ethidium bromide
staining. Clones with the correct sized insert were
subsequently sequenced for confirmation.



pET32a vector. Transformants containing the correct insert were selected on the basis of a

further BamHI and EcokI restriction digest dropping the right size DNA fragment (See Figure

3.2) and finally sequence verified to check for any random mutations from the PCR or cloning

procedures. The results of the sequencing indicated that there were no changes from the wild-

type receptor. Verified clones were finally transformed into BL2l (DE3) or ADA294

bacterial cells for induction of protein expression.

3.2.2 PROTEIN EXPRESSION

3.2.2.1 Expression of Thioredoxin-Insert Domain fusion protein

Initially, the solubility of the Thioredoxin-lnsert Domain (trx-ID) fusion protein expressed at

37oC was assessed. A protein expressed as an insoluble inclusion body requires solubilization

and refolding which may be difhcult or impossible to do. The production of a foreign soluble

protein indicates that the bacterium can accommodate its presence in high concentrations and

in many cases has been found to at least have some secondary structure.

For trial expression experiments pET32a:ID transformedBL2I (DE3) or ADA294 cells (cell

line that allows disulphide bonds to form more easily in the bacterial cytosol) were grown

overnight, then inoculated 1/100 into 50 mL LB + ampicillin cultures and grown to OD6se :

0.6, and expression induced with 0.2mM IPTG. The amount of fusion protein produced in a 3

hr time course was assessed by PAGE analysis and, was maximal at the 3 hr time point (see

figure 3.3). There appeared to be some fusion protein present in the 0 time point indicative of

some leakiness from the theoretically repressed lacl promoter even before induction. The next

step was to determine whether the fusion protein being produced was soluble, insoluble or a

mixture of both. Bacteria induced for 3 hrs were sonicated and centrifuged to separate the

insoluble cell debris from the soluble cell contents. A 12.5o/o polyacrylamide gel was used to

analyse bacterial samples from before induction and after induction, in addition to the

insoluble cell pellet and supernatant for expression of the trx-ID fusion protein. The results

indicated that -50o/o of the fusion protein was expressed in the insoluble fraction from the

sonication (See Figure 3.4), probably transported into inclusion bodies immediately after

expression.

The observation that 50Yo of the fusion protein was soluble at 37"C suggested that the

production of the fusion protein rwas compromised under maximum bacterial proliferative

conditions. Therefore, a Inal expression was repeated at the lower temperate of 30oC,

allowing the bacteria more time between division cycles, and therefore more time for the
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Figure 3.3 Induction Timecourse of TRX-ID

pET32a:ID transformed into BL2I E.coli were grown
overnight and following 1/100 dilution into fresh media grown
to ODuoo 0.4 before induction with 0.2mM IPTG for up to
3hrs. Bacterial samples were collected before and after
induction and run on a 12.5o/o polyacrylamide gel and protein
stained with coomassie blue.
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Figure 3.4 Comparison of 37 and 30 degree inductions of trx-ID

pET32a:ID transformed into BL2l E.coli were grown overnight and following 1/100

dilution into fresh media grown to ODuoo 0.4 before induction with 0.2mM IPTG for 3 hrs.

Bacterial samples were collected before and after induction in addition to sonicating the

remaining bacteria and separating the soluble and insoluble fractions by centrifugation. The
insoluble cell pellet was resuspended in the same volume as the supernatant to allow
relative amounts to be observed. Samples were run on a 12.5o/o Tris-tricine polyacrylamide
gel stained with coomassie blue protein stain. BI :BL2l before induction. AI: BL2l after
induction. CP : Insoluble cell pellet after centrifugation. SN : Soluble supernatant after
centrifugation
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fusion protein to be processed. In this experiment, after the overnight incubation, cultures

were either grown at 37"C or 30oC. The results shown in a 12.5o/o polyacrylamide gel,

comparing two separate cultures of BL21 transformed with pET32a:ID induced at the two

temperatures (see figure 3.4). When grown at 30'C the amount of fusion protein in the soluble

fraction after sonication increases from -40% up to -90%. It was decided that a further drop

in temperature to produce 100% soluble fusion protein was unnecessary. An additional trial

was performed at 37"C in pET32a:ID transformed ADA294 cells to investigate whether the

increased capacity of this cell line to handle disulphide bond formation would allow soluble

fusion protein production, however, the results proved negative. The trials outcomes are

summarised below (See Table 3.1). As only one set of conditions resulted in soluble protein

production, all subsequent inductions of trx-ID were performed at 30oC in BLzl (DE3) cells.

Table 3.1 Summary of trial inductions using pET32a:ID
pET32a:ID was transformed into either BL2l or ADA294 cells and induced at either 37"C or

30"C, for 3 hrs. Samples were taken during the induction and run on a denaturing

polyacrylamide gel and subsequently stained with coomassie blue to detect protein.

Domain Vector Cell line Induction
temperature

Majority of Soluble
fusion protein

ID pET32a BL2I 37"C No

ID pET32a BL2I 30"c Yes

ID pET32a ADA294 37"C No

3.2.2.2 Expression of Thioredoxin-Fibronectin 3-Insert I)omain fusion protein

Since the trx-ID fusion protein was only fully soluble when expressed at 30'C, trial

expressions at both 37"C and 30oC were performed with the Thioredoxin-Fibronectin 3-[nsert

Domain (trx-Fn3/ID fusion protein expression. Experiments were performed in the same way

as in 3.3.2.1 above. Nearly 100% of the trx-Fn3/ID fusion protein was found in the insoluble

pellet at both temperatures indicating that this protein was likely being shunted into inclusion

bodies. The trial expression in ADA294 cells yielded the same result of insoluble fusion

protein. In an effort to improve the ability of the cells to accommodate the fusion protein an

additional plasmid constitutively expressing either the GroEL/ES (pACYC:GroE (52I2bp)) or

dnaK (poB45:dnaK(9544bp)) was co-transformed with pET32a:Fn3/ID (Lee et al., 1991).

Further trial expressions yielded the same result of insoluble fusion protein regardless of

which cell line was used or what was co-expressed. All trial expression results are

summarised below (see table 3.2).
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Table 3.2 Summary of trial inductions using pET32a:Fn3/ID or pGEX4T-2:Fn3/II)

pET32a:lD was transformed into either BL2l or ADA294 cells. Plasmids expressing either

GroEL/ES or dnaK were also co-transformed as indicated. Inductions were performed at

either 37"C or 30"C, for 3 hrs. Samples were taken during the induction and run on a

denaturing polyacrylamide gel and subsequently stained with coomassie blue to detect

protein.

Domain Vector Co-
transformant

Cell line lnduction
temperature

Soluble fusion
protein

Fn3/ID pET32a BL2I 37"C No

Fn3/ID pET32a BL2I 300c No
Fn3/ID pGEX4T-2 BLzI 37"C No

Fn3/ID pGEX4T-2 BL2I 30'c No

Fn3/ID pET32a ADA294 37"C No
Fn3/ID pET32a GroEL/ES BL2I 37"C No

Fn3/ID pET32a dnaK BL2I 37"C No

Fn3/ID pET32a GroEL/ES ADA294 37"C No

Fn3/ID pET32a dnaK ADA294 37"C No

Given the inability to obtain soluble fusion protein, there was no other option other than to

proceed by using the insoluble pellet as the fusion protein source. All subsequent protein

expressions of TRX-Fn3/ID were performed in BL2l (DE3) at 37"C as there appeared to be

no difference between any of the trial expressions. Soluble TRX-Fn3/ID fusion protein was

obtained by dissolving the insoluble pellet in solubilization buffer (8M urea, 100mM Tris-

HCI pH 8.0, 50mM DTT, lmM PMSF).

3.2.3 PROTEIN PURIFICATION

3.2.3.1 TRX-ID Purifïcation by Ni- affinity chromato graphy

The 6-His tag in the linker peptide between thioredoxin and the Insert Domain was utilised as

a first step in the purification process by performing Ni-affinity chromatography. This was a

convenient hrst step to take, however Ni-affinity chromatography is known to pull down

endogenous proteins that contain poly-histidine tracts in addition to the induced fusion

protein, therefore further purification steps were anticipated.

Soluble TRX-ID fusion protein obtained from sonication of BL21 (DE3) cells grown at 30'C

was added in binding buffer to the Ni-NTA agarose beads to form a slurry that was incubated

for t hr at 4"C. Unbound proteins were washed through with several column volumes of

binding buffer. A stringent wash step was then performed using 60mM imidazole wash
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buffer, followed by an elution step using 1000mM Imidazole. Fractions were collected from

each stage and analysed on 12.5% polyacrylamide gel (See Figure 3.5). The gel analysis

shows that there was a larger proportion of the fusion protein in the wash rather than the elute

fractions. There was very little fusion protein present in either the insoluble cell pellet or the

flow through from the soluble fraction after sonication, indicating that the vast majority of the

protein was being expressed in a soluble form and was binding well to the Ni-NTA agarose

beads. Since the wash fraction contained the largest amount of the fusion protein, subsequent

Ni-affinity chromatography performed used a reduced imidazole concentration of 20mM in

the wash buffer and 200mM in the elute buffer. Figure 3.5B shows an example of the

improvement in the yields from the elution buffer step using the altered imidazole

concentrations. As expected, there were still a significant number of additional proteins co-

eluting with the fusion protein therefore further purification steps were required.

3.2.3,2 TRX-ID Purifìcation by Resource Q chromatography

As a further purification step ion-exchange chromatography was tested for its ability to

separate and puriSi the trx-ID fusion protein. A Resource a column (Amersham

Biosciences), was equilibrated with 20mM Tris-HCl pH8.0. A 50 pL sample containing

fusion protein eluted from the Ni-affinity chromatography column was added to the Resource

Q column and initially eluted with a 0-100% gradient of 0.5M NaCl, 20mM Tris-HCl pH8.0

over 20 min. The trace recording showed two major peaks however these were poorly

separated. The same experiment was repeated with a 30 minute elution gradient to try and

separate the major peaks. This resulted in better separation of the peaks (See figure 3.6).

Fractions of 0.5 mL were collected from the peaks, and samples run on a 12.5o/o

polyacrylamide gel to assess protein content. The gel indicated that both major peaks

contained mostly fusion protein (See figure 3.6). All fractions analysed contained some higher

molecular weight proteins while fractions 6 and 8 each had one additional band -3kDa
smaller than the fusion protein. The purest and most concentrated fraction for the fusion

protein (No. 8) correlated with the first third of the second major peak.

3.2.3.3 Thrombin Kinase digestion

In order for the insert domain to be analysed by NMR spectroscopy the thioredoxin fusion

partner needed to be removed and separated. A thrombin cleavage site just upstream of the N-

terminus of the Insert domain, if utilised left only a Glycine/serine leader sequence at the N-

terminus. trx-ID fusion protein partially purified by Ni-affinity chromatography was digested

with lU/mg fusion protein of bovine Thrombin for up to 3 hrs at 37"C to assess the rate and
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Figure 3.5 Optimisation of wash and elution buffers for Ni-affinity Chromatography

pET32a:ID transformed into BL2l E.coli were grown overnight and following 1/100
dilution into fresh media grown to ODuoo 0.4 at 30"C before induction with 0.2mM IPTG
for 3hrs. Bacteria were collected, sonicated and centrifuged to separate the soluble and
insoluble fraction. The soluble fraction was added to Ni-NTA agarose beads and affinity
chromatography performed using different concentrations of imidazole in the Wash and
Elute buffers. Fractions collected were run on a I2.5o/o polyacrylamide gel and protein
stained with coomassie blue.

A. V/ash Buffer (60mM Imidazole), Elute Buffer (1000mM Imidazole), CP : Solubilised
cell pellet, FTl : Flow throughl,FTZ: Flow through 2,w : wash fraction, El +82:
Elute fractions.

B. Wash Buffer (20mM Imidazole), Elute Buffer (200mM Imidazole), CP : Solubilised
cell pellet, FT : Flow through 1, wl +w2: Wash fractions, F,l + Ez: Elute fractions.
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Figure 3.6 lon-exchange chromatography

A. TRX-ID fusion protein semi-purified by Ni-affinity chromatography was loaded onto
a 20mM Tris-HCl pH8.0 equilibrated Resource a column for ion-exchange
chromatography. Fusion protein was eluted with a 0-100% gradient of 0.5M NaCl,
20mM Tris-HCl pH8.0 over 30 min with a flow rate of 0.5 mllmin. The recorded trace
of the absorbance at 280nm and the relative positions of fractions collected as the peaks
were eluting off is shown.

B. 10 pL of the collected fractions and the initial loaded sample were run on a reduced
L2.5% Tris-tricine polyacrylamide gel stained with coomassie blue protein stain.



extent of cleavage . The 12.5o/o polyacrylamide gel of the results shows that the fusion protein

is rapidly cleaved and by 15 min the majority of the protein was running at the apparent

molecular weights of -22kDa, -l8kDa (expected size of ID: 17.4kDa), and -l4l<Da

(expected size of thioredoxin) (See Figure 3.7). It was decided that subsequent thrombin

digests would be performed for at least 4 hrs to minimise the amount of the -22kDa protein

from being produced.

A further Ni-affinity purification was subsequently performed to separate the products of the

reaction. The Ni charged column was able to bind to the 6-His tag between the Thioredoxin

and the inserted protein and uncleaved full-length fusion protein as the His Tag is located

between the thrombin cleavage site and the multiple cloning site.

3.2.3.4 HPLC PurifTcation of ID

Insert domain protein cleaved from the thioredoxin was purified by High Performance Liquid

chromatography (HPLC). Fractions containing proteins from the second Ni-affinity

chromatography step after the thrombin digestion were compared with the semi-purified

fusion protein. Samples were acidified with TFA and analysed on a C18 analytical column

with a 20 min 0-80% acetonitrile gradient. The traces in figure 3.8 show that the fusion

protein eluted at 28 min while the insert domain protein was eluted at 22 min. The insert

domain peak was collected and a sample of the fraction rerun to check for purity (See figure

3.8).

3.2.3.5 NMR of Purifïed ID

The purified fraction of insert domain was freeze dried and prepared for NMR analysis by

dissolving in 90o/o MQ H2Ol1}Yo DzO. As a control, the thioredoxin purified from the flow

through from the second Ni-affinity chromatography step was buffer exchanged into MQ H2O

to remove the salt from the binding buffer before being freeze dried and prepared in the same

way as for the insert domain. A lD lH NMR spectrum was recorded to assess the presence of

secondary structure in the insert domain. The insert domain trace overall indicated that the

protein was likely to be unstructured. The peaks in the amide and aromatic hydrogen region

were not well dispersed and the peaks generally were sharp, which is typically indicative of a

lack of secondary structure (See Figure 3.9). The insert domain trace was in stark contrast to

that of the thioredoxin sample, which appeared to have well-dispersed, sharp peaks.
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Figure 3.7 Thrombin Digest

TRX-ID fusion protein semi-purified by Ni-affinity chromatography was digested
with lU thrombin/ mg protein for up to 3 hrs at37"C. Digestions were stopped by the
addition of lmM PMSF. 10 ¡tL samples '\À/ere run on a lz.5% Tris-tricine
polyacrylamide gel stained with coomassie blue protein stain.
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Figure 3.8 HPLC Analysis
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Protein samples ìwere acidified with 0.1%-2% (v/v) TFApriorto loading onto a C18
analytical column equilibrated with 0.Io/o (vlv) TFA. A 0-80% acetonitrile linear
gradient using 0.1% (vlv) TFA and 0.088% (v/v) TFA/80o/o acetonitrile was used to
elute peptides from the column at a flow rate of 0.5 mllmin. Traces show the detected
absorbance at2l5nm.

A. TRX-ID fusion protein from an elution fraction from Ni-affinity chromatography.
B. Semi-purifed ID from second Ni-affinity chromatography purification after thrombin
cleavage of the fusion protein.
C. Purifed ID separated by a previous HPLC run.
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Figure 3.9 Comparison of lD tH NMR spectra of Insert Domain and Thioredoxin

tD plot of rH NMR spectra at pH 6.8 of HPLC purified Insert Domain and Ni-affinity
purified TRX. Protein samples were lypholised and dissolved in9}o/o MQ H2O/1}yoD2O.



3.2.4 REFOLDING STUDIES

3.2.4,1Analysis of the State of ID by Gel Filtration Chromatography

Since the NMR analysis indicated that the Insert Domain was likely to be mostly unstructured

it was necessary to further assess the state of the protein. It was possible that the ID protein

was unfolded because of incorrect formation of disulphide bonds within or between two IDs.

Samples were analysed by gel filtration using a superdex 75 column in order to assess the

presence of multimers. The chromatography trace of untreated ID directly after resuspension

indicated the presence of mainly dimers, however after several hours the main peak had

shifted to indicate the presence of trimers (See figure 3.10). A control sample of ID in reduced

conditions containing 10mM DTT was monomeric, however both the samples of ID
incubated with the oxidised and reduced glutathione appeared to contain trimers and larger

multimeric complexes (See figure 3.10). In contrast, the protein fraction from the Ni-affinity

chromatography assumed to be thioredoxin showed a single peak of a size appropriate for

monomeric thioredoxin when analysed by this form of chromatography.

3.2.4.2 Proteinase K Assay

Although gel filtration chromatogaphy was able to identif,i variant multimeric forms of the

ID, an altemative method was required to analyse the extent of structure in the protein. In

order to assess the presence of more structured regions, limited proteolysis was performed

using proteinase K. This enzpe is a non-specific protease and has long been used as a probe

for the presence of compact globular domains. Therefore the susceptibility of ID protein to

cleavage by proteinase K was indicative of the level of secondary structure. In order to

provide a control for the reaction the fusion protein, trx-ID was used instead of purified ID

and as can be seen in figure 3.11, after a lOmin digestion the fusion protein was completely

cleaved leaving only a protein corresponding to the size of thioredoxin. This confirms that the

insert domain portion of the fusion protein is likely to be unstructured or possibly, in an

extended, easily accessible conformation, whereas the thioredoxin portion of the fusion

protein appeared to be compact.

3.2,4.3 Alteration of Refolding Conditions

As both the NMR results for the purified ID and the susceptibility of both the trx-ID and trx-

Fn3/ID fusion proteins to proteinase K digestion, suggested that the insert domain proteins

were unstructured, a vanety of refolding conditions were tested. Since the conditions

favourable for refolding were unknown, a series of different refolding conditions were tested

on their ability to alter the results of a proteinase K assay. After researching the literature it

was decided that the standard conditions for the refolding buffer should contain a low
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Figure 3.10 Get Filtration Chromatography rime (min)

HPLC Purified ID, TRX or BSA protein were loaded onto a 20mM Tris-HCl pH8.0 equilibrated Resource Q
column for ion-exchange chromatography. Protein was eluted with a 0-100%o gradient of 0.5M NaCl, 20mM
Tris-HCl pH8.0 over 30 min with a flow rate of 0.5 mllmin. The recorded trace of the absorbance at 280nm
and the relative positions of fractions collected as the peaks were eluting off.
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Figure 3.11 Limited proteolysis of TRX-ID by Proteinase K

TRX-ID fusion protein semi-purified by Ni-affinity chromatography was digested
with 5U Proteinase Il mg protein for up to l0 min at 37"C. Digestions were stopped
by the addition of lmM PMSF. 10 pL samples were run on a l2.5Yo Tris-tricine
polyacrylamide gel stained with coomassie blue protein stain.
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concentration of denaturant (2M urea) in order to reduce the likelihood of unfavourable

folding states, 0.25M NaCl and 100mM Tris HCI (a standard salt concentration), at a pH of

8.0, and the samples should be incubated the sample at 4oC to reduce protein breakdown.

Either trx-ID or trx-Fn3/ID at a I m/mL concentration was added to I mL of refolding buffer

and incubated for 48 hrs at 4C, prior to proteinase K digestion on 200 pL fractions, and

analysis of 15pL samples of PMSF stopped digestions on a 12.5%o polyacrylamide gel (See

figure 3.12 and table 3.3).

Protein Conditions Result

TRX-ID 2Murea, 0.25M NaCl, 100mM
Tris HCI pH 8.0, Incubate 4oC

Rapid digestion of fusion protein
leaving mostly only TRX

TRX-Fn3/ID 2Murea, 0.25M NaCl, 100mM
Tris HCI pH 8.0, lncubate 4oC

Rapid digestion of fusion protein
leaving mostly only TRX

TRX-ID + 25"C incubation Enhanced degradation

TRX-ID + 37"C incubation Enhanced degradation

TRX-Fn3/ID + 25"C incubation Enhanced degradation

TRX-Fn3/ID + 37"C incubation Enhanced degradation

TRX-ID + pH 5.0 No change from initial conditions

TRX-ID +pH ll.0 No change from initial conditions

TRX-Fn3/ID + pH 5.0 No change from initial conditions

TRX-Fn3/ID + pH 11.0 No change from initial conditions

TRX-ID + 0.5 M NaCl No change from initial conditions

TRX-ID + 1MNaCl No change from initial conditions

TRX-Fn3/ID + 0.5 M NaCl No change from initial conditions

TRX-Fn3/ID + 1 MNaCI No change from initial conditions

TRX-ID + llYo Glycerol Slight delay in cleavage

TRX-ID + 30Yo Glycerol Slight delay in cleavage

TRX-Fn3/ID + l0To Glycerol Slight delay in cleavage

TRX-Fn3/ID + 30Yo Glycerol Slight delay in cleavage and partial
stability of Fn3/ID product

TRX-ID + 35Yo Acetonitrile Slight delay in cleavage

TRX-Fn3/ID + 35o/o Acetonitrile Slight delay in cleavage and partial
stability of Fn3/ID product

Table 3.3 Summary of the results of the alterations to the re-folding conditions

TRX-ID or TRX-Fn3/ID was mixed with various refolding buffers for 48 hrs after which

proteinase K digestion was performed. Samples were run on a denaturing polyacrylamide gel

and protein stained with coomassie blue.
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Figure 3.12 Effect of altered conditions on the Limited proteolysis of TRX-Fn3/II)
by Proteinase K

Solubilised TRX-Fn3/ID was added to refolding buffer containing 2Murea,0.25M NaCl,
100mM Tris HCl, pH of 8.0, and either acetonitrile or glycerol and incubated ovemight
at 4oC. Samples were subsequently digested with 5U Proteinase Kl mgprotein for up to 8
min at 37"C. Digestions were stopped by the addition of lmM PMSF. 10 pL samples
were run on a 12.5%o Tris-tricine polyacrylamide gel stained with coomassie blue protein
stain.



3.3 DISCUSSION

The aim of this project was ultimately to determine the structure of the insert domain of the

IGF-IR, either in isolation or together with the Fn3 within which it is inserted. Due to the

inability to obtain a fully folded protein sample this was unable to be attempted. Both insert

domain fusion proteins, when expressed at 37"C, were insoluble suggesting the bacterial cells

have difficulty in folding these proteins to allow it to remain in a soluble form. Since both the

NMR and limited proteolysis experiments both indicated that the thioredoxin portion of the

fusion protein contained some structure it was clear that the Insert domain and the Fn3

domains were the reason for the problem. Since changing the expression cell line from BL21

to ADA294 had no effect on the amount of soluble protein produced, the potential presence of

disulphides may not be the major problem. In addition it appears that it is also not the

overextending of the bacterial refolding apparatus, as overexpression of either GroEL/ES, or

DnaK had no effect. This suggests, that if able to be folded in a mammalian system, the Insert

Domain requires mammalian folding apparatus.

The partial purification by Ni-affinity chromatography, successfully enriched the collected

samples with fusion protein, although there was a significant amount of additional proteins

collected by this technique. Ion-exchange chromatography was unable to completely separate

the fusion protein from some other high molecular weight proteins. It is also unclear why the

fusion protein was eluting in two separate peaks that appeared to be the same protein, unless

one of the peaks represented an alternatively structured version that altered the number of

accessible charged residues. There is a possibility that the two peaks could represent

monomeric and dimeric forms which appear the same on a reduced gel.

The thrombin kinase digestion of trx-ID although resulting in the production of two proteins

of the expected sizes, 17.8kDa (ID+linker) and 11.8 kDa (thioredoxin), also made an

intermediate sized protein of -221<Da. It is unclear as to what the -22 kDa band represents as

analysis of the full length fusion protein sequence did not reveal any obvious cleavage sites

that would produce a peptide of this size. As the cleavage continued there was a decrease in

the amount of the -22kDa band and a conculrent increase in the -18kDa band suggesting that

the -22kDa band contained the ID sequence. At this time mass spectral analysis was not

available to confirm this.

lD lH NMR analysis of the HPLC purified ID and limited proteolysis strongly suggested a

lack of secondary structure, compared to the thioredoxin protein. It is possible that the
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additional N-terminal linker peptide derived from pET32a MCS could interfere with the

correct folding of the ID. It was expected that the ID may form multimers due to its cysteine

triplet, and the gel filtration chromatography provides some evidence of this, however this

may also be interfering with the ability of the domain to fold. The addition of the Fn3crB

domain surrounding the ID appeared to have no effect in helping either domain form stable

secondary or tertiary structures. It therefore seems likely that either, a large portion of the

extracellular domains of the receptor is required to allow correct folding, or that the ID in
particular is relatively unstructured even in the full-length receptor. Clearly, only 12 aa from

the ID are needed to be added to truncated receptor constructs to produce a high affinity

receptor.

Individual alterations to the conditions to promote refolding of the ID had mixed results in

creating a more stable protein. Raising the incubation temperature from 4"C to 25"C, or 37"C

in order to increase the overall energy of the system, only succeeded in causing degradation of
the starting material. Changing the pH to 5.0 or 1 1.0 and increasing the NaCl concentration to

0.5M and lM all had no effect on the stability of the fusion protein. The addition of either

70o/o or 30Yo glycerol resulted in a delay in the rate of cleavage by proteinase K, therefore this

may only be inhibiting the function or affecting the structure of the proteinase. In the case of
TRX-Fn3/ID, the 30%o glycerol test had a much more pronounced delay and a band of the

expected size of Fn3/ID appeared. However this still only appeared to be a small proportion

of the starting material. Changing the conditions to become more hydrophobic with the

addition of 35o/o acetonitrile had a similar effect Io 30%o glycerol in that the protease cleavage

was delayed for both TRX-ID and TRX-Fn3llD. Again a Fn3/ID band appeared but a similar

band in the same TRX-ID experiment did not. However unlike the 30%o glycerol condition

there were no lower molecular weight bands indicating that the TRX had been degraded. This

suggests that in the presence of more hydrophobic conditions the structure of TRX is
destabilised, whereas for Fn3/ID there may be some secondary structure forming allowing it
some protection from the proteinase K cleavage. This experiment suggests that simulating an

environment with a reduced water exposure increases the stability of the Fn3/ID protein.

Taken together the glycerol and acetonitrile experiments also suggest that the Fn3 domain is

required for the stabilising effect to occur. Since it is unclear exactly where the insert domain

is located within the overall structure of the receptor this evidence points to the domain being

buried somewhere within the receptor.

It is clear that the insert domain was not able to be folded correctly by production from a

bacterial system under the conditions presented here. A next logical step may have been to
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move the construct into a mammalian expression vector although NMR spectroscopic

analysis would require expensive protein labelling procedures. However, the expression from

a construct of the Insert domain and the three adjacent Fn3 domains in a mammalian cell line,

unlike in bacteria produced a soluble protein however, based on the protein sizes on a

reducing polyacrylamide gel, it was processed in to two separate units due to furin cleavage

within the insert domain (Personal communication from Peter Ho5me, CSIRO Melbourne).

This protein was also used in a crystal formation trial however proving unsuitable for this

process. The refolding experiments suggest that the insert domain becomes more stable in a

hydrophobic environment suggesting that it is probably buried within the receptor and without

the presence of the domains to mask it from water, it is unlikely to be able to be folded

properly. Producing an even larger fragment more likely to adopt a correct structure was not

feasible since the available NMR spectrometer is unable to be used to analyse proteins >25-

35kDa.

The overall conclusions of this project were that the insert domain is likely to have limited

structure, is buried within the receptor, and requires the presence of the rest of the

extracellular domains to adopt its correct structure. It seems we will have to wait for the

crystal structure of the entire receptor to resolve the molecular basis for the involvement of
the insert domain in binding ligand.
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CHAPTER 4 CROSS.REACTIVITY OF GROWTH FACTORS

IN THE INSULIN SYSTEM

4.1 INTRODUCTION

Human insulin receptor is encoded by a single gene located on chromosome 19, composing

22 exons. Human insulin receptor may be expressed as either of two isoforms, A and B,

resulting from the altemative splicing of the primary transcript to either exclude or include

exon 11 respectively. The A isoform lacking exon l l appears to be expressed ubiquitously

and the B isoform containing exon 11 is co-expressed mainly in the traditional insulin

responsive tissues of liver, muscle, adipocytes and kidney, where it is the dominant isoform

(Seino and Bell, 1989). Even though the hIR-A isoform is more widely and in many cases

more highly expressed overall, studies into the biology of the insulin receptor have focused

almost entirely on the hIR-B form, due to it being the major isoform expressed in the classical

insulin responsive cells.

Initial investigations found that IR-A bound insulin -1.5 fold better than IR-B (Yamaguchi e/

al., 1993) but that IR-B was more efficient at auto-phosphorylating itself, recombinant IRS-I

and a peptide substrate poly-Glua:Tyr1 (Kosaki et al., 1995). This fact, together with the

expression pattern of hIR-A being in classical insulin non-responsive tissues, led researchers

to presume that the IR-A isofoÍn was essentially unimportant to the major functions that

insulin was known to control.

Murine knockout studies of members of the insulin/IGF system have suggested that the

insulin receptor has an additional role in fetal growth, most likely through IGF-2 (discussed in

section 1.2.6). Expression of the hIR-A isoform is also increased in fetal tissue compared with

the same adult tissue pointing to this isoform being more important in embryonic

development than in the adult. Recent studies identihed the hIR-A but not the hIR-B isoform

as having a high affinity for IGF-2 and also suggested that the hIR-A isoform was able to give

a stronger mitogenic signal when activated by IGF-2 than it normally would by insulin

(Frasca et al., 1999). Additional studies into whether the IR-A isoform has a role in cancer,

have found that it is upregulated in several different tumour t¡rpes, together with IGF-2 (See

L4.2.2), however these cells also appeared mitogenically responsive to insulin as well, so

whether IGF-2 is the only relevant ligand is yet to be established.
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4.1.1 Project Summary

The hIR-A isoform appears to have a role in promoting cellular growth through binding IGF-

2. The overall aims of this project were to evaluate the high affinity binding of hIR-A isoform

by IGF-2 and to further investigate the binding by using recombinant forms of each receptor.

An assessment of the ability of the growth factors to trigger phosphorylation of the receptor

and the subsequent effect of growth factor stimulation on cellular growth and protection from

apoptosis was also made.

AIMS:

a) Assess the role of exon 11 in affecting the binding insulin, IGF-I, and IGF-2 using both

full-length and recombinant receptors.

b) Analyze the difference in phosphorylation of hIR-A and hIR-B in response to ligand

stimulation.

c) Assess the proliferative response of hIR-A and hIR-B to extended ligand stimulation.

d) Test the ability of hIR-A and hIR-B activation to protect cells from drug induced apoptosis.

e) Produce an antibody able to differentiate between hIR-A and hIR-B.
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4.2 RESULTS AND DISCUSSION

4.2.1 Construction of Full Length hIR Isoforms in Mammalian Expression Vectors

The fuIl-length hIR-A isoform was constructed from pECE:hIR-B, containing the full-length

receptor sequence, and pHIR/P12.1 (Ullrich et al., 1985) containing the entire cytoplasmic

domain of the insulin receptor lacking exonll. pECE:hIR-B was digested with AatII to

remove a 1.8kb fragment spanning exon 1 1. The corresponding 1.8kb fragment from AatII cut

pl2.1lacking exon 11 was exchanged into the pECE:hIR fragment to make pECE:hIR-A. The

full-length receptors were subsequently cloned into the mammalian expression vector

pEFIRESneo. This vector expresses a bicistronic message of both the 5' inserted protein and

the neomycin resistance gene expressed from an internal ribosome entry site (IRES) under the

control of the strong constitutive Elongation Factor 2 promoter (Hobbs et al., 1998).

pECE:hIR-A and hIR-B plasmids were restricted with Sall and Xbal to release a 2.9kb

fragment containing the insulin receptor and ligated to Xhol/Xbal cut pEFIRESneo through

their compatible overhangs. Transformants containing inserts were identified by EcoRVXbaI

restriction digest and the exon 11 status confirmed by PCR analysis. PCR reactions of parent

and constructed plasmids were performed using primers to amplifu a region spanning the

insert domain of the insulin receptor. The resulting PCR products were of two distinguishable

sizes on a 2Yo agarcse gel and the size difference correlates with the presence or absence of

exon 1 1, yielding the predicted fragment sizes of 508bp and 472bp for exon 1 1+ and exon I 1-

containing products respectively (See Figure 4.1).

4.2.2 Construction of Recombinant hIR-B Ectodomain with a C-terminal Leucine

Zipper

The recombinant hIR-B ectodomain with a C-terminal leucine zipper (hIR-B EDZIP) was

constructed from pEEl4:hIR-A EDZIP (a kind gift from Colin Ward, CSIRO Melbourne).

Due to the presence of numerous AatII sites in pEE14 a small fragment containing the exonl1

was unable to be swapped directly in the vector as performed in 4.2.l.Instead the entire

recombinant fragment of hIR-A EDZIP ìwas moved into pBluescriptll KS+, through a

BamHl/Xbal restriction digest. An exchange from exonll- to exonllr was then performed

as described in 4.2.1, to make pBluescriptll KS+:hIR-B EDZIP. The exonll status of the

construct was verified by PCR as described previously (data not shown). hIR-B EDZIP

fragment was removed from pBluescriptll KS+ using Sall and Xbal and cloned instead into

Xhol/Xbal cut pEFIRESneo (NB. hIR-B EDZIP was attempted to be moved back into

pEE14 through BamHl/Xbal digestion, however was unable to be cloned).

7)



pEFneo pBIIKS+

O
l¿r

ä
Iú

Otr

m
I

ú
Iút-t

m
Iù

Êa
I

H

tri
Or!ã

l-i
O

l¿'H
C6

Iú
.-.;
ñ
-È

501,489bp-
404bp-

, 508bo exonl 1+

- 472bp exonl1-

Figure 4.1 PCR analysis of hIR constructs

PCR amplification of a short region spanning exon 11 was performed and products

visualized by ethidium bromide staining.
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4.2.3 Creation of Cell Lines Expressing Full Length hIR Isoforms

It was decided that stable cell lines expressing the full length receptor isoforms would be

made instead of doing transient transfections to avoid having to perform repeated

transfections that would yield variable populations of receptor expressing cells. The cell line

chosen to study the effects of the hIR isoforms were R- cells (A kind gift from Renato

Baserga, Philadelphia), a cell line derived from the embryonic fibroblasts of an IGF-IR KO

mouse. Since studies involving IGFs were to be a key part of the project it was thought

imperative that there should be no background receptor cross-reactivity that would make it

difficult to determine through which receptor system a growth factor was acting. Additionally,

R- cells have also been found to express very low levels of insulin receptor (-5 X 103

receptors/cell) and are virtually uffesponsive to insulin (Sell e/ al., 1994) and grow slowly

even in the presence of serum (See Figure 4.16).

Plasmid constructs containing either hIR-A or hIR-B were prepared using the UltracleanrM

miniprep kit in order to obtain a purity suitable for tissue culture transfections. Subsequently,

plasmid purity was tested and the concentration quantitated by UV spectroscopy.

Transfections were then performed on R- cells grown overnight to a confluency of -50%

using Lipofectamine+rM and 4¡tgof plasmid DNA for each construct. After a 3hr transfection,

cells were allowed to recover overnight in DMEM + l0o/o FCS before selection with G418

(Genetecin: Gibco/BRL) at a final concentration of 500pg/ml. Media was replaced every 3-4

days for 2 weeks and drug resistant cells screened for IR expression by FACS analysis using

the monoclonal anti-IR antibody 83-7 (For the detailed method see2.3.3.7). Briefly, a single

10 cm dish of each clonal line was grown to -80% confluency and then a single cell

suspension obtained by treating the cells with a trypsin/EDTA solution. Aliquots were

incubated on ice with 83-14, and again after washing with FITC labelled goat anti-mouse

antibody. After fìnal washes cells were resuspended in l%o paraformaldehyde until FACS

acquisition. The initial FACS analysis indicated that less than 50Yo of the cell population was

expressing human insulin receptor.

In order to obtain a more homogenous population, cells from each transfected line were re-

cultured and IR expressing cells subsequently isolated using a FACS cell sorter

(IMVS/Hanson centre). Cell populations from the low, middle and high end of the receptor

expressing peak were sorted separately, in order to obtain cell lines expressing differing

numbers of receptors. After, several weeks of propagation in DMEM+ 500pg/ml G418 it

became apparent that only those cells sorted from the middle portion of the receptor
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expressing peak had survived, owing mostly to the greatly increased number of cells isolated

from this region. A final FACS analysis of several clones of each of hIR-A and hIR-B

indicated that the sorting process was successful and that homogenous hIR receptor

expressing cells had been obtained (See Figure 4.2), AII the clones examined appeared to

have similar numbers of receptors both within and between the isoforms. This was an

important control for later assessment of the biological effect of a specific amount of ligand,

as previous studies at least with the IGF-IR have shown that receptor numbers can affect the

strength of the cellular response (Rubini et al., 1997).

Testing the fidelity of each cell line for expressing specifically one isoform could not be

determined by using an antibody based method due to the lack of an antibody able to

distinguish between each isoform. Therefore, an RT-PCR approach was used. RNA from

10cm plates of each isoform and an untransfected control, grown to 40o/o confluence, was

prepared using the TRIzolt* RNA extraction protocol (Chomcz¡mski and Sacchi, 1987). The

quality of the RNA was assessed by visualisation of the 185 (1.8kb) and 28S (5kb) ribosomal

subunits. Subsequently, the RNA was reverse-transcribed and amplified using primers

spanning exonl1. The results of the RT-PCR indicated that each cell line was expressing the

one expected isoform, and the control line was not expressing any detectable human insulin

receptor RNA (See Figure 4.3).

4.2.4 Creation of a Cell Line Expressing Recombinant hIR-B EDZIP Isoform

The pEFIRESneo:hIR-B EDZIP construct was prepared using the Ultracleantt miniprep kit

and transfected into R- cells grown overnight to a confluency of -50% using

Lipofectamine+rM (as described above in 4.2.3). After a 3hr transfection, cells were allowed

to recover overnight in DMEM + 10% FCS before selection with G418 (Genetecin:

Gibco/BRL) at a final concentration of 500pg/ml. Media was replaced every 3-4 days for 2

weeks and the presence of receptor was tested in a96 well plate assay using eu-labelled 83-14

(See figure 4.4). hIR-A EDZIP was collected from the LecS hlRexl I-EDZIP cell line and

tested in the same way as indicated for hIR-B EDZIP. The concentration of receptor secreted

into the media was determined based on a standard curve of a known concentration of hIR-A

ED, and was found to be -10nglmL.In order to obtain a concentration of receptor needed for

the following experiments the media was concentrated to -2}nglmL, using a stirred cell and a

1 00kDa cut-off nitrocellulose membrane.
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331 bp-
242 bp-
190 bp-

501 ,4Bg bp 
-404 bp-

Figure 4.3

A. RNA isolated from untransfected R-, R-hIR-8, and R-hIR-A.
B. Control RT-PCR amplifying mouse Actin IV.

C. RT-PCR amplifying a short region spanning exon 11 .

R-

- 246 bp mouse Actin lV

R-

hIR-B hIR-A

-----.,508 bp exon 11+

- 472 bp exon 1 1-

RT-PCR analysis of RNA isolated from stable R- cell lines hIR
constructs.
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A. hIR-A ED Standard Curve
B. Full-LengthReceptors.
C. RecombinantReceptors.



4.2.5 Development of a Receptor Competition Assay using Europium Labeled Ligands

Traditionally studies to determine the binding affinity of a ligand for its receptor have been

achieved by performing experiments that compete an Ir2s labeled tracer with an unlabelled

ligand for receptor binding. Although I12s is very sensitive it has three major drawbacks.

Researchers must handle the tracer carefully to avoid absorbing it through the skin. Prolonged

exposure could potentially lead to a build up of I12s in the thyroid and eventual thyroid

dysfunction. The second drawback is that during the experiment each competition mix must

be handled and assayed in separate test tubes. Finally I12s tracer has a halÊlife of -2 months

and is only functionally useable for about a month after labeling, even when stored at -80"C.

Combined, these drawbacks result in quite a slow throughput assay that must be performed in

a relatively short period of time once the tracer is available.

Using fluorophore labeled tracer has not been a practical alternative as high backgrounds and

quenching compromises the sensitivity. Recently technologies have been developed that

enable the use of the lanthanide elements as fluorophores in a time-resolved fluorescence

assay that is potentially very amenable to receptor competition assays. Europium is the most

commonly used, and like the other lanthanides has several attractive properties. Compared to

l2s it is safe to the researcher although care must be taken not to contaminate pipettes. It

overcomes the problems of normal fluorophores by having a long fluorescence decay time

and a relatively short background fluorescence time resulting in one being able to take

measurements after background fluorescence has dissipated. A large Stokes Shift (the

difference between excitation and emission wavelength) of almost 300nm means that the

measurement is taken where the influence of non-specific signal is minimal. The emission

peak is also particularly sharp which raises the possibility of using several different easily

distinguishable lanthanides in the one assay and measuring their emission simultaneously.

Europium also has a high fluorescence intensity. Finally, europium-labeled proteins are stable

for up to 1 year being stored at 4"C. Measurements of time-resolved fluorescence are now

typically performed in 96 well trays allowing for high throughput readings, better consistency

between samples, and less use of reagents.

4.2.5.1 Europium Labelling Insulin, IGF-I and IGF-2

In order to label the growth factors, Europium, chelated to N1-(p-isothiocyanatobenzyl)-

DTTA (diethylenetriamine-Nt, N', N3, N3-tetraacetic acid) was reacted with purified human

insulin, IGF-I, and IGF-2 which had been buffer exchanged into labeling buffer (see 2.3.4.2).

Reactions were incubated overnight at room temperature and stopped by the addition of poly-

't5



L-Lysine, which quenches any unreacted europium chelate. Since the reaction was non-

specific and would occur at any free amine the resultant labeled growth factors were produced

as a heterogenous mix. Eu-labeled insulin may be labeled with any combination of the B

chain N-terminus, Lysine 829, or the A chain N-terminus. Structural studies had determined

that the Cterminal end of the B-chain including Lysine 829 is involved in a conformational

change upon binding the insulin receptor, and flexibility in this region has been shown to be

very important for high affinity binding (Derewenda et a1.,1991) (Ludvigsen et a1.,1998). It

was unclear how much having a europium chelate attached to Lys B29 would affect this

regions ability to allow a native binding affinity. HPLC was performed to determine the

number of labeled and unlabeled species in the competition mix and indicated that there were

several species in each reaction mix although dominated by one major species (Data not

shown). Individual species were unable to be isolated due to complications with the eu-

labeled peptides sticking to the HPLC column and only eluting off after the chelate had been

removed. Lablled peptides were used despite their heterogenous nature.

4,2.5.2 Optimization of the Europium Competition Assay

The functionality of the europium labeled growth factors were tested for their ability to act as

tracers in competition assays using insulin receptor solubilisd from NIH 3T3 cells

overexpressing human insulin receptor or IGF-IR solubilised from stably transfected R- cells

(See 5.2.2). For this and all subsequent competition experiments cells were gfown in 10cm

dishes to -90%o confluency before being serum deprived for 3 hrs (to allow any bound growth

factors to be internalized and degraded), followed by cell lysis. Lysates were then aliquoted

into anti-receptor antibody coated white (Lumintrac 400) 96 well plates and incubated

ovemight at 4"C. The europium labeled tracer was added to each well separately then

unlabelled growth factors added, which were serially diluted in Binding Buffer. Competition

mixes were incubated overnight at 4C and the amount of labeled tracer remaining after

several washes quantitated using time resolved fluorescence.

Figure 4.5 shows an experiment using hIR solubilised from NIH 3T3 cells, captured with the

anti-insulin receptor antibody 83-7, and Eu-insulin used as the tracer. As expected, insulin

competes well with itself for binding the insulin receptor with an ECso of -lnM and IGF-I

and 2 have much poorer affinity. In a further control assay, figure 4.6 shows competition

assay instead using hIGF-IR solubilised from a hIGF-IR transfected R- cell line captured with

24-31 and eu-IGF-l used as the ffacer (See section 5.2.2). These results clearly indicate high

affinity binding for IGF-1 and2 and much weaker binding for insulin.
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Figure 4.5 Europium-labelled Ligand Competition Binding Assay

Stable cell lines expressing each receptor were grown in 10cm dishes to -90%o confluency
before being harvested in lysis buffer and hIR captured on 83-7 coated white 96 well plates. A
competition mix between Eu-insulin and serial dilutions of either unlabelled IGF-I, IGF-2, or
insulin was incubated with the receptor ovemight at 4oC before unbound growth factor being
washed away and the amount of remaining Eu-insulin measured using time-resolved
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one-site competition binding curve using PrismrM.

A. R- fibroblasts
B. Full-length hIR-B solubilised from NIH3T3 fibroblasts overexpressing hIR-B
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As mentioned previously mouse R- cells express a very level of insulin receptor, so a control

experiment was performed on untransfected R-s to determine if any mouse insulin receptors

were captured using the monoclonal anti-human insulin-receptor antibody 83-7 (See Figure

4.5). The results indicated that the cell line does not produce any background signal therefore

any datagained must be due to the exogenous expression of human insulin receptor from the

stably transfected vector.

4.2.6 Comparison of Ligand Binding between Full-length hIR Isoforms in the Europium

Competition Assay

Europium competition assays were performed on the two R- cell lines expressing each of the

human insulin receptor isoforms. Cells from each line were grown in 10cm dishes to a

confluency of -90o/o, and further incubated for 2 hrs in serum free media to allow any

internalized receptors to be recycled back to the membrane and remove any insulin, IGF-I or

IGF-2 that may be in the serum. Cells were subsequently lysed in ice cold lysis buffer and the

insoluble fraction pelleted by centrifugation. Soluble lysate from two 10 cm dishes was added

to a single 83-7 coated white 96 well tray and incubated overnight at4"C to allow receptor

capture. Wells were washed to remove unbound receptor and serially diluted unlabelled

growth factor was then added with Eu-labeled insulin, and the competition mix incubated

overnight aI 4"C. Unbound growth factor was then removed and the amount of bound Eu-

insulin quantitated by time-resolved fluorescence.

The graphs of the results shown in figure 4.7, show a representative of four separate

experiments. In this assay the hIR-B isoform appears to have a cleat preference for insulin

with an EC56 of 0.93 nM, with IGF-2 and IGF-I having 7.7 and 65 fold lower affinity for the

receptor relative to insulin's ECso. The hIR-A isoform does not have as distinct a ligand

preference, shown by a decreased ECso of 2.7 nM for insulin and increased affinity for both

IGF-I and IGF-2 at only 3 and 14 fold less than insulin respectively. Insulin in each isoform

also exhibits the classical bell shaped dose response competition curye that begins to curve

upwards at around 100nM insulin concentration. The absolute EC5e values when compared

between each isoform suggest that hIR-B has a higher affinity for insulin than hIR-A and that

there is only a two fold improvement for IGF-2 between hIR-A and hIR-B and a similar

improvement for IGF-I. Previous analyses of the relative affinities of insulin for the two IR

isoforms have lacked a consensus. It has been reported that IR-B has higher affrnity
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Figure 4.7 Comparison of full-length hIR Isoforms in a Competition Binding Assay

Stable cell lines expressing each receptor were glown in 10cm dishes to -90o/o confluency
before being harvested in lysis buffer and hIR captured on 83-7 coated white 96 well plates. A
competition mix between Eu-insulin and serial dilutions of either unlabelled IGF-1, IGF-2, or
insulin was incubated with the receptor overnight at 4C before unbound growth factor being
washed away and the amount of remaining Eu-insulin measured using time-resolved
fluorescence. Data was converted to a percentage of maximum counts bound and fïtted to a one

or two-site competition binding curve using PrismrM.

A. Full-length hIR-A solubilised from R- stable cell line expressing hIR-A.
B. Full-length hIR-B solubilised from R- stable cell line expressing hIR-B.
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Figure 4.8 Comparison of different cell lines expressing full-length hIR Isoforms in a Competition
Binding Assay.

Stable cell lines expressing each receptor were grown in 10cm dishes to -90% confluency before being
harvested in lysis buffer and hIR captured on 83-7 coated white 96 well plates. A competition mix between
Eu-insulin and serial dilutions of either unlabelled IGF-1, IGF-2, or insulin was incubated with the receptor
overnight at 4oC before unbound growth factor being washed away and the amount of remaining Eu-insulin
measwed using time-resolved fluorescence. Data was converted to a percentage of maximum counts bound
and fitted to a one or two-site competition binding curve using PrismrM.

A, Full-length hIR-A (clone 2) solubilised from R- stable cell line expressing hIR-A
B. Full-length hIR-B (clone 2) solubilised from R- stable cell line expressing hIR-B.
C. Full-length hIR-B (clone 3) solubilised from R- stable cell line expressing hIR-B
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Figure 4.9 l2sl-insulin Competition Assay

R- cells, wild{y,pe or stably transfected, were plated in 24 well trays to yield 80-95%
confluence overnight. Following at least 2 hrs growth in serum free medium, t2sl-

insulin(Y19)) was added to each well in ice cold buffer in addition to serially diluted
unlabelled insulin. Plates were left overnight at 4oC, competition mixes were then
aspirated and washed and cells harvested and transferred to eppendorfs for counting on
a multigamma counter (CSIRO). Data v/as converted to a percentage of maximum
counts bound and fitted to a one-site competition binding curve using PrismrM.



binding curve. It has been shown that both hIR-B and hIR-B isoforms have curvilinear

scatchard plots and therefore should have two-site competition binding curves (DeMeyts,

1994). These assays however did not suggest that IGF-1 or IGF-2 had a two-site interaction.

It has been reported that tracer concentration influences obtained ligand affinities. A low

tracer concentration is able to increase the observed affinity of a ligand. This may be affecting

this assay since the concentration of eu-Insulin added is based on loading a specific number of

counts to each well. The exact concentration of the labeled insulin could not be obtained due

to the labeling procedure resulting in a heterogeneous mix, and the usual method of HPLC

quantitation being unachievable (See 4.2.5.D.

The lower affinities obtained in this assay may also be attributed to the use of solubilised

receptors, that lacking a membrane may not allow the full length receptor to adopt the exact

same tertiary confirmation of a membrane bound receptor. This change in overall rèceptor

conformation has been seen experimentally, as there is a significant difference between

electron microscopy images obtained from insulin receptors embedded in a plasma membrane

and from isolated receptors (Tulloch et al., 1999) (Luo et al., 1999).

Although the exact ECso values obtained from this experiment do not agfee completely with

published values, the ratios between the afflrnities of insulin, IGF-1 and IGF-2 are generally in

agreement and therefore overall, this assay is suitable for internally comparing the relative

affinity of different ligands for the insulin receptor (Denley et a1.,2004).

4.2.6.1The C and D domains of IGF-I and IGF-2 Determine Receptor Specificity

In order to determine whether the C and D domains of IGF-2 are responsible for enabling

higher afhnity binding to the hIR and in particular hIR-A, domain swaps were made between

IGF-2 and IGF-I. The C and D domains were exchanged singly and in tandem between the

two growth factors, expressed in E. coli, refolded, and purified to homogeneity. Quantitated

amounts of these recombinant proteins were provided by Adam Denley (V/allace laboratory,

Adelaide University) for use in competition assays with R-IGF-IR, R-hIR-A, and R-hIR-B.

Assays were performed as described in section 4.2.6, and a representative of at least three

separate experiments for each cell line are shown in figure 4.10. In each receptor system,

exchanging either the C or D domain results in a shift in affinity towards the exchanged

parent, with the C domain appearing to have a greater effect. The double domain swaps

'7o
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Figure 4.10 Effect on receptor binding of swapping domains between IGF-I and IGF-2.

Stable cell lines expressing each receptor were glown in 10cm dishes to -90%o confluency
before being harvested in lysis buffer and IGF-IR or IR captured on 24-37 or 83-7 coated
white 96 well plates respectively. A competition mix between eu-IGF-l or Eu-insulin and
serial dilutions of either unlabelled IGF-1 ,IGF-2, insulin, or recombinant IGFs was incubated
with the receptor overnight at 4oC before unbound growth factor being washed away and the
amount of remaining Eu-IGF-1 measured using time-resolved fluorescence. Data was
converted to a percentage of maximum counts bound and fitted to a one-site competition
binding curve using PrismrM.

A. hIGF-1R, eu-IGF-l
B. hIR-B, eu-Insulin
C. hIR-A, eu-Insulin



effectively changes the affinity of the recombinant IGF to that of the C and D domains parent,

such that IGF-I with the IGF-2 C and D domains has the same affinity as IGF-2 and vice

versa. Interestingly this holds true for the IGF-IR and both isofotms of the IR (Denley et al.,

2004). Therefore it appears that the C and D domains of the IGF proteins are mostly

responsible for the differences in specificity. The molecular basis for the change cannot be

determined from these experiments, however for the C domain in particular, the two most

likely reasons are, that either the shortened length of the IGF-2 C domain reduces steric

hindrance when binding the insulin receptor, or that the increased basic charge, from two

additional arginines, improves the electrostatic fit.

4.2.7 Comparison of Ligand Binding between Recombinant Soluble Ectodomain

Isoforms in the Europium Competition Assay.

Recombinant ectodomain forms of each isoform of the insulin receptor were received as

purified hIR-A ED protein, and a cell line expressing hIR-B ED called CT5 (kind gifts from

Colin'Ward, CSIRO Melbourne). For the europium competition assay hIR-A ED protein was

added at a concentration of 0.5pg/100pl in each well and the rest of the assay performed as

described above. The concentration of hIR-B ED secreted into the media of CT5 cells was

determined to be -0.2 pg/100pl in an ELISA using quantitated hIR-A ED as the standard. It

was therefore added neat to the wells as the amount of protein produced was low and the

experiment only yielded analyzable results when this concentration was used. The results as

seen in figure 4.11, arc arepresentative of two separate successful experiments, and show a

similar relationship between the growth factors and between receptors as seen with the fuIl

length receptor, only the EC5e values appear to be lower, especially for IGF-I and IGF-2. This

may be due to IGF-I and IGF-2 only being able to bind well with a native receptor

conformation. Overall the reduced affrnities are consistent with previous observations

(Cosgrove et al., 1995)(Jansson et aL., 1997).

4.2.8 Comparison of Ligand Binding between Recombinant Soluble EctodomainZIP

Isoforms in the Europium Competition Assay.

Medium was collected from Lec8hIR-A EDZIP (a kind gift from Colin Ward CSIRO

Melbourne), and R-hIR-B EDZIP cells, and used in a europium competition assay as

described above only, medium from the Lec8hIR-A EDZIP cells was diluted %, whereas

medium from the R-hIR-B EDZIP cells was used neat, reflecting the reduced levels of
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Figure 4.11 Comparison of recombinant hIR ED Isoforms in a Competition Binding Assay

Stable cell lines secreting each receptor were grown in 1Ocm dishes and media collected after 3

days. hIR was captured on 83-7 coated white 96 well plates. A competition mix between Eu-
insulin and serial dilutions of either unlabelled IGF-1, IGF-2, or insulin was incubated with the
receptor overnight at 4oC before unbound growth factor being washed away and the amount of
remaining Eu-insulin measured using time-resolved fluorescence. Data was converted to a
percentage of maximum counts bound and fitted to a one or two-site competition binding curve
using PrismrM.

A. Puriñed hIR-A ED secreted from CT5 stable cell line expressing hIR-A.
B. hIR-B ED secreted from CT5 stable cell line expressing hIR-B.



receptor secretion. Assays were performed three times in triplicate and a representative graph

of one of the experiments is shown (See Figure 4.12). The graphs show a similar trend to

those of the full-length receptors, however the pronounced change in shape of the curve of

insulin is not seen beyond 100nM. The relative affinities of the ligands are more similar to the

ectodomain constructs and slightly higher than full-length receptors. The consistent

observation that insulin has a higher affinity for the hIR-B isoform would continue to suggest

either a difference between europium and iodine based assays or the differently labeled

ligands themselves. In this assay that the hIR EDZIP receptors unexpectedly produced lower

EC50 values than the hIR ED receptors. This may again be indicative of the Eu-labelled tracer

having a slightly different mode of receptor binding than iodinated tracer.

4.2.9 Phosphorylation Assays

A study by Kosaki et al., 1995 found that IR-B was more efficient at auto-phosphorylating

itself and recombinant IRS-I. The competition assays performed above indicated that insulin

bound IR-B better than IR-A and that IGF-I and 2 bound IR-A better than IR-B. The next

step was to investigate whether receptor and substrate phosphorylation in response to growth

factor correlated with the relative binding affrnity.

Stable cell lines expressing each of the receptors were seeded into clear 96 well plates to give

-90% confluence with overnight growth. The cells were placed into senrm free medium for

3hrs prior to stimulation with serially diluted growth factor for 12 min at 3'7"C. The media

was aspirated and lysis buffer containing protease and phosphatase inhibitors added to each

well. The cell lysate was subsequently added to white 96 well plates pre-coated with the anti-

insulin receptor antibody 83-7, After an overnight incubation at 4"C, wells were washed and

incubated with a europium labeled anti-phosphotyrosine antibody (PT-l00). Time-resolved

fluorescence was then used to quantitate the amount of antibody bound in each well.

The results (See Figure 4.13) show, as expected, that with increasing amounts of growth

factor the amount of tyrosine phosphorylation from the immunopreciptated receptor and any

receptor bound proteins also increases. For hIR-B Insulin is -10 fold better at inducing

tyrosine phsophorylation than IGF-2 which is itself -2.5 fold better than IGF-I. This

correlates fairly well with the competition data in terms of relative potency. It is interesting to

note that at the higher concentrations of IGF phosphorylation levels approach that of insulin,

unlike with the IGF-IR (See Figure 4.I3) where insulin has a minimal effect at all

concentrations tested. The hIR-A data shows that insulin has slightly less potency indicated
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Figure 4.12 Comparison of recombinant hIR ED ZIP Isoforms in a Competition Binding Assay

Stable cell lines secreting each receptor were grov/n in 1Ocm dishes and media collected after 3

days. hIR was captured on 83-7 coated white 96 well plates. A competition mix between Eu-

insulin and serial dilutions of either unlabelled IGF-I, IGF-2, or insulin was incubated with the

receptor overnight at 4"C before unbound growth factor being washed away and the amount of
remaining Eu-insulin measured using time-resolved fluorescence. Data was converted to a

percentage of maximum counts bound and fitted to a one or two-site competition binding curve

using PrismrM.

A. hIR-A ED ZIP secreted from 1ec8 stable cell line expressing hIR-A.
B. hIR-B ED ZP secreted from R- stable cell line expressing hIR-B.
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Figure 4.13 Receptor tyrosine phosphorylation assay.

A. R-hIR-B.
B. R-hIR-A.
C. R-hIGF-1R.
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Stable cell lines expressing insulin receptor were grown in 96 well trays Io -90%o

confluency and allowed to go serum free for 4hrs before stimulation with a range of serially

diluted growth factors for 15 min. The medium was aspirated, and ice cold lysis buffer

added and solubilised receptor captured on 83-7 coated white 96 well plates. The amount of
phosphotyrosine phosphorylation within the captured receptor/substrate complex was

obtained using eu-PT100 antibody and measuring bound antibody by time-resolved

fluorescence. Phosphorylation data was fitted to an uphill dose response curve using

PrismrM software,



by it reaching its maximal phosphorylation level at a higher concentration, keeping consistent

with its reduced affrnity for hIR-A compared to hIR-8. IGF-2 has a slightly improved potency

on hIR-A and relative to insulin is only -3-5 fold worse. IGF-I however although binding to

hIR-A with an improved affinity over hIR-B appears to induce less tyrosine phosphorylation.

Taken overall the tyrosine phosphorylation correlates well with the binding strengths of the

ligands, although there may be difference in the capacity for each receptor to be activated, as

found originally by Kosaki et al., 1.995.

Additionally, a time course phosphorylation assay was performed in order to determine if
there were any differences in the kinetics of the way the isoforms were activated by insulin or

the IGFs. In this assay R- cells expressing hIR-A, hIR-8, or hIGF-1R were plated at the same

cell density overnight into 96 well plates. Cells were subsequently serum starved for 3 hrs and

then treated with either 10nM or 50nM growth factor included in serum-free medium. At

various time points, the medium was aspirated and ice-cold lysis buffer including protease

and phosphatase inhibitors was added to stop the reaction. Lysate was added to pre-coated

white 96 well plates as with the europium competition assay, and the amount of tyrosine

phosphorylation of the receptor and bound proteins detected using the europium labeled anti-

phosphotyrosine antibody (PT-l00). The results using 10 nM growth factor show clearly that

insulin is far more potent than IGF-I and IGF-2 on both insulin receptors, and IGF-I is

significantly stronger than IGF-2 on the IGF-IR (See figure 4.14). These results did not

clearly show a difference between IGF-I and IGF-2 on hIR-4, although it did appear that

IGF-2 was more potent in each case. [n order to differentiate between them better, a further

assay was performed using 50 nM growth factor (See figure 4.15).

When the phosphorylation results from this assay are compared to results obtained by other

groups it can be seen that these results exhibit a higher concentration of ligand required for

50% maximal phosphorylation. This may be due to the time taken for the cells to be serum

free. This assay was performed with a 3hr serum free period before stimulation whereas other

studies have used 24hr serum free incubations. The extra time may sensitize the cells more to

ligand stimulation and therefore result in lower concentrations giving a greater

phosphorylation response. The serum free conditions are an artificially created state and

probably do not mimic the kind of environment seen by most cells under normal

physiological conditions. A cell is unlikely to experience a prolonged absence from serum and

other growth factors and therefore an extended serum free incubation is not a realistic

scenario.
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Figure 4.14 Time Course Phosphorylation Assay using 10nM Growth Factor.

Stable cell lines expressing each receptor were grown in 96 well trays to -90% confluency

and allowed to go senrm free for 4hrs before stimulation with 10nM or lnM gowth factor.

At various time points media was aspirated, ice cold lysis buffer added and solubilised

receptor captured on 83-7 coated white 96 well plates. The amount of phosphotyrosine

phosphorylation '-^/ithin the captured receptor/substrate complex was obtained using eu-

PTl00 antibody and measuring bound antibody by time-resolved fluorescence.

Phosphorylation data \Mas fitted to an exponential association curve using PrismrM software.

The velocity at each point was calculated using the 'k' value and 'MAX' value obtained

from the equation of the phosphorylation curve and graphed in PrismrM'

A, R-hIR-B.
B. R-hIR-A.
C. R-hIGF-lR.
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Figure 4.15 Time Course Phosphorylation Assay using 50nM Growth Factor.

Stable cell lines expressing each receptor were grown in 96 well trays to -90% confluency
and allowed to go senrm free for 4hrs before stimulation with 50nM growth factor. At
various time points media was aspirated, ice cold lysis buffer added and solubilised receptor

captured on 83-7 coated white 96 well plates. The amount of phosphotyrosine
phosphorylation within the captured receptor/substrate complex was obtained using eu-

PTl00 antibody and measuring bound antibody by time-resolved fluorescence.

Phosphorylation data was fitted to an exponential association curye using PrismrM software.

The velocity at each point was calculated using the 'k' value and 'MAX' value obtained
from the equation of the phosphorylation curve and graphed in PrismrM.

A. R-hIR-8.
B. R-hIR-A.



4.2.10 Proliferation Ass aYs

The competition binding and phosphorylation assays gave a clear indication as to the relative

potency of each ligand at a receptor level, so the next step was to assess whether this

translated into a similar relationship with a biological end point effect. It is well established

that both the IR and IGF-IR can elicit mitogenic responses from a wide variety of cell types

and several reports have indicated that IGF-2 was acting through IR-A in this manner.

As an initial charactenzation to optimize conditions for a proliferation assay, cell lines

expressing hIR-A and hIR-B were grown for up to 72 hrs in either 10% FCS or serum free

conditions. This would determine whether the absence of serum caused cellular apoptosis and

if there was a large enough difference between the two conditions to reliably detect as it was

thought to be unlikely that a single growth factor would be able to substitute for full serum

conditions. The results indicate that the presence of ßo/o FCS significantly improves the

proliferation of both R-hIR-A and R-hIR-B at a similar rate for each cell line (See Figure

4.16). After 48hrs there was a significant difference between serum and serum free

conditions, therefore subsequent assays were performed for at least 48 hrs.

An assessment of the proliferative effect of continual growth factor stimulation on R-hIR-A

and R-hIR-B cells grown in serum free medium was made. Cells were seeded into 96 well

plates at a concentration of 12,000 cells/well and allowed to recover overnight in normal

medium. After 2.5 hrs of serum deprivation the media was replaced with treatments in

triplicate of serum free medium, containing serially diluted growth factor and further

incubated for 48 hrs. The number of viable cells was determined by methylene blue staining,

with higher absorption at ODsso being indicative of more viable cells. The results show that

cells expressing either hIR-A or hIR-B can respond proliferatively to growth factor

stimulation (See Figure 4.17). In both cell lines insulin elicited the largest increase in

proliferation and IGF-I and IGF-2 displayed similar potencies except at 30nM in hIR-A

where IGF-¡ has a significantly stronger effect. This data is different to that seen in the

literature which suggests that IGF-2 is similarly, if not more potent than insulin acting

through hIR-A. An analogous experiment performed using untransfected cells was unable to

respond to growth factor stimulation (Data not shown), while another control experiment

using IGF-1 stimulation of R-IGF-1R displayed a moderate growth response with an EC50 of

1.63 nM and maximal proliferative response at 10 nM IGF-I (See Figure 4'18). However in
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Figure 4.16 Proliferation of hIR-A and hIR-B up to 48 hrs under serum or serum-
free conditions.

Cell lines were plated in 96 well plates at a density of 15,000 cells/well and grown
ovemight before going serum free for 2.5 hrs. Medium was then replaced by serum

free medium supplemented with serially diluted growth factor and the cells incubated
at37oC for a further 48 hrs. Proliferation was assessed using the Cell Titre GlorM kit,
measuring ATP levels. The averages and standard deviations of the results from the
triplicate treatments were calculated in Microsoft Excel.
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Figure 4.17 Proliferation of hIR-B and hIR-A after 48 hrs in response to continual
growth factor stimulation.

Cell lines were plated in 96 well plates at a density of 12,000 cells/well and grown

overnight before going serum free for 2.5 hrs. Medium was then replaced by serum

free medium supplemented with serially diluted growth factor and the cells incubated

at37oC for a further 48 hrs. Proliferation was assessed by methylene blue staining.

The averages and standard deviations of the results from the triplicate treatments

were calculated in Microsoft Excel.

A. R-hIR-A
B. R-hIR-B
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Figure 4.18 Proliferation of R- hIGF-1R 48 hrs in response to IGF-I.

Cell lines were plated in 96 well plates at a density of 15,000 cells/well and grown

overnight before going serum free for 2.5 hrs. Medium was then replaced by serum free

medium supplemented with serially diluted growth factor and the cells incubated at

37oC for a further 48 hrs. Proliferation was assessed using the Cell Titre GlorM kit,
measuring ATP levels. Data of the results from the triplicate treatments were fitted to

an exponential association curve in PrismrM.



these experiments, both the competition and phosphorylation assays predict that IGF-2 should

not have as great an effect as insulin on either receptor

4.2.11 Anti-APoPtosis Ass aYs

Activated IGF-IR is well established at being able to inhibit apoptosis triggered by a variety

of conditions including growth factor withdrawal and chemotherapeautic agents' It was

therefore necessary to examine under which conditions R- cells would undergo apoptosis'

unlike, in previous studies using R- cells, it was seen that this batch did not appear to go into

apoptosis when serum was withdrawn, rather only have a slow rate of growth (See Figure

4.16). This lack of observable apoptosis may have been due to the short 48-72hf time points

examined. Performing experiments over much longer time periods was considered

impractical, as the assays were to be done in 96 well plates' It was observed in preliminary

experiments that seeding wells in 96 werl prates with numbers ress than 8000' did not grow

consistently and gave variable results between triplicates. A long experiment would have

necessitated a low seeding density and likely would have produced unreliable results'

Therefore severar drugs, including methotrexate (inhibitor of folate-dependent enzyme

dihydrofolate reductase (DHFR)), etoposide (inhibits the ability of topoisomerase II to ligate

cleaved DNA molecules), and butyrate (inhibitor of histone deacetylase) were tested for their

ability to kill R- cells transfected with IR or IGF-IR'

In numerous preliminary experiments, the Cell titre glorM assay was used to assess cell

numbers after treatment with the apoptotic drugs, however it became clear that under these

conditions that the assay gave inconsistent and highry variable results, which did not correlate

with the observable number of cells seen under a microscope (Data not shown)' This assay

quantitates the amount of ATp in a well, as a measure of cell numbers. since the apoptotic

drugs are also known to affect metabolism, the amount of ATP produced by the cell may not

correlate normally in the presence of the drugs'

Therefore further experiments were carried out instead by counting viable cells through

methylene blue staining. The ability of IGF-2 to protect R- cells transfected with hIR-B, hIR-

A, or IGF-IR against pro-apoptotic drugs was tested. cells were plated overnight in 96 well

plates at a density of 12,000 cells/well. After serum starvation for 3'5hrs, medium was

replaced with serially diluted methotrexate, etoposide, or butyrate alone or together with

20nM IGF-2. 20nM IGF-2 was chosen due to it being -3 fold higher than its ECso in the

competition assays with both hIR receptors and therefore if it is going to have an effect it

should be visible at this concentration. cells were incub ated at 37"c for 48hrs and the viable
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cells stained with methylene blue. The results of treatment with methotrexate indicated that

there was a dose dependent effect on the cells using this drug, shown by a decreased effect at

lower concentrations, however IGF-2 as unable to rescue this effect in fact, it appeared to

increase the effect resulting in higher numbers of cell death (See figure 4.19). Etoposide was

highly efficient at killing the R- cells and in the range tested did not show a dose-dependent

effect. In addition IGF-2 was unable to protect them from apoptosis (See figure 4'20).

Butyrate induced apoptosis was seen to be dose-dependent and was partially rescued by 20nM

IGF-2 in all the cell lines (See figure 4.21). There did not appear to be a significant difference

between the effectiveness of IGF-2 between hIR-B and hIR-A, however IGF-2 had a more

potent effect in the IGF-lR. This remains consistent with the previous binding,

phosphorylation and proliferation experiments. Due to time constraints further experiments

using IGF-I and insulin were unable to be performed.

Methylene blue staining is unabie to give a perfectly accurate picture of the amount of

apoptosis occurring, as it cannot detect cells in the initial stages of apoptosis. To follow on

from this initial work, future experiments involving the direct measurement of the number of

apoptotic cells would be necessary, such as using Annexin-V staining and FACS analysis.

4.2.12 Creation of antibody that can differentiate between the insulin receptor isoforms

An attempt was made to produce a polyclonal antibody that would be able to differentiate

between the hIR-A and hIR-B, as previously the only method available to distinguish between

the two was by pCR. The method chosen was to inject rabbits with a peptide consisting of the

residues encoded by exonl l (RKTSSGTGAEDPC), which was acetylated on the C-terminus

and N-terminally conjugated to a diphtheria toxoid moiety to improve the immune response.

The injections were performed by Joe Wrin (Biochemistry Department, University of

Adelaide) on two rabbits and serum bleeds were taken before and 6 weeks and 12 weeks post

injection. A further injection of peptide was made 3 months after the first bleed and another

serum sample taken after 8 weeks. The rabbits were terminally bled 2 months after the second

sample was taken.

4.2.12.1 Characterisation of the polyclonal anti-exonl 1 serum

The initial characterisation was to determine whether the antibodies in the serum from the

injected rabbits and not the pre-immune serum were able to recognise the exonl1 peptide.

Exonl1 peptide without the diphtheria toxoid conjugate was coated on a clear 96 well plate at

a concentration of 50 nglwell. Various dilutions of the serum samples from 6 weeks after the
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Figure 4.19 Anti-apoptotic effect of IGF-2 co-treated with methotrexate.

Cell lines were plated in 96 well plates at a density of 12,000 cells/well and grown overnight before

going serum free for 2.5 hrs. Medium was then replaced by serum free medium supplemented with

20nM IGF-2 with or without methotrexate and the cells incubated at 37"C for a further 48 tus.

Proliferation was assessed by methylene blue staining. The averages and standard deviations of the

results from the triplicate treatments were calculated in Microsoft Excel.
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Figure 4.20 Anti-apoptotic effect of IGF-2 co-treated with Etoposide.

Cell lines were plated in 96 well plates at a density of 12,000 cells/well and grown overnight before

going serum free for 2.5 hrs. Medium was then replaced by serum free medium supplemented with
20nM IGF-2 with or without etoposide and the cells incubated at 37"C for a further 48 hrs.

Proliferation r,vas assessed by metþlene blue staining. The averages and standard deviations of the

results from the hiplicate treatments were calculated in Microsoft Excel.
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Figure 4.21 Anti-apoptotic effect of IGF-2 co-treated with Butyrate.

Cell lines were plated in 96 well plates at a density of 12,000 cells/well and grown overnight before
going serum free for 2.5 hrs. Medium was then replaced by serum free medium supplemented with
20nM IGF-2 with or without Butyrate and the cells incubated at 37"C for a further 48 hrs. Proliferation
was assessed by metþlene blue staining. The averages and standard deviations of the results from the

triplicate treatments were calculated in Microsoft Excel.
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first injection were made from 1/10 to 1/50, 000, and were incubated in each well for 2hrs at

room temperature. An alkaline phosphatase (AP) conjugated goat anti-rabbit secondary

antibody was used to detect any bound antibody from the serum and was detected after an AP

substrate was added by measuring the optical density at 405 nm. The gaph of the results

show that the serum from both rabbits post injection contained antibodies that bound the exon

11 peptide and that these antibodies were not detectable in the pre-immune serum (See Figure

4.22). It appeared that rabbit A contained more exonl l specific antibodies as it reached the

maximum distinguishable range by 1/100 dilution whereas the maximum for rabbit B

occurred at around 1/10 dilution.

A comparison of the exonl1 binding capabilities of several serum bleeds from each rabbit

was tested in a similar assay, using a standard concentration 1120. These results indicated that

there was little difference between each bleed and between the two animals (See Figure 4.22).

There was no consistent trend between subsequent samples and although a further injection of

the peptide was made between serum bleeds 2 and 3, there was not the expected increase in

the amount of exonl1 binding antibodies. This may suggest that the exonl1 peptide sequence

is not particularly immunogenic even with the presence of the diphtheria toxoid amplif,iing

the immune response.

The specificity of the antibodies in the serum to recognize the exonll sequence and not

another peptide sequence of similar length was tested by comparing binding to the exonll

peptide and an unrelated peptide from the SH3 linker region of mouse Tec Kinase. It is clear

from the gaph that the antibodies are specific for the exonl1 peptide and only show a low

level of reactivity with the linker peptide at a 7120 dilution (See Figure 4.22)'

The next step was to determine whether the serum could differentiate between the two

isoforms of the insulin receptor. Soluble ectodomain forms of each isoform were captured

using the antibody 83-7 and incubated with either a Il50 dilution of serum or the anti-receptor

antibody 83-14. The graph using the hIR-B ectodomain (exonll+) shows a concurrent

parallel increase in absorbance with increasing amounts of receptor for each treatment,

indicating that the antibodies in the serum are recognizíngthe receptor and also suggests that

the stoicheometry of both the antibody-receptor interactions are the same (See Figure 4.23).

This could mean that two anti-exonl1 antibodies are able to bind to a single receptor on each

half of the receptor in the same way that 83-14 can bind on opposite sides of the

heterotetrameric receptor (Tulloch et al., 1999). The results using the hIR-A ectodomain

show that the serum antibodies cannot bind this receptor as there is no increase in absorbance
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regardless of the concentration of the receptor (See Figure 4.23).In a further experiment the

ability of the serum to bind to full length hIR-B receptor was tested by using triton X-100

detergent solubilised receptor from the two R- cell lines expressing each isoform. A receptor

null control was also used containing only lysis buffer as it had been previously seen that

some detergents (including triton X-100) would give positive readings above background in

this assay. The graphs show that hIR-B has significantly higher absorbance readings at every

serum dilution over hIR-A which itself does not stray from the background null receptor

control samples (See Figure 4.24).

It can therefore be concluded that the rabbit polyclonal serum contains antibodies that

specifically recognize the exonl l sequence and can distinguish between the two insulin

receptor isoforms presumably through binding to the exonll sequence in hIR-8. The fact that

antibodies are able to bind to exonl1 suggests that this sequence lies on the exterior of the

receptor even though this maybe within the ligand-binding pocket.

The polyclonal serum was tested for use as a primary antibody in FACS analysis but even the

profiles obtained at the lowest dilution of serum were indistinguishable from the control

antibody, suggesting that the antibodies are unable to bind to membrane bound receptor or

that they are aI a far too low concentration for this experiment to work (Data not shown).

4.3 SUMMARY AND CONCLUSION

In this project, comparisons of the effectiveness of insulin, IGF-I, and IGF-2 were made,

focusing on their ability to bind, activate, and trigger biological responses from the two

human isoforms of the Insulin receptor, hIR-A, and hIR-B. Full length and recombinant hIR

isoforms were examined in competition binding assays using europium labeled insulin. The

overall results confirmed that IGF-2 and insulin had closer affinities in hIR-A than hIR-B.

The ratios of binding affinities between the different growth factors was consistent with the

published literature using iodine labeled insulin, however the raw values were different. This

was most likely due to the use of the europium-labeled insulin where the position of the

europium chelate may be affecting mode of binding to the receptor, through disrupting the

conformational change at the B-chain C-terminus and A-chain N-terminus. These results were

in contrast to those using europium labeled IGF-1 on the IGF-1R, which yielded very similar

affinities to those already published. Within a single receptor the phosphorylation assays were

consistent with the binding data, however the hIR-B isoform appeared to be more strongly

phoshorylated in response to growth factor. The cellular response to growth factor stimulation
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conelated well with binding and phosphorylation data and did not suggest that IGF-2 was

able to stimulate proliferation better than insulin. In order to examine any differences in

signalling invidual proteins activated by the IR would need to be examined, such as PI3K and

PKB. These studies have shown that the cell lines will be a useful reagent for future studies of

this system.
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CHAPTER 5 C.TERMINAL MUTANTS OF THE IGF.IR

5.1 INTRODUCTION

The IGF-IR is able to mediate a diverse range of biological responses upon binding its

cognate ligands IGF-I and IGF-2. These effects appear to be context dependent and vary

considerably between different cell lines. Stimulation with ligand may result in cellular

proliferation, differentiation, protection from apoptosis and transformation. The effects of

IGF-IR are potentiated by the activation of its intracellular tyrosine kinase domain, which

results in cross-phosphorylation of each receptor half, and further recruitment and activation

of assorted receptor substrates. The regions of the receptor involved in binding substrates and

regulators are predominantly found in the juxtamembrane domain and the C-terminal domain,

which contain several potential tyrosine and serine phosphorylation target sequences. The

structure of these two domains is unknown, although they are likely to be flexible to allow

movement of the phosphorylation sites in and out of the catalytic pocket of the kinase domain

and also to accommodate the large number and size of the receptor substrates.

Due to the great similarity between the hIGF-lR and the hIR researchers have been interested

in identifying the mechanistic way in which the different biological responses are elicited. It

seems likely that different ligand affinities, modes of binding, extent and duration of receptor

phosphorylation, and receptor substrate specificity, all play a role in separating the biological

effect of co-expressed receptors. Studies to identiff unique pathways emanating from the

hIGF-IR have focused on the unique tyrosine residues (potential phosphorylation targets) and

other unique residues in the C-terminal domain of the hIGF-1R. These include Tyrttto,

Tyrt"t, Serl280-1283, Hisl2e3, and Lysl2ea(discussed in section 1.3.2.2).With the recent advances

in DNA microarray technologies several studies have looked at the differences in gene

expression between hIR expressing cells stimulated with insulin and hIGF-IR expressing cells

stimulated with IGF-I. The results indicated that quite distinct changes occur, and although

the mechanism of regulation of the expression of these target genes can be correlated to the

receptor, it still does not resolve how the two receptors can achieve separate effects (Mulligan

et a1.,2002). The majority of evidence to date indicates that the vast majority of substrates are

able to bind and be activated by either the IGF-IR or IR in in vitro systems.
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5.1.1 Project SummarY and Aims

The aim of this study was to create stable transfected R- cell lines expressing single and

multiple mutations of residues involved in mediating signaling downstream of the hIGF-1R

and ,double, mutants including a coÍìmon Y950F mutant. Since it is clear that there is some

redundancy and overlap in the origin of major biological responses from the receptor it was

reasoned that inhibition of binding of IRS proteins and Shc, combined with mutations in

unique residues would produce receptors that were functionally incapable of activating

specif,rc pathways.

AIMS:
a) Compare the amount of ligand triggered receptor phosphorylation between mutants'

b) compare the ligand activated proliferative potential of the mutants.
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5.2 RESULTS AND DISCUSSION

5.2.1 Construction of hIGF-IR Cytoplasmic Mutant Plasmids

The initial construction of the single amino acid mutations within the cytoplasmic region of

the IGF-IR was made by Sven Delaney as part of a separate Honours project (See Figure 5.1).

A 635bp EcoRV to BamHl IGF-IR fragment was cloned into pBluescript and site-directed

mutagenesis (Stratagene) used to introduce the Yl250F, Yl257F, S12834, and

Hl2g3ElKl2g4Rmutations (See section2.2.9 for primer sequences), These mutant fragments

were sub-cloned into a 961bp BamHl/HindIII IGF-IR fragment containing the wildtype

635bp sequence. This was done to avoid an additional EcoRV site in the full-length sequence

that would complicate the cloning procedure. Mutant 961bp fragments were then swapped by

BamHl/HindIII digestion into either full length wild+ype or Y950F constructs in pSP72-S/P

(Sma-PvuII fragment removed) to create hIGF-lR (Yl250F), (Yl250F/Y950F), (Yl251F),

(yt2srFN950F), (S1283,4'), (S12834/Y950F), (H1293FlKr294R), and

(HL293F1KI294WY950F). Confirmation of the mutations and all subsequent work was

undertaken as part of this thesis. The mutations were confirmed by cycle sequencing from

pSP72-S/P transformants (See Figure 5.2) and correct constructs were cloned into the

mammalian expression vector pEFIRES-neo by EcoRl digestion and correctly oriented

clones identified by restriction endonuclease digestion using Xhol (See Figure 5.3). Correct

clones showed two bands, while wrongly oriented clones displayed 3 bands.

5.2.2 Creation of Stable Cell Lines Expressing Mutants

Stable cell lines expressing each of the mutant receptors were made based on the need to have

a population of cells that all expressed a high, reproducible number of receptors. Transient

transfection of receptor constructs, although faster to produce, yielded a much lower level of

receptor expression in terms of both the percentage of receptor expressing cells and the

relative amount of receptor expressed by individual cells. Since it was possible that some of

the effects of the mutants would be subtle it was also thought that having every cell

expressing the mutant receptor would increase the chances of being able to detect variation

from the wild-type receptor expressing cells and the untransfected cell line. R- cells (A kind

gift from Renato Baserga, Philadelphia), a cell line derived from the embryonic fibroblasts of

a IGF-IR KO mouse, were chosen as the model cell line due to their lack of wild+ype

receptors and also because they were characterised in the literature as being unresponsive to

IGFs and insulin unless exogenous receptor was introduced.
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plasmid DNA from putative IGF-IR mutants was produced using the llltacleanTM miniprep kit and used in a cycle sequencing PCR reaction

with the IGF-IRcterm primer and the seq950 primer. Sequencing traces are shown and the position of the mutated residue underlined and

compared to the wild-type amino-acid sequence.
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digestion analysis
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Plasmid constructs containing the mutant IGF-1Rs were prepared using the UltracleanrM

miniprep kit in order to obtain a purity suitable for tissue culture transfections. Subsequently,

plasmid purity was tested and the concentration quantitated by UV spectroscopy.

Transfections were then performed on R- cells grown ovemight to a confluency of -50%

using Lipofectamine+rM and 4¡tg of plasmid DNA for each construct (See section 2.3.3.3).

After a 3hr transfection, cells were allowed to recover overnight in DMEM + l)yo FCS before

selection with G418 (Genetecin: Gibco/BRL) at a final concentration of 500pg/ml. Media was

replaced every 3-4 days for 2 weeks and drug resistant cells screened for IGF-IR expression

by FACS analysis using the monoclonal anti-IGF-IR antibody 16-13 (See Tables 5.1 and

Figure 5.4). The FACS profiles of cells fluorescing in the FITC range indicated that an

average of 60% of the various populations were fluorescing above 101 units in the 16-13

labelled samples compared to an average of -2 units in the control IgG samples. This

indicated that a majority of the cells were expressing hIGF-1R. It also indicated that the

receptors were likely to be in a correct structural confirmation, at least in the Ll and CR

domains as the detecting antibody 16-13 is conformationally dependent. In addition, in later

assays another conformationally dependent antibody 24-31 gave a positive result.

Having established that populations from each transfected cell line were expressing receptor,

cells were re-cultured and IGF-IR expressing cells subsequently isolated using a FACS cell

sorter (IMVS/Hanson centre). As shown in figure 5.4 cells fluorescing in the middle range of

the receptor expressing population were selected. This population was chosen because when

sorting and selecting for hIR expressing cells, those taken from the highly fluorescent portion

of the population, had poor viability after plating. The poor viability may have been due to the

smaller numbers of cells isolated, which was previously shown to reduce plating recovery

(See 4.2.10). In addition a greater number of cells were selected to further increase the

chances of a successful recovery from the FACS procedure. Selection from 500pg/m1 G418

was maintained throughout the subsequent passaging process. Due to the increased number of

cells selected, plates reached confluency 1 week post-sorting.

A final FACS analysis was then performed on each cell line to confirm that the sorting

procedure was a success (See Tables 5.2-5.5 and Figures 5.5-5.8). The results showed that in

all cell lines except R-IGF-IR (512834) there was an increase in the percentage of the

population fluorescing above 10lunits. The averagepercentage of fluorescing cells across all

lines increased from 600/ofo l9Y, and in the majority of cases the shape of the profiles became

sharper indicating a more homogenous population of cells expressing a similar number of

receptors. The mean FL1-H value of the receptor expressing cells from the sorted cell lines
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Figure 5.6 Comparison of R-IGF-IR mutant cells before and after single cell sorting

cells were grown to <g0% confluency, trypsinised and incubated with the mouse

monoclonal anti-IGF-lR antibody 16-13 ót u ttr-our. IgG control. cells were subsequently

labeled with a FITC conjugated anti-mouse monoclonal antibody, fixed with

paraformaldehyde and fluoresencing cells analysed on a FACS cell sorter.

A. Before single cell sorting R-IGF-IR (Y125lF) : 16-13

B. After single cell sorting R-IGF-lR (Yl25lF) : 16-13

c. Before single cell sorting R-IGF-IR (Y1251F/Y950F) : 16-13

D. After single cell sorting R-IGF-IR (Y1251F4r950F) : 16-13

Cell Line

% Expressing
Cells (Ml)

Mean
FLl-H

A. R-:IGF-IR (Y12s1F) 16-13 72.70% 40

B. R-:IGF-IR (Y1251F) 16-13 9t.ss% 50

C. R-:IGF-IR (Y1251F/Y950F) 16-13 28.0r% 25

D. R-:IGF-IR (Y12s1F/Y950F) 16-13 42,08% 20

00 10 1
1

11 1

MI
M1

Table 5.3 Comparison of the o/o expressing cells and the mean FLI-H value of the major peak
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Figure 5.7 Comparison of R-IGF-IR mutant cells before and after single cell sorting

Cells were grown to <9}Yoconfluency, trypsinised and incubated with the mouse monoclonal

anti-IGF-lR antibody 16-13 or a mouse IgG control. Cells were subsequently labeled lvith a

FITC conjugated unú-rnourc monoclonal antibody, fixed with paraformaldehyde and

fluoresencing cells analysed on a FACS cell sorter'

A. Before single cell sorting R-IGF-1R (S12834) : 16-13

B. After single cell sorting R-IGF-IR (512834) : 16-13

c. Before single cell sorting R-IGF-IR (S12S3A/Y950F) : 16-13

D. After single cell sorting R-IGF-IR (S12834/Y950F) : 16-13

Cell Line

% Expressing
Cells (M1)

Mean
FLl-H

A. R-:IGF-IR (S12834) L6-13 76.42% 35

B, R-:IGF-IR (S12834) 16-13 67.63% 15

C. R-:IGF-IR (S12S3A/Y950F) 16-13 41.79% 25

D. R-:IGF-IR (S12834/Y950F) 16-13 7s.07% 15

1 1

M1

MI
MI

Table 5.4 Comparison of the o/o expressing cells and the mean FL1-H value of the major peak
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Figure 5.8 Comparison of R-IGF-IR mutant cells before and after single cell sorting

Cells were grown to <90%o confluency, trlpsinised and incubated with the mouse

monoclonal anti-IGF-lR antibody 16-13 or a mouse IgG control. Cells were

subsequently labeled with a FITC conjugated anti-mouse monoclonal antibody, fixed

with paraformaldehyde and fluoresencing cells analysed on a FACS cell sorter.

A. Before single cell sofing R-IGF-IR (Hl293FlKl294R): 16-13

B. After single cell sorting R-IGF-IR (HI2nFlf1294R) : 16-13

C. Before single cell sorting R-IGF-IR (HI293F1KL294NY950F) : 16-13

D. After single cell sorting R-IGF-IR (H1293F/K1294NY950F) : 16-13

Cell Line

o/o Expressing
Cells (M1)

Mean
FLl-H

A. R-:IGF-IR (Hl293F/K1294R) 16-13 70.48% 40

B. R-:IGF-IR (Hl293F/K1294R) 16-13 9051% 40

C. R-:IGF-IR (H1293F lKr294P.iY9s0F) 16-1 3 40.55% 30

D. R-:IGF-IR (Hl293FlK1294R /Y950F) 16-13 7998% 30

MI

MI

Table 5.5 Comparison of the o/o expressing cells and the mean FLI-H value of the major peak



ranged between 15 and 50 with average of 30 units indicating that there is approximately a 3-

fold range in the average number of receptors per cell between the lines. Based on these

results only sorted cell lines were used in subsequent experiments except for R-IGF-IR

(S12834). In this case the FACS profile indicated a drop in the percentage of expressing cells

in the sorted cell line relative to the original line. Therefore the better original line was used

for the subsequent experiments.

Despite treating each cell line in an identical manner there was some variation in the

percentage of receptor expressing cells, ranging from 28-84o/o, after the initial selection

procedure. This may have been due to the initial transfection resulting in varying amounts of

plasmid absorption between the lines. The cell sorting procedure was successful, resulting in

an increase in the percentage of receptor expressing cells except for the 512834 mutant line.

In general, the profiles also displayed a sharper receptor expressing peak, which was to be

expected as a result ofthe sorting procedure.

Even though only receptor expressing cells were selected all of the cell lines still had non-

expressing cells after further selection as shown by FACS analysis. This is probably due to

the untransfected R- cells having a certain amount of innate resistance to the G418 selection,

although it could be reasoned that the transfected cells should out compete them in terms of

growth and proliferation. Alternatively the untransfected cells may be able to remain alive so

long as a reasonable proportion of resistant cells were present, which would indicate either the

transfer of resistance or another cell to cell survival signal. It is also possible that there may be

a certain amount of downregulation of receptor expression while maintaining the ability to

survive the antibiotic selection.

Interestingly both the mutant lines involving the S1283A mutation showed a significant

decrease in the mean FLI-H value of their receptor expressing peak after cell sorting, even

though the cells were taken from the middle of the original peak. This may point to the cells

not tolerating higher numbers of these mutant receptors over extended periods of time. The

Y1251F mutant displayed both the broadest profile and the highest mean FLI-H of its

receptor expressing peak. It was later shown to give the highest phosphorylation in response

to IGF-I, proportionally larger than expected given the difference in receptor numbers with

the wild-type cell line, indicating that there this was a real effect. It may therefore be reasoned

that this cell line contained a greater number of highly expressing cells because they gained

some kind of advantage.
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5.2.3 Competition Assays on Solubilised Receptors with IGF-I' 2

Having verified that the stable cell lines were expressing IGF-IR it was then necessary to

confirm that they were able to bind to their cognate ligands IGF-I and IGF-2 with the same

affinity as wild-type receptor. A competition assay was therefore performed on solubilised

receptor using europium-labeled IGF-I and unlabelled IGF-1 or IGF-2 (See section 4.2.5.2

for a discussion of this assay). Each cell line was grown in 1Ocm dishes to approximately 90o/o

confluency before being lysed and the solubilised receptor captured on 24-31 coated white 96

well plates. Europium labeled IGF-I (Eu-IGF-1) was mixed with serially diluted IGF-I or

IGF-2 and the competition performed overnight at 4"C. After removing the competition mix

and washing the plates, the amount of Eu-IGF-1 still bound to the receptor was measured

using time-resolved fluorescence. The competition curves all fit a one-site binding curve and

show clearly that all the mutants have a similar affinity for each ligand as the wild+ype

receptor with the mutants having a collective average ECsos for IGF-I and IGF-2 of

0.33+0.06 nM and 0.88+0.23 nM, compared with the wild-type ECsos of 0.23+0.1 nM and

0.83+0.0ó nM respectively (See Figure's 5.9, 5.10, and 4.6). Of the mutants Y1251F and

512834 had IGF-2 EC50 values that were significantly lower than the average (0.52+0.5 nM,

and 0.67+0.4 nM respectively) or the HI293F1KL294RN950F mutant that was higher

(1.31+0.07 nM). This may indicate a subtle change in the conformation of the intracellular

region of the receptor that resulted in a slight change to the binding site. However since

neither the Yl251F/Y950F, the S12834/Y950F, nor the Hl293FlKl294P. receptors showed

this change it is more likely to be experimental variation. Additionally, all receptors were

recognized by the available antibodies used in these and subsequent assays. Overall, the

results were to be expected due to the mutations occurring in the cytoplasmic region of the

receptor and therefore unlikely to contribute to ligand binding.

The ligand binding competition assays with IGF-1 and IGF-2 showed that all the mutant

receptors had similar affinities to the wild-type receptor at least for IGF-I. The obtained

ECsos are comparable with those values obtained in the established literature, which indicate a

2-5 fold difference in affinity between IGF-1 and IGF-2 (Germain-Lee et al., 1992) (Forbes e/

a1.,2002). Therefore in the phosphorylation assays IGF-1 was used to stimulate cells based on

its higher potency and more similar binding profiles.

Eu-IGF-1 is a heterogeneous mixture based on HPLC analysis (data not shown), and the

different species would have possible labeling sites at the amino terminal Glyl, and the amino
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Figure 5.9 IGF-IR Competition Binding Assay using IGF-I and IGF-2

Stable cell lines expressing eachreceptorwere grown in 1Ocm dishes to -90Yo confluency
before being harvested in lysis buffer and IGF-IR captured on 24-31 coated white 96 well
plates. A competition mix between Eu-IGF-1 and serial dilutions of either unlabelled IGF-1

and IGF-2 was incubated with the receptor overnight at 4"C before unbound growth factor
being washed away and the amount of remaining Eu-IGF-1 measured using time-resolved

fluorescence. Data was converted to a percentage of maximum counts bound and fitted to a
one-site competition binding curve using PrismTM (P value (Runs Test), NS : Not
significant >0,05).
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Figure 5.10IGF-IR Competition Binding Assay using IGF-I and IGF-2

Stable cell lines expressing each receptor were grown in 10cm dishes to -90o/o confluency

before being harvested in iysis buffer and IGF-IR captured on 24-31 coated white 96 well

plates. A competition mix between Eu-IGF-1 and serial dilutions of either unlabelled IGF-1

and IGF-2 was incubated with the receptor overnight at 4oC before unbound growth factor

being washed away and the amount of remaining Eu-IGF-1 measured using time-resolved

fluorescence. Data was converted to apetcentage of maximum counts bound and fitted to a

one-site competition binding curve using PrismTM (P value (Runs Test), NS : Not

significant > 0.05).
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Factor
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o.B (NS)0.8 (NS)0.e7 (NS)P value 0.54 (NS)

1 .31t0.07 nM1.0210.1 nM0.81t0.03 nMIGF.2 0.67t0.04 nM
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goup side chains of Lys26, Lyruo, and Lys67. Glyl, Lys6a, and Lys67, lie in the flexible termini

of IGF-I, which have not been found to greatly affect receptor binding affrnity. Lys26 sits at

the end of the B chain near the start of the C domain. Several residues near Lys26 including

phe23, TtÊ+, and Tyr3l, have been implicated in receptor binding (See section 6.1). Even

though a bulky europium chelate may disrupt this surface in a rigid molecule, the highly

flexible nature of the C domain is likely to be able to compensate for its presence. Overall,

since using either Il2s-IGF-1 or eu-IGF-l results in a very similar competition profile it is

likely that they do not have significantly different modes or affinities for binding the IGF-IR,

unlike the Eu-insulin tracer (see section 4.2.5.2).

5.2.4 Mutant Receptor Complexes Show Altered Amounts of Tyrosine Phosphorylation
in Response to IGF-I.

The various mutations, particularly Y950F, are believed to disrupt the binding of important

substrates to the receptor (including Shc, IRS-2, and IRS-I0) and therefore it was thought that

their absence would reduce the overall tyrosine phosphorylation of the ligand stimulated

receptor/substrate complex. A time-course phosphorylation assay was developed that utilized

a europium-labeled anti-phosphotyrosine antibody PT100 (as described in 4.2.9).

Each cell line was plated at a density of 25,000 cells/well in a 96 well plate and grown

overnight. After growth in the absence of serum for at least 4hrs, the cells were stimulated

with 10nM IGF-I and time points taken by quickly aspirating the media and adding lysis

buffer. Solubilised receptor was captured on 24-31coated white 96 well plates left ovemight

at 4"C. Plates were then washed and developed and the amount of anti-phosphotyrosine

antibody bound measured by time resolved fluorescence'

The data of the results were analyzed in PrismrM and each time-course fitted to an exponential

association curve. The derived 'k' value was then taken and used to plot the velocity at each

time point as describedin4.2.9 (See figures 5.11-5.14). Overall the results showed that the

mutants had about the same or reduced amount of phosphorylation except for the Y1251F

mutant, which was greatly enhanced to, about double the amount of phosphorylation of wild-

type. Compared with wild-type receptor the Y1251F mutant showed more rapid and enhanced

phosphorylation overall in the 10 min time course. The increase could have been due to the

deregulation of intrinsic receptor kinase activity, lack of binding a phosphorylation regulator

such as a phosphatase and therefore attenuated signalling, or an increased number of

substrates binding to the receptor.

95



A.

B

q

0000o
tr
oo

1 5000

5000

0

d IGF-IRWT R2 = 0.97

Y12ûF R2 = 0.99

Y1250F,Y950F R2=0.99

V

o

oo
U,

Ø

oo

100

10

0 100 200 300 400

Time (sec)

200 300 400

Time (sec)

500 600

¡ Y1250F
v Y1250F,Y950F
. IGF-IR WT

1

0 100 500 600

Receptor WT Y1250F Y1250F^r950F

lnitial Rate 43.2 counts/sec 14.1 counts/sec 14.6 counts/sec

P value (Runs Test) 0.e7 (Ns) 0.54 (NS) 0.71 (NS)

Figure 5.11 Time Course Phosphorylation Assay

Stable ce|l lines expressing each receptor were grown in 96 well trays to -90% confluency and

allowed to go serum free for 4hrs before stimulation with 10nM IGF-I. At various time points

media was aspirated, ice cold lysis buffer added and solubilised receptor captured on 24-3I

coated white 96 well plates.

A. The amount of phosphotyrosine phosphorylation within the captured receptor/substrate

complex was obtained using eu-PT100 antibody and measuring bound antibody by time-resolved

fluorescence, Phosphorylation data was fitted to an exponential association curve using PrismrM

software (P value (Runs Test), NS : Not Significant > 0.05).

B. The velocity at eachpoint was calculated using the 'k' value and 'MAX' value obtained from

the equation of the phosphorylation curve and graphed in PrismrM.
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Figure 5.12 Time Course Phosphorylation Assay

Stable cell lines expressing each receptor were grown in 96 well trays to -90% confluency and

allowed to go serum free ior 4hrs before stimulation with 10nM IGF-I. At various time points

media was ãspirated, ice cold lysis buffer added and solubilised receptor captured on 24-3I

coated white 96 well Plates'
A. The amount of phosphotyrosine phosphorylation within the captured receptor/substrate

complex was obtainrd nring eu-pT100 ãntibody and measuring bound antibody by time-resolu:,q

fluorescence. phosphorylation data was fitted to an exponential association curve using PrismrM

software (P value (Runs Test), NS : Not Significant > 0'05)'

B. The velocity at each poini was calculated using the 'k' value and 'MAX' value obtained from

the equation of the phosphorylation curve and graphed in PrismrM.
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Figure 5.13 Time Course Phosphorylation Assay

Stable cell lines expressing each receptor were grown in 96 well trays to -90% confluency and

allowed to go serum free for 4hrs before stimulation with 10nM IGF-I. At various time points

media was ãspirated, ice cold lysis buffer added and solubilised receptor captured on 24-31

coated white 96 well plates.

A. The amount of phosphotyrosine phosphorylation within the captured receptor/substrate

complex was obtainèd uiing eu-PT100 antibody and measuring bound antibody by time-

resolved fluorescence. phosphorylation data was fitted to an exponential association curve using

PrismrM software (P value (Runs Test), NS : Not Significant)'

B. The velocily at each point was calculated using the 'k' value and 'MAX' value obtained

from the equation of the phosphorylation curve and graphed in PrismrM.
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Figure 5.L4 Time Course Phosphorylation Assay

Stable cell lines expressing each receptor were gro\Mn in 96 well trays to -90% confluency and

allowed to go serum free for 4hrs before stimulation with 10nM IGF-1. At various time points

media was ãspirated, ice cold lysis buffer added and solubilised receptor captured on 24-31

coated white 96 well plates.

A. The amount of phosphotyrosine phosphorylation within the captured receptor/substrate

complex was obtained using eu-PT100 antibody and measuring bound antibody by time-

resolved fluorescence. phosphorylation data was fitted to an exponential association curve

using PrismrM software (P value (Runs Test), NS : Not Significant)'

B. ihe velocity at each point was calculated using the 'k' value and 'MAX' value obtained

from the equation of the phosphorylation curve and graphed in PrismrM.
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The phosphorylation velocity graphs showed that all the mutants except those involving

Yl250F had almost identical slopes to wild-type, suggesting that this aspect of the regulation

had not been affected. The Yl250F and, to a lesser extent Yl250F/Y950F mutants, although

having a slightly reduced amount of phosphorylation after lOmin relative to wild-type, did not

exhibit the typical decrease in velocity of phosphorylation in this time period, instead

remaining almost flat. This indicates that that there is a loss in the regulation of

phosphorylation different to that of Yl251F.

The anti-phosphotyrosine antibody PT-100 was used to assess the level of tyrosine

phosphorylation in IGF-1 activated receptor/substrate complexes. The majority of the mutants

except Yl25lF had a similar or slightly reduced level of tyrosine phosphorylation than wild-

type. The small reductions are probably due to lower levels of receptor expression as seen by

the FACS analysis, resulting in less receptor being captured.

The Y1250F and Y1250F1Y950F mutants displayed a level of phosphorylation compared to

wild-type that correlated well with the level of receptor expression, however unlike all the

other mutants, had a flattened phosphorylation curve that over the ten minute time course of

the experiment did not flatten out as quickly. The graph of the velocity of phosphorylation at

each time point indicated that the rate of phosphorylation was not reducing much over time. It

therefore appeared that the Y1250F mutants were lacking a level of regulation that would

normally begin inhibiting the initial fast rate of phosphorylation as soon as the receptor was

activated. The Yl250F mutant has been previously shown to be internalized at 30o/o the rate

of wild-type receptor (Miura et al., l99l). This may mean that the process of internalization is

required for the rapid decrease in the rate of phosphorylation and that the binding of a protein

to phosphorylated Yt2s0 is involved in enhancing the speed of this process. The increased rate

of de-phosphorylation, or reduced rate of phosphorylation by the receptor, could be due to the

internalized receptor being more accessible to parlicular cytosolic phosphatases or to factors

that regulate the receptor kinase activity respectively. Interestingly, the Y1250F/Y950F

mutant does not exhibit quite as steady a rate of phosphorylation as the Y1250F mutant,

suggesting that the binding of factors reliant on phosphorylated Yes0 slightly inhibits the

reduction in the rate of phosphorylation. 'Whether 
this is through inhibiting intemalization or

the action of some other protein remains unclear.

The Y1251F mutant exhibited a hyperphosphorylation phenotype even after receptor numbers

were taken into account. However it displayed the same rate of reduction in phosphorylation
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as the wild-type receptor. This conflicts with published data also from Y1251F mutants

expressed in R- cells that found that there was no gross alteration of tyrosine phosphorylation

as seen on a westem blot of a whole cell lysate after a 5 min stimulation with2}nglml IGF-1

(-28nM) (Miura, 1995). The data presented here differs from this in that there is a receptor

capturing step which will magnif,z the localized changes in tyrosine phosphorylation that may

not be visible in the whole cell lysate. From these results it appears that the Y125lF mutant

has lost a level of regulation controlling the initial rate of phosphorylation of the ligand

activated kinase while retaining the slower acting level of phosphorylation inhibition

perturbed by the Y1250F mutants There are also several possibilities for the cause of the

hyperphosphorylation. Phosphorylated Tyrr2sl is most likely a docking site for particular

receptor substrates. Since the lack of a functional sidechain at this position results in

hyperphosphorylation the normal action of protein(s) bound here would appear to be as a

repressor of phosphorylation. This protein could therefore have been a phosphatase, acting

generally to de-phosphorylate residues in the receptor and its substrates, a kinase inhibitor,

acting directly on the receptors tyrosine kinase domain or even as a protein binding inhibitor,

preventing key receptor substrates from being phosphorylated. General inhibition of

phosphatases by sodium orthovanadate did not greatly change the amount of phosphorylation

of the Y1251F mutant, however it did bring the phosphorylation profile of the wild-type

receptor up to a comparable level. This suggests that either phosphorylated Yr2sl normally

binds a phosphatase, or that even deregulating the removal of phosphate groups cannot make

the receptor phosphorylate substrates any quicker.

Interestingly the Yl25lFN950F mutant did not have increased phosphorylation and was

significantly lower than wild-type, however the FACS profile also suggested it had much

lower average receptor expression. The phosphorylation result suggests that the derepression

seen in the Y1251F mutant requires the presence of a protein that normally requires

phosphorylated Tyre50. This could include the adapter proteins IRS-1/2 or even Shc.

Alternatively, this could suggest that the increase in phosphorylation is due to enhanced

phosphorylation of the substrates reliant on a functional Tyres0 and not on a general de-

regulation of the receptor kinase activity. Somewhat strangely, sodium orthovanadate

mediated phosphatase inhibition resulted in an increase in phosphorylation for the

Y1251F/Y950F mutant, providing evidence that would reject both previous proposals. A

possible explanation could be that the combined absence of both phosphorylated Tyre5o and

T1ar12st allows another phosphatase to bind to the receptor complex that would not be able to

in VIT and YL25IF, whose inhibition by sodium orthovanadate results in the observed

increase in phosphorylation.
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All of the mutants involving either S12834 orHl293FlKl294R did not differ significantly

from wild-type once the receptor numbers were taken into account, indicating that proteins

that interact with these residues do not affect phosphorylation regulation or the binding of

major receptor substrates. Taken overall, the time-course phosphorylation experiment was

able to show differences in the tyrosine phosphorylation of receptor/substrate complexes, and

the analysis of the mutant data seems to suggest that there are at least two levels of tyrosine

phosphorylation repression that occur after kinase activation. The first affects the initial rate

of phosphorylation as shown in the Yl25lF mutant and presumably requires factors that are

already very near or bound to the receptor complex so that they can act almost

instantaneously. The second level of repression inhibited by the Y1250F mutant effects the

gradual reduction in the rate of phosphorylation over the time-course, and may be related to

the rate of receptor internalization.

5.2.5 Effect of Phosphatase Inhibition on Tyrosine Phosphorylation

The cause for the increase in tyrosine phosphorylation in the Y1251F mutant was likely due

to either inhibition or absence of binding of a phosphatase to the receptor. In order to test this

hypothesis time-course phosphorylation was performed with an additional incubation before

stimulation in which 30pM sodium orthovanadate (NaOV) was added to the media. This

compound inhibits both tyrosine and serine de-phosphorylation by inhibiting phosphatases

(Tan et a1.,2001).In this assay WT, Y1251F and YI25IFN950F expressing cell lines were

tested for the effect of NaOV pre-treatment on IGF-I stimulated tyrosine phosphorylation.

The assay was performed twice and a representative is shown (See figure 5.15). In the first

instance, the results indicate that there is very little effect from adding NaOV to the Y1251F

mutant, shown by the overlapping phosphorylation curve. Both WT and Y1251F/Y950F

constructs show an increase in phosphorylation, the WT to a level comparable to that of

Y1251F. This result therefore provides some evidence that the reason for elevated

phosphorylation levels in Y1251F is because of the inhibition or lack of the ability of a

phosphatase to bind to the receptor complex. Overall the results had lowered phosphorylation

counts even though the number of cells plated for the assay was the same. The change in

sensitivity may have been due to the use of a new batch of Eu-labeled anti-phosphotyrosine

antibody, or experimental variation between data sets. However, even though the raw counts

were lowered, the relationships between the control treatments were similar to those in the

initial results.
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Figure 5.15 Effect of phosphatase inhibition on the Time Course Phosphorylation Assay

Stable celi lines expressing each receptor were glown in 96 well trays to -90% confluency

and allowed to go ì.** free for 4hrs. 300pM Sodium orthovanadate (NaOV) was added

30min before stimulation with 10nM IGF-1. At various time points media was aspirated, ice

cold lysis buffer added and solubilised receptor captured on24-31coated white 96 well plates'

A. The amount of phosphotyrosine phosphorylation within the captured receptor/substrate

complex was obtained using eu-PT100 antibody and measuring bound antibody by time-

resolved fluorescence. phosphorylation data was fitted to an exponential association curve

using PrismrM software (P value (Runs Test), NS : Not Significant).

0 200 300 400

Time (sec)



5.2.6 Effect of Mutations on the Proliferative Potential of the Receptor

The proliferative potential of IGF-I and IGF-2 acting through the IGF-IR has been long

established, however the exact combination of residues within the cytoplasmic region of the

receptor required to trigger the activation of the appropriate pathways has not yet been fully

elucidated. There appears to be some redundancy of several pathways that can originate from

the IGF-IR, so it was thought that the Y950F mutation in combination with mutations in some

of the unique IGF-IR residues would be able to abolish the receptors ability to stimulate

proliferation. In this experiment the number of viable cells present after incubation with

varying concentrations of IGF-I was measured after 48hrs as described previously (See

Section 4.2.10).

The results as presented in figure 5.16 show that wild-type receptor was able to increase

proliferation above senrm free levels to approximately 4OYo of the 10%FCS serum control.

The maximal increase was achieved at a concentration of -10nM. The untransfected R-

control cell line was unresponsive to IGF-I, and showed only a small increase in growth in

the presence of serum. All the mutants were able to respond to IGF-I stimulation, resulting in

an increase in cell number over serum-free control wells, and also showed better proliferation

than the untransfected control cells.

Both the Y1250F and the Y1250F/Y950F mutants had a slightly reduced but similar response

to IGF-I to the wild{ype receptor. This is consistent with the time-course phosphorylation

data that also demonstrated this relationship. The data shows that the Y1251F receptor has

increased proliferation, up to -90% of the serum control, an increase of 50% compared with

wildtype. The double YI251FN950F mutant is also consistent with its phosphorylation data

showing a reduced proliferative capacity. Again, similar to the phosphorylation assays the

51283A, S12834/Y950F, lg-lzg3F/Kl294R, and HI293F1KI294RN950F mutants did not

have greatly altered responses compared with the wild-type receptor. The results from the

Y950F containing mutants were unexpected due to this single mutant being previously shown

to affect the receptor's ability to cause proliferation'

The functional capacity of the mutants to increase the rate of proliferation in response to IGF-

1 was tested in a proliferation assay measuring the number of viable cells after 48hr

stimulation. All cell lines except the untransfected control cells showed increased

proliferation above a serum free control. The 10nM maximum effect for the wild-type

receptor line is consistent with previous findings in the literature.
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Figure 5.16 Proliferation of IGF-IR mutants in response to IGF-I

R- cells and stable cell lines expressing each receptor were plated in clear 96 well trays overnight before going serum free for 4

hrs and being stimulated with serially diluted IGF-1 for 48hrs. Viable cells were then stained with methylene blue and the

optical density at 580nM measured.



The yl250F mutant may have been expected to give a higher proliferative response than the

results indicated since, unlike the wild-type receptor, the phosphorylation curve for Y1250F

appeared as if it would increase in a linear fashion beyond the 10min time point. One could

therefore predict that this would result in an extended activation of downstream signaling

pathways, and subsequently a stronger proliferative response. Since this clearly has not

occurred, one may conclude that either the initial amplitude of the phosphorylation, or the

initial rate of intemalization determines how large the final response is. From this experiment

it is impossible to know when or if the steady rate of phosphorylation would have reached a

plateau after the 10min time-point or continued indefinitely.

The results of the time-course phosphorylation experiments predict that the Yl25lF mutant

would have a greater proliferative capacity based on its hyperphosphorylation, provided

another protein important in the signaling cascade was not also perturbed. The increased level

of proliferation of this cell line relative to the 10% FCS serum control over the wild-type

receptor cell line suggests that the hyperphosphorylation is probably the cause. Each other

mutant line showed a phosphorylation response that correlated well with its ability to be

tyrosine phosphorylated. It was not expected that the double mutants including the Y950F

mutation would be able to increase cellular proliferation to a similar level to wild-type, since

it had been previously established that the single Y950F IGF-IR mutant has a vastly reduced

mitogenic activity in R- cells and 32D cells (a cell line that lacks endogenous IRS proteins)

(Jiang, 1996) (yam, 2001). It is unclear why this would be the case unless the assay was not

performed for a sufficiently long time for any differences in cell proliferation. However

recently, it was found that the IGF-IR is able to activate the PI3-K pathway and induce DNA

synthesis in a normal fashion when an analagous loss of function mutation was introduced

into the NPXY motif (Kataoka 2004).

overall it is clear that all of the mutant receptors are able to increase proliferation in response

to IGF-I even if only slightly. It also seems to be the case that the number of receptors

expressed in the cell lines contributes to the level of proliferation via the extent of the

phosphorylation which reinforces the observation that increases in IGF-IR expression is

associated with developing malignancy. It is interesting to note that all transfected cell lines

were able to grow much more prohciently in serum than untransfected R-s, even though some

had avastly reduced ability to respond to IGF-I. The reason for this is unclear, although it

does point to the presence of the receptor being important for proliferation in a non-ligand

dependent ma1ìner. This could potentially be from recruitment of intracellular signaling
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molecules to the membrane by inactivated receptor, participating in other growth factor

initiated signaling. This idea has been tested in the case of the Epidermal Growth Factor

Receptor (EGFR) co-transfected with IGF-IR in R- cells. These results showed that EGFR

required the presence of IGF-IR in order to cause proliferation or colony formation in soft

agar, andthat this only required a functional IGF-IR kinase domain (Burgaud, 1996).

5.2.7 PTP-ID Localization is not Affected in the Y1251F or Y1250F Mutants

The association of the protein phosphatase PTP-lD with the IGF-1R was tested by a western

blot analysis. Wild-type, Y1250F, Y1251F, and Y1251F/Y950F cell lines were grown in

lgcm dishes to -80-90o/o confluency, and incubated in serum free conditions for 2hrs before

treatment with 10nM IGF-I for up to 12 min. Stimulation was stopped by the addition of ice

cold lysis buffer, before IGF-IR was immunoprecipitated from the soluble lysate with the

antibody 24-3L lmmunoprecipitates and a sample of whole cell extract were run on a l0o/o

polyacrylamide gel, transferred to a nitrocellulose membrane and probed with an cr-PTP-lD

antibody (112500 dilution) (See Figure 5.17). The results show the presence of higher

molecular weigþt bands appearing in the IGF-IR immunoprecipitates in addition to a band of

the expected size of pTp-lD. There does not appear to be a large change in the concentration

of any of the bands either upon ligand stimulation or between the different cell lines, which

may suggest that the localization of this protein is not perturbed in any of the mutants and is

therefore unlikely to be responsible for the other observed effects.

In a preliminary attempt to identiff the protein responsible for causing the

hyperphosphorylation seen in the Yl251F mutant, western blots probing for the phosphatase

pTp-lD in IGF-IR immunoprecipitates were performed on IGF-I stimulated cells. PTP-ID

(also called SHP-2 or SH-PTP2) is known to mediate the activation of PI3K and Akt by

growth factors including IGF (Wu, 2001). The results showed no significant difference

between wild{ype cells, Y1250F, Y1251F, or Yl251FAa950F cells. Detectable PTP-1D in

the whole cell extract had the expected apparent molecular weight of J2l<Da, however in the

anti-receptor immunoprecipitates the major form appeared in two bands at -80 and -95 kDa'

although the expected sized form was also visible. The higher molecular weight bands

probably represent activated phosphorylated forms of the protein. Interestingly there do not

appear to be major changes in the amount of any of the forms upon ligand stimulation'

suggesting that this protein is in a permanently active state. This may be to ensure that the

receptor or its substrates are maintained in an inactivated dephosphorylated state while

receptor ligand is not present and that there is not persistent phosphorylation after ligand

stimulation has occurred. Alternative candidate proteins could include PTP-18, SOCS, and
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Figure 5.17 Detection of PTP-ID in IGF-IR immunopreciptates

Stable cell lines expressing each receptor were grown in 1Ocm dishes to -90o/o confluency

before being incubated in serum free media for 2hrs. Cells were stimulated with 10nM

IGF-1 for 12 min before being harvested in lysis buffer and IGF-IR immunoprecipitated

wíth24-31ovemight at 4oC,Immunocomplexes were captured with protein A sepharose

and run on a 10% polyacrylamide gel. Proteins were transferred to a nitrocellulose

membrane and probeã with 1/2500 diluted mouse cr-PTP-lD antibody and subsequently

112500 diluted cr-mouse-HRP antibody. Enhanced chemiluminescence was used to detect

antibody bound protein bands which were visualised by a 30 sec exposure on X-Ray film.



FAK. Due to time constraints these proteins could not be tested for their ability to bind to the

mutant receptors or be affected by them.

5.3 SUMMARY AND CONCLUSION

The aim of this project was to assess the effect of mutations in C-terminal domain residues

alone and in combination with a Y950F mutation on the regulation of signaling from the

hIGF-1R. Site-directed mutagenesis was used to make the changes Y1250F, Yl257F,

s12g3A, and Hl2g3FlKl2g4L in both wild-type and Y950F hIGF-1R. Control competition

assays proved that the mutants had no effect on either IGF-I or IGF-2 binding. Ligand

activated receptor complexes showed differing amounts of tyrosine phosphorylation, with the

y1251F mutant having a enhanced degree of phosphorylation. This was not affected by

tyrosine phosphatase inhibition, indicating that the regulation of a phosphatase had been

perturbed. proliferation assays correlated well with the phosphorylation data and showed that

the yl25lF mutant had an increased growth stimulus by IGF-I. The phosphatase affected by

the yl251F mutation was not identified, although PTP-1D has been ruled out, as a candidate.

The next step would have been to test other phosphatases or inhibitors of phosphorylation

including pTp-18, and the socs family of proteins. Altematively, a yeast 2-hybrid screen

using the C-terminal domain as the ligand trap, could be used to determine which proteins

aren't binding to the mutant receptors. A larger scale approach employing proteomic and

mass spectral analysis or using microarrays would also address this work'
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CHAPTER 6 COMPARÄTIVE MODELLING OF' C. ELEGANS
INSULIN.LIKE PEPTIDES

6.1 INTRODUCTION

The insulin/IGF system has been found to be well conserved in all vertebrates studied. It

therefore represents an early system controlling the growth and metabolism of higher

organisms. Caenorhabditis Elegans (C. elegans), the nematode worm, has been a widely used

animal model for genetic and developmental studies. The fate of each and every cell has been

mapped during its development and most of its genome has also been sequenced.

This species represents a present form of one of the last coÍtmon ancestor of mammals and

nematodes and establishes that the genetic circuitry controlling glucose or fat metabolism was

already in place before the split.

The first evidence of an insulinlike signalling pathway existing in more primitive

invertebrates was identified in C. elega,?s as a result of analysing mutants of genes that

effected dauer formation ('daf mutants). Dauer Larvae are in a stress resistant, metabolically

inactive state that is normally caused by overcrowding or nutrient starvation and allows the

larvae to remain alive for up to eight times the length of a normal two-week lifespan (See

Figure 6.1). Upon the resumption of favourable conditions the dauer larvae undergoes further

developmental changes and re-enters the normal lifecycle at the larval L4 stage, subsequently

becoming an adult worTn. Interestingly, larvae regardless of whether they enter the dauer

state, still have the same lifespan as an adult. In effect, dauer formation increases lifespan

albeit due to a form of hibernation. However, 'daf mutants, had significantly extended

lifespan as an adult even after leaving the dauer stage, probably because they retained some

dauer-like characteristics. Sequencing the gene encoded by daf-2, whose loss caused all larvae

to enter into the dauer state, identified a homolog of the mammalian insulin/IGF receptors

(Kimura et a1.,1997). Similar to mammals, the insulin-like signalling pathway in C. elegans

controls both glucose and fat metabolism, in addition to ageing.

It was later found lhat daf-2 operated upstream in a signalling pathway with several

components common to the mammalian pathway (See Figure 1.7). These included age-L, a

PI3K homolog (Morris et al., 1996), akt-l, akt-2, pdk-l (Paradis et al., 1999; Paradis and

Ruvkun, 1998), and daf-16, a forkhead transcription factor (Lin et al., 1997; Ogg et a|.,1997).

It is assumed that an insulin-like ligand binds Lhe daf-2 receptor initiating a signalling cascade
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that activates age-1, that in turn activates akt, which acts to block daf-16 from translocating to

the nucleus and upregulating transcription of environmental stress resistance, development

and dauer formation genes.

A search of the entire C. elegans genome by several groups for insulin-related peptides

produced the surprising result of 31 candidate genes (Duret et al., 1998; Gregoite et al.,

1998; pierce et a1.,2001), designated ins-l-37. One further insulin-like gene has been recently

discovered through sequencing the gene encoded by daf-28 (Hua et ø1.,2003), bringing the

total to 3g. This ins gene was not identified in the original search because the genomic

sequences corresponding to the daf-28locus, were not contained in the database. All these

genes contain an extended N-terminal signal sequence. Most importantly they contained

either two or three predicted disulphide bond pairs formed from conserved cysteine residues

in the B and A domains. Of the 38 genes, 34 had intron/exon organization identical to

previously described insulin family members in mammals. Due to these sequences diverging

from mammalian insulin's at conserved sites required for biological activity in mammals their

classification as insulin-like has been presumptive.

The first insulin-like peptide to be cloned came from the gene ins-18 which was predicted to

contain a cleavable C-peptide. However, when expression was detected using a polyclonal

serum raised against the peptide, in both reducing and non-reducing conditions, the peptide

appeared as a 8.1kDa band consistent with having lost its N-terminal leader sequence but

retaining contiguous B, C, and A domains (Kawano et a\.,2000). In this way it appeared to be

more like the IGFs rather than insulin. Its expression was limited to embryonic and larval

stages (except Ll) and it was not detected in dauer larvae or in the adult worm. RNA-

mediated interference (RNAi) of ins-18, resulted in a long-lived phenotype similar to some

daf-2 mttants, however unlike daf-2, had no effect on dauer larvae formation.

In a separate study it was found that an increase in gene dosage of ins-l results in promotion

of dauer arrest, suggesting that Ins-l is an antagonist of daf-Z signalling. Therefore, a high

gene dosage of either ins-l or ins-18 resulted in antagonism of daf-2 signalling and dauer

arrest (pierce et al., 2001). In addition human insulin under the expression of the promoter

from the 5, ins-I flanking DNA also had similar antagonizing effects raising the possibility

that C. elegans ins peptides may act as both antagonists and agonists of the daf-2 receptor'

daf-2g was recently found to regulate dafl6 nuclear localization and therefore, likely

functions as a ligand of DAF-2. A daf-28_GFP fusion protein was seen to be expressed in two
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pairs of sensory neurons, and this expression was down-regulated in response to dauer-

inducing environmental and sensory signals.

Insulin-like proteins have been found to be well conserved throughout vertebrate evolution

and various studies have identified the specific residues and surfaces involved in receptor

binding, and in the case of insulin, dimerisation and hexamerisation. The consensus surface

residues responsible for receptor binding include GlyAl, Gln 45, Tyr 419, Asn 421, Val

Bl2, Tyr 816, Gly B23, Phe 824, Phe 825, and Tyt 826, which also overlaps the

dimerisation interface (Pullen et al., 1976) (Baker et al., 1988). There is additional evidence

suggesting that Ile A2 andVal A3, which are not on the surface, become exposed and interact

with the receptor after displacement of insulin's B chain during the binding process (Hlua et

at., l99l) (Ludvigsen et al., 1998). However it also clear that other residues outside of these

surfaces contribute to receptor binding. In addition to many of the residues in lnsulin, IGF-I

and IGF-2 require Ala 8, Asp 12, Phe 23, and Tyr 24 inthe B domain, Tyr 31, Arg 36, Arg

37, inthe C domain, and Met 59, and Tyr 60 in the A domain (Adams et al., 2000). The extra

C and D domains in IGF-I and IGF-2 confer mainly IGF-IR specificity and reduce their

affinity for the IR. As mentioned above the C. elegans Ins peptides lack almost every residue

found to be important for receptor binding with a low overall similarity to their mammalian

homologues. This is surprising considering the much higher similarity between theDaf-2 and

hIR and hIGF-1R, unless the overall 3D structure is retained in the ligands.

6.1.1 Project Summary and Aims

The C. elegans insulin-like peptide family is a very large family consisting of peptides likely

to be both agonists and antagonists of daf-2 Receptor signalling. An analysis and

understanding of the 3D structure of Ins peptides and why some are agonists and others

antagonists may enable future researchers to design mammalian insulinlike proteins that act

as antagonists of the IGF-IR that would be clinically useful proteins to treat IGF-dependent

cancer tissues

AIMS:
a) Determine the 3D structure of all the ins peptides by homology modelling.

b) Choose several ins gene targets to RT-PCR and clone.
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6.2 RESULTS AND DISCUSSION

6.2.L Analysis of Ins Peptide Sequences

Initially, the 38 theoretical ins proteins were aligned using CLUSTAL W 1.82. For the

purposes of the alignment the three insulinlike motifs from ins-31 were treated as separate

sequences. The results show that the ins proteins can cluster into several classes according to

the number and arrangement of cysteine residues they contain. Generally, those ins genes that

are found next to each other on the chromosome were seen to be the most closely related

suggesting that they were likely formed from recent gene duplications. Duret et al-,1998 and

Gregoire et a1.,1998, have suggested that there are 3 classes formed based on their alignments

(cr, Þ,1). The cr class peptides have an additional disulphide pair,B23lA23 (Human Insulin

numbering), that is not seen in mammalian insulin-like proteins, although they are lacking the

cysteine pair atpositions A6/411. In place of this pair are usually either non-polar, or large

aromatic residues. The B class peptides have the additional cysteine pair as well retaining the

A6lA11 pair. y class peptides follow the three canonical cysteine pair structure conserved in

mammalian insulin and the IGFs. The additional disulphide present in many of the ins

peptides tethering cysteines at position 84 and 111, corressponds in human insulin to residues

Gly B23 and Asn 421 which are also in close proximity'

Interestingly, only two peptides (ins-l(beta class) and ins-l8(alpha class)) are predicted to

contain a cleavable C-peptide between the B and A domains although as mentioned above

ins-18 was expressed as a single uncleaved peptide (Kawano et a1.,2000). Ins-31 is perhaps

the most unusual gamma-class peptide having three insulin chains linked together that if

capable of correctly folding would likely form a trimeric insulin-like molecule. one could

predict that if expressed this protein would probably act as an antagonist similar to dimeric or

hexameric insulin in mammals.

6.2.2 Comparative Modelling of Ins Peptides

Given the large number of C. elegans ins proteins and the wealth of detailed information on

the structure of insulin-like protein domain fold, the quickest and most practical way of

analysing the structure these sequences would likely adopt, was to apply comparative

modelling methods. Comparative (or Homology) modelling of a protein sequence based on

the known 3D structure of a related protein can provide useful information about the
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functionality of a protein. Comparative modelling is the only method available that can

reliably predict the 3D structure of a protein with an accuracy similar to that of a low-

resolution experimentally determined structure (Marti-Renom et al., 2000). The four stages

of the comparative modelling process are template selection, target-template alignment,

model building and model evaluation (See Figure 6.2). Of these stages template selection and

alignment accuracy have the greatest impact on model quality for cases where there is <40yo

sequence identity between target and template. As a result, these two stages were given the

most attention.

6.2.2.1 Selection of Modelling Templates

The first stage of the comparative modelling process is to select a suitable class of proteins

with a particular fold from which to select a template to base the theoretical structure' In the

case of ins proteins this step is unnecessary as the template must belong to the insulin family

of proteins. Initially, potential templates in the Protein Data Bank (PDB) (contains proteins

whose structures have been solved by either X-ray crystallography or NMR spectroscopy)

were searched for with WU-BLAST 2.0 using each Ins protein sequence as the query. The

relatively low sequence similarity across the entire Ins peptide sequences resulted in some

cases of the search program bringing up non-insulin related proteins as good matches. Such

proteins included phospholip ase A2, Ribosomal Protein 54. The absolute scores for these

proteins however were low and also only short 10-30aa stretches of the query peptide were

lined up. Changing the parameters of 'WU-BLAST 2.0 (ie. Gap penalties, search matrices) did

very little to change the results. Therefore instead of allowing a program to pull out sequences

from the PDB, the different insulin-like proteins were manually extracted from the -150

existing structures. Analysis of these structures showed that only eight different insulin-like

peptide structures had been solved. Representatives to be used in the homology modelling,

were chosen based on the quality of the structure (highest resolution of X-ray derived

structures, largest number of restraints/residue for NMR derived structures) and in the case of

insulin, to minimise the number of mutations (unmutated insulin forms dimers and hexamers

at the concentrations used in structural analysis).

The sequences of these potential templates were obtained from the Protein Data Bank and

compared to each ins protein for the best possible match using CLUSTAL W 1.83. The

multiple sequence alignment and percentage identity table (see Appendix table A.) show that

the ins peptides cluster together and the majority are most similar to either human relaxin or

silkmoth bombyxin-Il. The highest maximum full-length percentage identity was 34o/o (ins-6
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with Bombyxin-Il) and the lowest 13% (Ins-10 with insulin (human)) with an average

maximum of 22.9o/o. This range of sequence identity puts these proteins firmly in the

'twilight' zone for protein modelling, a description given to modelling done with sequence

similarities of less than40o/o (Marti-Renom et a1.,2000).

During the analysis of the PDB searches it was observed that in most cases the stretch of

amino acids that was aligned from the query corresponded only to the A chain. This raised the

possibility that the A and B chains may have different 'best' template sequences than the full-

length peptide. An analysis of edited ins peptide sequences looking individually at either the

A or B chain, using CLUSTAL W revealed that the average maximum sequence similarity

with the best template was significantly increased in the A chain (25.9%) over the B chain

(22.4%) and the tull length peptide (22.9%) (See Appendix A.). The other striking difference

was that the vast majority of the domain A sequences were most similar to either Relaxin or

Bombyxin-Il. In addition the best templates for the majority of the Ins proteins differed

between full length, A and B domains. Generally, the greater the overall sequence similarity

the better the final model therefore it was decided that, when appropriate, two templates

would be used for a single ins peptide. Comparative modelling can be successfully performed

using two templates with a realistic outcome for separate parts of a target sequence, provided

the structured sequences do not overlap and one has some way of aligning them. For insulin-

like proteins the disulphide pattern is a defining feature and these inter-residue bonds bridge

the A and B domains, which would allow the modelling program to orient the two separate

structures.

However in the case of the ins proteins it was also likely to be important that templates

closely matched the length of the conserved B and A domains so as to reduce the amount of

protein sequence that has no equivalent in the template.

6.2.2.2 T arget-Template Alignment

Following the template selection the target sequences were aligned with the chosen template.

This is an extremely important step as there is currently no modelling procedure or program

that can produce an accurate model from an initial misalignment. In an initial attempt the

multiple sequence alignment program ALIGN2D (within MODELLER, Andrej Sali,

Rockefeller University) was used since MODELLER was going to be used to make the

models. The ALIGN2D method takes into account structural information from the template

when making the alignment. This is achieved through use of avanable gap penalty that places

gaps in solvent exposed and curved regions, which lie outside secondary structure segments
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and between two Cc¡¿ atoms of individual amino acids that are close in space. As a result

alignment effors should be reduced by -113 compared to standard alignments (Marti-Renom

et a1.,2000). Despite this ALIGN2D did not align the cysteine's cot:rectly and so another

method was attempted. Clustal W although better than ALIGN2D still had errors in the

alignment of many cysteine's and also introduced large gaps in the alignment. The overall

results of the ALIGN2D alignment however, when examined, contained a large number of

gaps that did not correspond well to the predicted separation of the B and A chains. A second

program T-Coffee was then tested. This relatively new program uses a two-stage method that

performs some pre-processing on all the pair-wise alignments to aide in the second stage

progressive alignment. Intermediate alignments were therefore based not only on the next

sequence to be added to the alignment but also on how all sequences align with each other' T-

Coffee produced the best alignment with the fewest number of gaps, with only the last

cysteine in some cases requiring a manual adjustment (Notredame et al., 2000). The final

target-template alignments are shown in figure 6.3, and consensus residues coloured using the

program Chroma (Goodstadt and Ponting, 2001).

6.2.2.3 Building the Models

Protein structures for the 38 predicted insulin-related peptides were modelled using the

program MODELLER (Andrej Sali, Rockefeller University). MODELLER constructs the 3D

structure of the target protein based on the satisfaction of spatial restraints by comparing the

known structure of the template protein to the aligned sequence of the target. The restraints,

including distance, angles, dihedral angles and pairs ofdihedral angles, are used to produce a

structure containing all mainchain and sidechain non-hydrogen atoms. In the case of Ins

peptides that were predicted to have an extra disulphide bond, an additional restraint was

added to the modelling procedure to force the formation of the disulphide bond.

It has been observed that in some cases the use of multiple templates equidistant from atatget

increases the accuracy of the model. An assessment of this technique was made using ins-6 as

the target and bombyxin-Il and hIGF-1 as the two simultaneous target templates and

comparing the single model obtained to the models made separately from Bombyxin-Il and

hIGF-1. The objective function of the model based on the two templates was far higher than

either of the two single template models and it was therefore decided that this would not be a

suitable method for modelling these peptides (data not shown)'

Since it was clear from the analysis of the alignments of the individual B and A domains that

most ins peptides had different proteins they were most similar to for each domain, a hybrid
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model was made, again using ins-6 as the target. hIGF-1 B domain and bombyxin-Il A

domain were aligned separately to ins-6 ensuring that there was no overlap in the template

sequences. Cysteine pairs were also explicitly made to cross the templates where appropriate.

The resultant model however did not have a recognisable fold and the A and B domains were

not aligned in an insulin-like fold. It was therefore concluded that this method would also not

be suitable for the modelling process.

Models of each ins peptide were then produced based individually on each of the selected

templates, rather than choosing an individual template for each peptide. The rationale being

that there was no clear method of choosing a 'best' template that didn't rely on sequence

alignment. It was unclear as to how important sequence identity would be considering how

low the overall percentage similarities were and it was also unclear how much template

quality would affect the final model'

The models produced in MODELLER were scored on their objective function, which is

related to how well the model agfees with a calculated set of restraints, with the lower the

score meaning a model which satisfies the restraint criteria better. According to the

MODELLER programmers a score of <300 should be an accurate model equivalent to a low

resolution structure, if the alignment is perfect.

The average lowest objective function obtained for each peptide is 508 (See Appendix B.).

The best objective function score for any peptide was 232 for ins-l1 modelled on relaxin. The

template that produced the highest number of 'best' objective function scores was the crystal

structure of IGF-1 (lIMX). The stereochemical quality of each model and the templates was

analysed by Procheck (Laskowski, 1993)(See Appendix C.). The quality of the models

correlated well with the quality of the template it was modelled on, which would in part

explain why the 1IMX IGF-I template generally produced higher quality models. The

objective function values also loosely correlated with the Procheck percentage (core) values,

as those models with a higher objective value tended to have better Procheck scores as shown

by the trend lines sloping down as the objective function increased.

Several observations can be made of the overall results. Firstly, on an individual basis the

percentage identity between the target and the template did not generally correlate with the

quality of the model produced. It therefore appears that the alignment of the key residues, in

this case the cysteines and chemically similar residues is the most important to produce an

accurate model. The presence of a longer linker region between B and A domains did not
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particular affect the result as shown by ins-l having the second lowest average obective

function, indicating it could be modelled well on a number of the templates. Interestingly,

most ins peptides had clear preferences for individual templates and had minimum objective

functions much lower than their average. Generally, ins peptides from the same genomic

location had the same best template, correlating with them sharing the most sequence identity

with other members of their cluster.

Since the sterochemical quality of the template had a strong effect on the quality of the model,

in order to relax the model structures and allow the models to adopt a more favourable

structure for each sequence, refinement was performed by conjugate gradient minimisation

and simulated annealing.

6.2.2.4 Refìnement of the Models

The models were refined by simulated annealing. Proteins for refinement were prepared in

XPLOR by solvation in a 4Å wide shell of TIP3 water, addition of hydrogen atoms, and

setting the correct cysteines to be disulphide bonded and the structure and parameter files

calculated using a CHARMM 22 forcefield (MacKerelI, et al., 1998). Minimisation was

performed in NAMD, and consisted of an initial conjugate gradient minimisation, followed by

simulated annealing and a final conjugate gradient minimisation step. An attempt at

minimisation setting the parameters to using point harmonic restraints and removing

disulphide bond restraints resulted in too much backbone relaxation and in the majority of

cases secondary structure was destroyed and significant reductions in model quality were

observed (Data not shown). It was therefore reasoned that the disulphide bond linkages should

be enfocorced to maintain overall structure and instead remove point harmonic restraints to

allow some movement in the backbone (See results below).

6.2.2.5 Evaluation of the Models

The models both before and after refinement were then evaluated on their potential energy,

both empirically (in NAMD) and in a 'knowledge based' manner (in ProSa II). Empirical

energies calculated in NAMD using the CHARM22 forcefield, include covalent bond

energies, dihedral angles, van der waals forces and electrostatic energies, which are a measure

of how energetically stable a structure is and whether there are any unfavourable clashes in

the different fields. Output from ProSa II is in the form of a z-score which approximates the

difference in free energy of an evaluated model and the mean free energy of the same

sequence threaded through unrelated folds, expressed in units of SD. Z-scores were converted

to q-scores to obtain an energy value independent of peptide length (See 2.3.5.4, and
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Appendix) (Sanchez and Sali, 1998). A lower value for both empirical energy and q-scores

indicates a more stable and favourable structure.

The results are given in Appendix D. and E., and a summary of the best structures according

to consensus scoring of the empirical energy and q-scores is shown in figure 6.4. In the

majority of cases refinement of the models succeeded in improving both empirical energies

and q-scores.

Ins-l0 was predicted to be highly unlikely to be able to form an insulin-like structure based on

a much shorter than unusual amino acid spacing between the first two cysteine residues which

would normally form the B chain cr-helix.. None of the models made for ins-10 had three well

defined helices and its best model based on relaxin, even though having reasonable q and

empirical values, structurally only had 2 of the 3 insulin fold helices and in conclusion this

peptide is probably non-functional. For the remaining models, even though the percentage

similarities between the ins peptides and the templates were consistently less than 30Vo and in

some cases as low as 5o/o, reasonable models were able to be made containing the 3 alpha

helices and disulphide bonds arranged in a consistent way.

6.2.2.6 Model Comparisons

Due to space constraints in this thesis, rather than examine every peptide model individually, I

will discuss only selected ones. During this work, the NMR structure of ins-6 was solved but

the coordinates have yet to be released. An email to the author requesting them was

unsuccessful. Therefore, based on a visual comparison with figures from the journal article, it

appears that the models most closely resembling the NMR structure were based on insulin

templates. Therefore the two best representatives of the previously predicted peptide families

based on an insulin template will be discussed.

Ins-25 and ins-28 are the two highest scoring representatives of the cr-class peptides based on

an insulin template. Their best models were both based on the hlnsulin structure IMHJ, with

empirical scores of -823 and 401, and very good q-scores of -1.79 and -2.05 respectively.

Compared to insulin, the overall topology of the ins-25 and ins-28 models is more globular

with a lack of defined flatter surfaces, which in insulin's case are used to both bind the

receptor and to allow dimerisation and hexamerisation (See figure 6.5 and ó.6). The charge

distribution on the molcules is also different. The key residues in insulin found to most greatly

influence receptor binding are not well conserved in either ins-25 or ins-28. Based on the
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Modelins

Residues Chromosome I¡cus Class
% Identityin

aligned residues

Flee
Energy tscore Best Template

DAF-28 54 23.52 B 24 -æ2 -1.48 hrcF-l (3GF1)

INS-1 80 v 4.6 B 31 -1418 -1,05 phrsulin (9INS)

INS-2 53 II -0.74 p 22 -1040 -1.49 hrcF-l(lBgG)

INS-3 51 II -0.t4 p l9 -316 -1.62 blnsulin (lAPÐ

INS4 52 II -0.72 B 23 -499 -1.65 hrcF-l(3GFl)

INS-5 52 il -0.72 B 21 -420 -1.65 blnsulin (IAPH)

INS-6 50 II -0.72 p 23 -796 -1.85 hRelaxin (6RLX)

INS-7 50 IV 4.37 B l9 -93ô -1 .79 hhsulin (IHLS)

INS-8 50 IV 4.37 p 18 -641 -1.66 hrGF-l (189G)

INS-9 57 X 0,43 p 7 -905 -1.27 hlnsulin (lMHf)

rNs-l0 55 5.96 p 7 -249 -1.31 hRelaxin (6RLX)

INS-11 53 il -l,16 v 22 -814 -1.29 hRelaxin (6RLX)

INS-12 53 il -1.17 19 -452 -1.31 hlnsulin (1MHÐ

INS-13 48 II -1.19 Y l5 -643 -1.39 bk¡sulin (1APÐ

INS-14 53 II 0.08 v 19 -438 -1.17 blnsulin (1APÐ

INS.15 51 II 0.08 23 -866 -1.53 hRelaxin (6RLX)

INS-I6 50 m -16.58 v 18 -716 -1.42 hrcF-l (189G)

INS-17 67 m -3.17 v l6 -1297 -'t.49 hrGF-2 (1IGL)

rNS-18 68 I 2.61 v 21 -1 539 -1.1 3 hrcF-l (3GF1)

INS-19 57 II -8.39 v l5 -1092 -1.26 hlnsulin (1MHD

INS-20 50 il -0.7 c[ l9 -861 -1.55 hRelaxin (6RLÐ

INS-21 63 n t.42 c[ 9 -309 -1.1 3 hlnsulin (1MHD

INS-22 57 III 1.43 ct 9 -435 -1.43 hrcF-l (3GF1)

INS-23 54 m 1.44 c[ t4 -373 -1.52 plnsulin (9INS)

INS-24 53 I 22.54 o( 17 -96 -1.62 blnsulin (IAPH)

INS-25 52 I 22.51 CX 21 -823 -1.79 hlnsulin (1MHÐ

INS-26 53 I 22.56 cÍ, 10 -708 -1.52 hminiproins (1EFE)

INS-27 53 I 22.53 c[ t2 -491 -1.43 hrGF-l (189G)

INS-28 49 I 22.49 c[ 12 -401 -2.05 hlnsulin (1MHÐ

INS-29 54 I 22.5 c[ 26 -473 -1.99 hrcF-l (3GF1)

INS.3O 53 I 22.55 c[ 13 -175 -1.56 hlnsulin (1MHI)

INS-31a 56 II -8.38 t5 -1523 -1.40 hlnsulin (1MHI)

INS-31b 57 II -8.38 v 23 -1128 -1.63 plnsulin (9INS)

INS-31c 57 II -8.38 v t7 -773 -1.63 bI¡sulin (1APH)

rNS-32 52 II -6.28 v 16 -1138 -1.56 hrcF-l(3CFl)

INS-33 53 I 21.4 c[ 20 -565 -1.50 hrcF-l(1IMX)

INS-34 60 IV tl.34 ct 13 -1219 -1.32 hrcF-l (3GF1)

INS-35 54 24.98 c[ 15 -563 -1.19 plnsulin (9INS)

INS-36 70 I 7.44 cl l5 -1692 -1.04 hlnsulin (IHLS)

INS-37 55 II 20.56 T 18 -805 -1.50 hminiproins (IEFE)

Figure 6.4 Summary of the results of simulated annealing
Chromosome locations of Ins genes obtained from . Class Types: o: 3 cysteine pairs including

B23lA23 but lacking A6/All (hlnsulin numbering) B: 4 cysteine pairs including the additional B23lA23 pair' y: 3

cysteine pairs conserved in mammalian insulin. Percentage Identity was obtained from ClustalW alignments.The best

templates were determined by consensus scoring both Free Energy and q-scores. Free Energy values were calculated in

NAMD using a CHARM22 forcefìeld. Q-scores were derived from z-scores calculated in ProSa 2 v3'0,
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Figure 6.5 Comparison of Models of ins-25 and ins-28 with porcine Insulin

lns models were made in MODELLER, and refined by simulated annealing. Residues

highlighted correspond to those found to affect binding to the insulin receptor.

A. plnsulin : 9INS
B. ins-25 : Modelled on 1MHJ (hkrsulin)
C. ins-28 : Modelled on 1MHJ (hlnsulin)
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Figure 6.6 Structures of selected templates and ins peptide models with solvent
accessible surface showing.

Backbone is displayed as a ribbon structure overlayed with a solvent accessible surface,

calculated using al.4 Aprobe and indicating electrostatic potential.
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orientation of the helices, one would predict that ins-28 more closely approximates insulin

than ins-25 and may be more likely to bind the insulin receptor.

The first structure of a C. elegans ins peptide has been recently solved (Hua et al., 2003).The

target was ins-6 and the structure was determined by standard NMR techniques. Unlike the

strategy hoped to be adopted in this thesis (See section 6.2.3) their ins-6 peptide was

synthesized as a 50 residue polypeptide derived from two fragments, joined by native ligation.

The secondary structure of the protein consisted of three insulin-like helices and the predicted

four disulphide bridges.

lns-5 and ins-6 are B-class peptides, and chromosomally located adjacent to each other. They

are likely to be the result of a recent gene duplication and have quite high sequence identity

and would therefore be predicted to have similar structures. Although the top ranking ins-6

structure was based on relaxin, a visual comparison with the published NMR structure

indicated that the models based on insulin templates were more similar (See Figures 6.7 and

6.8). A structural alignment could not be performed as the atomic coordinates have not been

released. The largest difference between the model and the NMR structure are in the A-chain

helices, that in the model, are oriented differently compared the B-chain helix and are of

different shape. The position of the disulphide bonds are however quite close. 
'When

compared to insulin, the ins-6 model appears more similar in overall topology and in the

shape of the long B-chain helix, therefore one might predict that ins-6 would bind better to the

insulin receptor than ins-5.

The biological functionality of Ins-6 was tested in a competition assay with iodinated human

insulin for binding to Insulin Receptor derived from human placental membranes (mostly

hIR-B isoform). The experiment yielded an EC56 value -100 fold lower than insulin, similar

to that of hIGF-1 (Hua et al., 2003). This was unexpected as the ins-6 sequence diverges

considerably from the human insulin residues PheB24, Phe 825, Val A3, and Tyr 419 which

have been shown to be critical to its activity (Baker, 1988) (De Meyts,2002).In addition

substitution of Phe B.24 or Phe B25 by non-aromatic amino acids impairs receptor binding,

and the respective substitutions of Tyr 419 by Phe and Ala impair activity by 8- and 1000-

fold (Mirmira et al., l99I) (Du and Tang, 1998) (Kristensen et al., 1997). Also, substitution

of Leu B6 and Val A3 by Ala also hinders activity by 40- and 7O-fold (Nakagawa and Tager,

lggl) (Nakagawa and Tager, 1992). The divergence at these positions of ins-6, if considered

one at a time, would be expected to block binding to the insulin receptor, yet its overall

binding is only reduced 100-fold. This means that it is the multiple amino acid substitutions
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Figure 6.7 Comparison of Models of Ins-5 and Ins-6 with porcine Insulin

Ins models were made in MODELLER, and refined by simulated annealing. Residues
highlighted correspond to those found to affect binding to the insulin receptor.
A. plnsulin : 9INS
B. ins-5 : Modelled on lAPH (blnsulin)
C. ins-6 : Modelled on 9INS (plnsulin)



A. C.

Figure 6.8 Comparison of ins-6 models with the solved NMR structure.

A. ins-6 (9INS)
B. Alignment of ins-6 models based on insulin templates.

C. ins-6 solved by NMR analysis (Hua et a1.,2003)
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that together compensate for the lack of any one particular residue and allow a functional

insulin-like fold to be maintained. At the concentration used in the NMR experiment INS-6 is

monomeric and it is clear from the structure that it differs substantially from insulin on the

surface responsible for multimeric insulin complex formation'

The representatives of the y-class, ins-13, and ins-31b modelled well on an insulin template

and they have the same cysteine pattern. The ins-3lb model has the most similar overall

topology to insulin of all 6 scrutinized models, even though it contains an additional two

glycine residues between the A-chain helices (See Figures 6.6 and 6.9). The sequence

similarity with important residues in insulin, but not identity, is quite good except in the C-

terminus of the B-chain. On topology alone it may have a better chance to effectively bind the

hIR than tns-13.

The comparative modelling analysis suggests that the ct, B, and y classes of cysteine pattems

do not have distinct preferences to be modelled on a particularly insulin protein, and that the

inclusion or absence of disulphide bonds does not impact significantly on its ability to adopt

an insulin fold. A recent folding and unfolding experiment using amphioxus insulin-like

peptide, identified that an intial folding intermediate always included a formed Cys 819 to

Cys 420 disulphide bond and the Cys B7 to Val 818 alpha helix (Chen et a1.,2004)' This

disulphide pairing and the Cys B7 to Cys A7 pairing are the only common pairs between all

ins peptides and mammalian homologues. In addition the 'B' chain helix was consistently

formed in all models except for Ins-10, and even though there is little sequence identity, the

residues in this helix region are similar. This suggests that these two disulphide bonds and the

helix are the essential scaffold for the insulin family upon which the other two helices and

disulphide pairings form.

6.2.3 RT-PCR of Ins PePtides

Simultaneous to comparative modelling, several of the ins peptides were cloned, so as to

eventually perform structural analyses. Since their sequences are so divergent' particularly at

the N and C termini, it was obvious that it would be impossible to design a specific pair of

oligonucleotides that would amplifli multiple ins genes, therefore it was necessary to choose

ins genes that represented each of the different sub-classes. Ins-6 was chosen as a

representative of the p class peptides and also because it has a potential signal peptidase

cleavage site near the first cysteine and a very short C-terminus after the final cysteine similar
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Figure 6.9 Comparison of Models of ins-13 and ins-3lb with porcine insulin

Ins models were made in MODELLER, and refined by simulated annealing. Residues

highlighted correspond to those found to affect binding to the insulin receptor.

A. plnsulin : 9INS
B. ins-13 : Modelled on 1APH (blnsulin)
C. ins-3lb : Modelled on 9INS (plnsulin)
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to mammalian insulin. Ins-ll was chosen as the member of the gamma class peptides,

containing no C domain, like processed insulin, but also having a C-terminus of similar length

to mammalian IGF-I. Ins-23, an ü class peptide was chosen because it had two tyrosine's in

place of the normal AílLll cysteine pair, which is predicted to stack via the aromatic rings of

each residue and compensate for the lack of the cysteines (see figure 6.3). Ins-30, another

member of the ü class, unlike ins-23 has two small non-polar residues in place of A6/411

cysteine pair and therefore is likely to adopt a slightly different conformation. Ins-17 is

another y class peptide however it has a C domain of similar length to IGF-1 and a C-terminus

of intermediate length between insulin and IGF-I. Finally, ins-37 was chosen as the only ins

gene to have an extremely long C-terminus similar in length to IGF-2s E domain in its

extended form. The cloning strategy is shown in Figure 6.10.

Ins-6 was the first target for cloning. This protein belongs to the p subclass of ins proteins and

therefore contains an additional pair of cysteines and has no C-peptide equivalent compared

with mammalian insulin. However, similar to insulin it has a short C-terminus after its final

cysteine and also contains dual basic residues near to its first cysteine that is predicted to be

cleaved to release the mature peptide.

Total RNA obtained from whole adult C. elegans was provided by Dr. Warwick Grant

(Flinders University). mRNA was isolated from total RNA using the Micro-Fast TrackTM Kit

(Invitrogen) (See 2.3.2.6). oDNA was synthesized from the mRNA immediately after

purification using MMLV Reverse transcriptase and either Random Hexamer (RH) primers or

oligo-dT primers with a t hr incubation at 31"C. A control PCR reaction ampliffing Actin IV

was subsequently performed to assess the quality of the oDNA synthesis and the presence of

genomic DNA contamination in the RNA (See Figure 6.11). The results show -50 bp size

difference between using genomic DNA and either oligo-dT or RH derived oDNA, which was

expected since Actin IV in C. elegans has a 50bp intron in the amplified region.

A primer specifically from the 3' untranslated sequence from ins-6 was used to 'spike'

random hexamers to make more cDNA and a PCR amplification reaction performed using

Ampli-Taq Gold polymerase, and primers designed to amplifu the coding sequence of ins-6

(see figure 6.12), on the three different oDNA sources. Figure 6.12 shows a2.5o/o agarose gel

of the PCR reaction. A single band corresponding to the expected siize of ins-6 was detected

from each type of cDNA. The spiked RH produced the most of this band size however also

showed a significant number of extra bands running lower than the main one. The RH oDNA
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Figure 6.11 Actin MCR control of cDNA synthesis

PCR reactions were performed using Actin IV primers and samples of c. elegans genomic

DNA, gDNA synthesised using oligo dT primers (OdT), or cDNA synthesised using random

hexamer primers (RH). PCR proucts were run on a2o/o agarose gel and the bands visualised

by ethidium bromide staining.
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Figure 6.12 PCR amplification of Ins-6 from cDNA

PCR reactions were performed using either Actin fV or Ins-6 primers and samples of oDNA

synthesised using oligo dT primers (OdT), and cDNA s¡mthesised using random hexamer

primers (RH), or cDNA synthesised using lns-6 specific primer spiked random hexamers.

PCR proucts were run on a2Yo agarcse gel and the bands visualised by ethidium bromide

staining.



produced a clean band as did the oligo-dT cDNA albeit at lower concentration. Since using

random hexamers and oligo-dT as the oDNA s¡mthesis primers yielded the cleanest results it

was decided that subsequent ins genes to be cloned would use oDNA created from these

methods. Therefore an additional RT primer for each gene would not be required'

Primers to ampliffins-l1, ins-l7, ins-23, ins-30, and ins-37 were designed in an analogous

way to ins-6 and used in a PCR reaction on RH oDNA. The results (See Figure 6.13) show

that the same band for ins-6 (Lane 5) was amplihed in RH oDNA in addition to bands

corresponding to the expected sizes for ins-l1 (Lane 7) and Ins-17 (Lane 9). It is unclear why

the oligo-dT cDNA did not produce any PCR bands although the ins-6 band concentration

appeared to be fairly low in the initial reaction compared to the ins-6 specific and RH cDNA

reactions. No bands were detected from the PCR reactions for ins-23, 30 or 37. This result

could suggest one of several possibilities. C. elegans may not express ins-23,30, or 37 under

the optimal growth conditions the worms were grown and harvested in, or at all (ie. pseudo-

genes). Alternatively, these proteins may be expressed at particular times during development

and therefore not show up in the adult. It is also possible that these genes require a specific

environmental signal in order to be expressed. Finally, they could be expressed at such low

levels as to be undetectable by this RNA/ODNA amplification method.

6.2.4 Cloning and Sequencing of Ins-6, llrlT

In order to clone and sequence the bands made from the RT-PCR, products from the ins-6, 11,

and 17 reactions were ligated into pGEM-TEasy through the 3' 'A' tail left behind by the

AmpliTaq Gold polymerase. Transformants containing the correct sized insert were identified

by EcoRI restriction digests (See Figure 6.14 and 6.15). Even after several attempts the band

corresponding to ins-17 was unable to be cloned into pGEMT-Easy. This may have been due

to some contaminating DNA visible below the main band. However the ins-17 band looked

far more concentrated than the DNA around it. Putative clones of ins-6 and ins-ll were

sequenced from pGEMT-Easy using 5'USP primer. Clones were identified containing ins-6

and ins-ll, with sequences that exactly matched the predicted coding sequence from the

database.

Both ins-6 and ins-ll were sub-cloned into the bacterial vector pL4440 which transcribes

RNA from each end, into the multiple cloning site, which results in the formation of double

stranded RNA for RNAi experiments. Inserts from EcoRl digested pGEM-TEasy were

ligated into EcoRl cut pL4440 and the presence of insert determined by EcoRl digests of
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Figure 6.13 PCR amplification of Ins-6,Ins-ll and Ins-17 from cDNA

Taq polymerase PCR reactions were performed using lns-6, Ins-11, Ins-17, Ins-23 or Ins-30

primers and samples of c. elegans genomic DNA, oDNA synthesised using oligo dT primers

(OdT), or oDNA synthesised using random hexamer primers (RH). PCR products were run

on a2%o agarose gel and the bands visualised by ethidium bromide staining.
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Ins-6

3.6kbP 
-2.8kbP 
-

2.9kbp pGEMT-Easy

992bp

492bp 
-359bp 
- 359bp Ins-6 oDNA

Figure 6.14 Cloning of Ins-6 cDNA into pGEMT-Easy

Ins-6 PCR product was ligated into the pGEMT-Easy via the 5' 'A' overhangs added by the

taq polymerase. Transformants containing insert were picked by the use of blue/white colour

selection. Plasmid from picked colonies was prepared and digested with EcoR[ to release the

insert. Restriction digests v/ere run on a lo/o agarose gel and the bands visualised by ethidium

bromide staining.
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Figure 6.15 Cloning of Ins-ll and Ins-17 cDNA into pGEMT-Easy

Ins-l1 and Ins-17 PCR products was ligated into the pGEMT-Easy via the 5' 'A' overhangs

added by the taq polymerase. Transformants containing insert were picked by the use of
blue/white colour selection. Plasmid from picked colonies was prepared and digested with
EcoR[ to release the insert. Restriction digests were run on a l%o agarose gel and the bands

visualised by ethidium bromide staining.
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transformants. RNAi experiments were performed by Warwick Grant on adult worrns,

however there was no effect on dauer formation, or life expectancy (Data not shown). This

may indicate redundancy for ins-6, possibly by the most similar ins peptides ins-4 and ins-5,

which also have a similar expression pattern in the adult worm (Pierce et a1.,2001). It may

also mean that ins-6 is not involved in dauer formation or ageing. In order to further assess

ins-6 function, future experiments could focus on different metabolic processes.

A shorter version of the Ins-6 coding region was amplified for introduction into the bacterial

expression vectors pEZZI8 and pET32a. PCR products included 5' BamHI and 3' EcoRI

restriction sites for directional cloning and deleted 58 N-terminal residues up to and including

a potential cleavage site in order for the expressed peptide to be similar to processed insulin.

The results of the PCR amplification indicated a product of the correct length was made (Data

not shown). The PCR products were digested with BamHI and EcoRI and ligated into their

respective target vectors.

At this time, a key collaborator (Warwick GranQ moved overseas so it was decided that this

project would not be able to be completed through lack of C. elegans handling expertise and

loss of the daf-2 receptor clone, which was being made in that lab. Other collaborators were

looked for in Australia but there were no groups currently doing the tlpes of experiments

required using C. elegans. Although, expression of ins-6 and possible structure determination

might have been achievable, by itself was not deemed to have been as valuable as other

aspects of this thesis, particularly in light of the structure being published by another goup.

It is possible that ins-6 transcripts are in higher abundance in adult woÍns than either ins-l1

or ins-17, due to the higher band concentration produced from the RT-PCR, however since

each primer pair for the PCR was not individually optimized, one cannot be certain. The fact

that ins-6, ins-l1 and ins-17 are expressed in adult woÍns growing under optimal conditions

may suggest that they are required for normal regulation of growth and metabolism. However,

it has been seen that repressing the expression of individual ins genes often had no effect on

the phenotype, presumably because of redundancy amongst the peptides, yet some have

shown in dauer screens, such as daf-28. The sequences of both ins-6 and ins-ll exactly

matched those from the sequenced c. elegans genome database, indicating a lack of variation

in these genes between strains.
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6.3 SUMMARY AND CONCLUSION

C. elegans represents a common ancestor between vertebrate animals and the invertebrate

wofin. Similar to mammals, it has a fully functional Insulinlike system that appears to control

both growth and metabolism, and even uses at least part of the same intracellular circuitry. It

was surprising to discover the existence of 38 insulin-like peptides that although containing

similar cysteine residue patterning had very little sequence homology to the highly conserved

vertebrate insulin and IGFs. Interestingly, the single insulin receptor-like homologue is far

more similar to the vertebrate gene counterparts, suggesting that the structural fold induced by

the disulphide bonding in the insulinlike peptides is of more importance than the specific

residues.

The aims of this project were to use comparative modelling to assess which of the current

insulin-like proteins, whose structures have been solved, are most similar to the C' elegans

peptides. The results of the comparative modelling indicated that there was no obvious, single

best template structure, although the known ins-6 structure was similar to those models based

on insulin templates, perhaps suggesting that the ins peptides are structurally more closely

related to insulin than to either relaxin or bombyxin-Il. The overall topology of the models

was more globular without flat defined surfaces and of the models ins-3lb, and ins-6 were

most similar in structure and may be able to interact best with the human receptor

homologues. There did not appear to be any conserved charged regions between the models

or with insulin or IGF-1. However with the exception of ins-10, every ins peptide sequence

was able to be modelled successfully on at least one insulin-like template.
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CHAPTER 7 FINAL DISCUSSION

7.1 ROLE OF THE INSERT DOMAIN IN RECEPTOR FUNCTION

The insulin family of receptors are all transmembrane receptor tyrosine kinases with a

common modular structure. The most unconserved regions between the receptors lie in the

insert domain in the extracellular portion of the receptor and in the C-terminal tail of the

intracellular portion of the receptor. The insert domain does not share significant homology

with any other known protein domain and between the insulin family of receptors, the only

conserved region lies at the end of the alpha subunit directly adjacent to the furin cleavage

site.

In this thesis the properties and function of the insert domain were examined in two ways,

through protein expression of the isolated domain, and through an investigation of the

functional differences between the two isoforms of the insulin receptor, which differ by 12

amino acids within the insert domain.

Two recombinant insert domain proteins were expressed from thepET32a vector, containing

either the isolated insert domain or, both the insert domain and the flanking Fn3 domain in

which it is inserted. The results of the expression studies indicated that bacteria had difficulty

in producing these proteins under all conditions tested, including varying the temperature, cell

line used, or co-expressing additional bacterial folding proteins. Additionally, NMR analysis

and limited proteolysis suggested that the insert domain protein produced in bacteria is

unstructured. Refolding studies were unable to produce a stable insert domain protein,

however it appeared that increasing the hydrophobicity, was able to partially stabilise the

insert domain structure, as indicated by an increased resistance to proteolysis. Taken together

this evidence suggests that the insert domain is only loosely structured and is likely to be

buried in the core of the receptor based on its preference for more hydrophobic conditions. It

is known that only a small part of the insert domain participates directly in ligand binding

and, based on the above expression studies it seems most likely that the insert domain does

not form a discrete globular domain, instead forming extended loops that hug the other

domains enabling it to position the critical C-terminaltail of the alpha-subunit into the ligand

binding pocket and also position the cysteines required for linking the aB monomer.
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The key to confirming the position of the insert domain within the whole receptor remains

solving at least the structure of the extracellular portion of the receptor. It appears unlikely

that the insert domain structure will be able to be resolved without the presence of the other

domains to act as a scaffold for it. A preliminary assessment of the stability and globularity of

the insert domain would be possible by making various truncated forms of the extracellular

region of the receptor including the insert domain, and performing limited proteolysis of the

recombinant protein, followed by protein sequencing of the remaining stable fragments. This

experiment would be able to determine what if any domains are required to stabilise the insert

domain structure.

The function of the insert domain was assessed through analysing the differences in ligand

binding and receptor phosphorylation of the two isoforms of the insulin receptor, using both

recombinant and fulllength forms. The affinity of both insulin and the IGFs for binding the

isoforms was calculated using a compêtition assay with europium-labelled insulin. The

overall results indicated that increasing the length of the C-terminal tail by the 12 amino

acids, found in IR-8, improved insulin binding but decreased IGF-I and IGF-2 binding.

Given that this region is directly involved in ligand binding, the results suggest that the

extended C-terminal tail in IR-B sterically interferes with IGF-I and IGF-2 binding, while

slightly improving the insulin frt. This agrees well with the situation in the IGF-IR, which

lacks the equivalent additional 12 amino acids found in IR-8. In order to further examine this

theory one could make a similarly extended insulin receptor to IR-B using unrelated amino

acids and by performing the same competition experiments and seeing if it is only the

presence of additional volume that affects ligand binding. If this is not the case then

individual mutants within the exon 11 encoded amino acids would have to be analysed.

Within each isoform the amount of tyrosine phosphorylation achieved upon ligand

stimulation correlated well with the relative affrnities for the receptor. However, it appeared

that the IR-A isoform had an overall decreased level of phosphorylation which was

particularly surprising since the relative affrnity of IGFs was increased. This result points to

this region of the insert domain having not only an effect on ligand binding but also on

transmitting the signal through to the intracellular kinase domain. This may be a direct effect

or indirect through conformational inhibition of one of the other extracellular domains like the

cys-rich domain which is known to contribute to switching the receptor from the inactive to

active state (Desbois-Mouthon et al., 1996).
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7.2 CROSS-REACTIVITY OF IGF-2 WITH THE INSULIN RECEPTOR

Knockout mouse studies have long suggested that IGF-2 required a receptor other than the

IGF-IR for promoting embryonic growth. It is now clear that IGF-2 also functions through

the Insulin receptor, and probably primarily through the alternate exon 11 minus isoform IR-

A. The comparative strength of IGF-2 binding to each isoform has not been as well

characterised in addition to whether there is any biological difference between each isoform,

activated by either insulin or IGF-2.

In order to investigate these issues, an IGF-IR null cell line, R-, was stably transfected with

full-length receptor constructs, expressing IGF-1R, IR-A, or IR-B. In addition, recombinant

receptor constructs of IR-A and IR-B containing, either the entire extracellular region of the

receptor truncated at the start of the transmembrane domain, or the same truncated receptor

with a C-terminal extension consisting of a S. cereviseqe leucine zipper domain. Competition

assays were performed on each receptor type using either europium-labelled insulin or

europium-labelled IGF-I as the tracer. In this assay IGF-2 had an ECso for binding the IGF-

lR of -lnM which dropped 10 and 20 fold when binding to IR-A and IR-B respectively. The

value obtained for binding the IGF-IR is similar to that found in the literature using iodine-

labelled IGF-I, suggesting that the mechanics of the tracer binding in the competition assay

are the same in each case. However, the values obtained when using insulin appear to be

lower than what has been published in the literature, indicating a change in the mechanics of

the heterogenous europium-labelled insulin binding compared to mono-iodineJabelled

insulin. Interestingly the relative strength of binding either IR-A or IR-B between insulin,

IGF-I, and IGF-2 is the same between the two competition assays. A way to overcome the

difference would be to produce mono-EuJabelled insulin.

The experiments performed in this thesis, although supporting the idea that IGF-2 is a

stronger ligand for hIR-A than hIR-B, do not suggest that it is as biologically potent as

insulin, even though it does have a higher affrnity for hIR-A. However, the higher affinity

appears to be offset by the fact that hIR-A is not phosphorylated to the same extent as hIR-B

by any of the growth factors, which had been observed earlier (Kosaki et al., 1995). It would

be interesting to determine to what extent the absolute levels of insulin receptor

phosphorylation influenced the type of downstream pathways activated. This may explain

how the same ligand could illicit altemate outcomes.
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The proliferation experiments were consistent with the relative affinities of the ligands and

the anti-apoptosis assays suggested that IGF-2 had only a minimal effect. It is however clear

that insulin and IGF-2 can trigger hIGF-1R like responses although not as strongly, possibly

due to the significantly different ligand affinities between hIGF-1R and hIR. DNA microarray

studies performed on hIR-A cells stimulated by either the same concentration of insulin or

IGF-2, and therefore different levels of receptor activation, revealed differences in gene

expression, however is not clear whether this is due to a ligand specific effect or a due to the

different strength of receptor activation (Mulligan et al., 2002). The duration of receptor

occupancy and rate of dissociation has also been seen to influence the type of biological

response seen from activated receptor and may account for some of the differences observed

between insulin and IGF-2 activation of hIR-A. Future microarray experiments using different

growth factors should attempt to use ligand concentrations that stimulate equivalent total

receptor phosphorylation or initial rates of phosphorylation to address these issues.

7.3 ROLE OF TYROSINE 1250 AI\D 1251 IN IGF.IR PHOSPHORYLATION

The IGF-IR and the IR have long been known to activate many of the same intracellular

signalling pathways, however biologically functioning with quite distinct roles. ln ín vitro

experiments it has been difficult to identiff specific pathways that are completely unique to

one or other receptor under all conditions and cell types including receptor and ligand

concentrations. Recent microarray experiments have suggested that at the level of gene

regulation there are significant differences both between receptors and also depending on

which ligand is used to activate the receptor (Pandini et al., 2003). The intracellular domains

of the IGF-IR and IR are very similar and contain many of the same potential phosphorylation

and docking sites for substrates. However the IGF-IR contains several altered and additional

stretches of sequences that may account for some of the biological differences between it and

the IR. The identification of individual residues, that when mutated have specific effects on

intracellular signalling pathways, can then be used to examine the role of receptor substrates

in terms of both the individual substrate and also the overall contribution to pathways or

biological effects.

In this thesis several IGF-IR mutants in the intracellular region of the receptor were compared

with wild-tytrle receptor for their ability to undergo IGF-I stimulated tyrosine phosphorylation

and trigger cellular proliferation in the IGF-IR null cell line, R-. The results of the analysis

indicated that, in particular, the Y1250F and Y1251F single amino acid mutations displayed

unexpected phenotypes.
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The Y1251F but not the Yl25lFN950F mutant exhibited hyperphosphorylation in response

to IGF-I, which was independent of receptor number. An increased proliferative response to

prolonged exposure to IGF-I was also seen. The reason for the hyperphosphorylation appears

to be due to the inability of this receptor to be regulated by one or several tyrosine

phosphatases at the initial stage of ligand stimulation. A possible candidate may be PTP-18 as

in a recent study, IGF-I induced higher levels of IGF-IR autophosphorylation and kinase

activity from embryonic fibroblast cell lines derived from PTP-18 knockout mice, than

control lines (Buckley et a1.,2002). The phosphorylation response does however retain the

same overall shape as the wild-type receptor indicating that the mechanism preventing a

continual increase in receptor phosphorylation remains in effect. This may be dependent on

receptor internalisation. The Y1250F mutant was deficient in the secondary mechanism as its

phosphorylative response did not appear to be approaching a plateau. A previous study had

found that the Y1250F mutant exhibited a reduced rate of internalisation (Miura et al., I99l).

A comparative study of these mutant receptors examining the activation of downstream

signalling pathways, or end point analysis using microarrays would be able to identiff the full

extent of their effect and provide a better understanding of the mechanisms controlling the

ability of the receptor to trigger intracellular signalling.

7 .4 TIdß, RELATIONSHIP OF INSULIN.LIKE PEPTIDES IN C. ELEGANS \ilITH

MAMMALIAI{ INSULIN-LIKE PROTEINS

The discovery of a single insulirVlGF receptor (daf-2) in C. elegans controlling metabolism

and ageing prompted the search for insulin-like peptides. Analysis of the genome revealed the

presence of 38 genes containing insulin-like cysteine patterns, however also having very low

sequence identity with mammalian insulin proteins. Several of these genes were found to act

upstream of daf-2 and were therefore most likely ligands for the receptor. The huge number of

genes, many of which appear to be recent gene duplications, coupled with the findings that

some of the genes appear to have developmentally and spatially restricted expression patterns,

suggests that these peptides may have specialised roles which are not dissimilar to those of

insulin, IGF, and relaxins in mammals. In order to see whether the peptides form any

structurally related sub-groups, the 3D structure of each peptide was predicted using

comparative modelling, based on the existing known structures'

The results of the modelling and refinement revealed that all peptides except ins-10 were able

to produce a reasonable model. Generally, the quality of the template had a profound effect on
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the quality of the model produced as the hIGF-1 crystal structure 1IMX after the initial

modelling had the largest number of best models created from it. The percentage sequence

identity generally had little effect on the quality of the model, rather it was the position of the

cysteines, and the similarity between the other aligned amino acids that was important. In the

case of ins-6, where a picture of the solved structure was known but the coordinates not

publically available, the most similar models were derived from the templates with a C-

domain of the nearest length. It can therefore be concluded that for target and template

sequences that differ greatly in sequence, it is the similarity and not the identity that will

allow a good model to be produced. If the ins peptides are all similar to ins-6 in structure then

the results of the modelling would predict that they are more similar to insulin than to relaxin

or bombyxin.

In the future, given that ins-6 has been shown to bind the insulin receptor (Hlua et al., 2003),

showing that the residues thought to be previously unreplacable can be changed in the right

combination, a functional analysis of the C. elegans peptides using site-directed mutagenesis

may reveal novel ways to design insulin-receptor family ligands. 'When expressed in C.

elegans insulin behaves as an inhibitor of daf-2 signalling. This suggests that the mechanism

for binding the insulin receptor has been conserved amongst the ligands but the mode of

activation of the receptor has changed. This is intriguing since unlike the ligands there has

been greater sequence conseryation between the daf-2 receptor and mammalian receptors. An

analysis of the daf-2 receptor to determine how its activation differs from mammalian

receptors may identi$r regions that could be targeted by antibodies or other drugs to inhibit or

enhance human insulin/IGF receptors.

This thesis examined several aspects of the insulin and IGF systems including receptor-ligand

interactions, receptor autophosphorylation, and the conservation of structure of insulin-like

peptides from the nematode wonn. It may be that only through the combined analysis of the

insulin/IGF systems throughout the animal kingdom that we will be able to understand and

control one of the most important growth and metabolism systems in biology.
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B. Objective Function output from MODELLER (Lower number rated a better structure)
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I 661

1493
400
820
614
775
1592

249
942

lIGL
htGF-2
2983
746
901

2964
2980
2890
2797
2818
2862
3202
2373
380

2674
2418
2822
2119
2652
934
727
2160
2879
31 96
917
2883
2936
2965
3202
3037
3022
2987
3040
2574
3943
2810
2240
3050
3593
3214
3427
2373

380
2567

l HLS
hlnsulin

I 190

450
1430
1 337
1436
1207
1153
1257
I 195

1 396
2378
269
957
965
1234
1 998
1521
1710
161 I
1564
1326
1 596
1372
1247
1276
1199
I 300
1470
't 163

1 350
1293
't580

1625
I 563
2460
1375
I 651
1542
'1605

1420

269
1392

1 EFE
hminiproins

1527
449
775

'1531

1 591
1529
1 490
1526
1524
I 588
1979
254

1 308
1264
1289
1062
1405
718
653
1546
1552
1 756
9't I

I 636
1 535
I 560
1527
1784
1 679
I 545
1 561
I 386
I 853
1092
1344
1 583
1 607
1827
2003
997

254
1 394

IBON
Bombyxin-ll

727
521
767
814
708
693
644
660
633
677

1 499
305
1203
992
712
393
1574
625
658
622
924
623

1 006
1126
817
717
949
I 809
788
674
863
513
838
786
678
902
798
1228
869
479

305
820

1BgG
htGF-1

866
736
781
570
872
736
664
671
697
875

2123
421
695
540
752
732
1027
1282
1 190
1 109
650
1025
791
818
642
656
748
800
756
708
654
1249
1002
1082
1332
741
I 000
817
934
1071

421

870

1BzF
plnsulin

529
396
762
714
573
534
473
488
491

610
1670
316
452
539
542
1233
1 000
949
965
919
704
769
501
564
667
541
636

1 169
445
507
649
817
792
1319
'1706

728
941
1131
1221
790

316
769

lAPH
blnsulin

527
410
724
687
500
574
493
475
534
615

1 613
244
465
531
547
1251
1 048
1

818
712
719
773
528
485
627
509
639
1181
501
537

655
944
1128
1129
1 655
716
836

1 080
1158
775

244
760

ID

DaÍ-28
lns-01
lns-02
lns-03
lns-04
lns-05
lns-06
lns-07
lns-08
lns-09
I ns-1 0

lns-1 1

lns-12
lns-13
lns-14
lns-l 5

lns-16
lns-1 7

lns-1 8

lns-19
lns-20
lns-21
lns-22
lns-23
lns-24
lns-25
lns-26
lns-27
lns-28
lns-29
lns-30

lns-31a
lns-31b
lns-31c
lns-32
lns-33
lns-34
lns-35
lns-36
lns-37

Minimum
Averaqe



C. Comparison of
Objective Function and
Procheck results.

Procheck Value (core)

Maximum Average

Objective Function

Average Best TemPlateMinimumID

91.30%

89.00%

91.70%

84.40%

88.60%

84.40%

88.40%

89.10%

85.40%

89.80%

83.70%

96.00%

83.70%

90.50%

85.70%

88.90%

80.40%

87.00Yo

79.30o/o

78.00%

84.10%

81.50%

93.60%

86.00%

86.00%

86.00%

84.80%

83.30%

90.20%

84.40%

86.70%

85.70%

81.60%

88.00%

80.40%

85.10%

76.50%

80.90%

81.50%

82.00o/o

73.08%

79.97o/o

70.82%

71,62%

72.21%

69.57%

74.05%

70.05%

68.76%

73.00%

63.11%

81.540/0

7034%

71.79%

71.91%

7232%

68.22%

70.52%

69.25%

68.1 5%

69.56%

66.25%

76.60%

72.96%

72.44%

72.98%

72.74%

72.15%

75.41o/o

72.98%

72.14%

7127%

68.75%

69.38%

68.72%

72.18%

65.46%

65.63%

65.08%

71.08%

Daf-28

lns-01

lns-02

lns-03

lns-04

lns-05

lns-06

lns-07

lns-08

lns-09

lns-10

lns-1 1

lns-12

lns-13

lns-14

lns-1 5

lns-1 6

lns-1 7

lns-1 I
lns-19

lns-20

lns-21

lns-22

lns-23

lns-24

lns-25

lns-26

lns-27

lns-28

lns-29

lns-30

lns-31a

lns-31b

lns-31c

lns-32

lns-33

lns-34

lns-35

I ns-36

lns-37

354.89

395.76

359.1 5

334.21

360.94

296.38

414.96

270.93

289.90

388.1 8

1499.05

232.05

445.22

427.74

538.70

393.03

772.88

624.65

652.53

622.14

471.97

623.46

500.99

485.31

305.66

285.2'l

315.11

784.49

249.25

506. I 2

341.01

512.93

755.56

786.32

677.57

400.37

798.07

613.50

775.15

479.25

1359.04

599.87

1204.36

1326.28

1372.78

1334.86

1267 53

1297.95

1287.00

1406.65

2311.45

317.79

I 140.99

1136.26

1331.82

1529.69

1472.48

1307.46

1234.99

1515.06

1326.50

1648.65

1012.85

1484.70

1278.43

1309.75

1355.40

1561.63

1276.83

1358.28

1312.78

1608.17

1749.12

'1697.19

1881 .00

1387.67

1BBB.46

1611.47

1853.04

1431.62

hrGF-1 (1lMX)

plnsulin ('l 82F)

hrGF-1(1lMX)

hrGF-1 (1lMX)

hrcF-l (1lMX)

hrGF-1 (1rMX)

hrGF-1(1lMX)

hrGF-1(llMX)

hrGF-1(1lMX)

hrGF-1(lrMX)

Bombyxin-ll (1BON)

hRelaxin (6RLX)

hRelaxin (6RLX)

hlnsulin (l MHJ)

hlnsulin (1MHJ)

Bombyxin-ll (lBON)

hlnsulin (1MHJ)

Bombyxin-ll (rBON)

hMini-proins(1 EFE)

Bombyxin-ll (1BON)

hrGF-1(1lMX)

Bombyxin-ll (1BON)

plnsulin (182F)

blnsulin (1APH)

hrGF-1 (1rMX)

hrGF-1 (1lMX)

hrGF-1 (îMX)

hrGF-1(1lMX)

hlGF-1 (1lMX)

hlGF-1 (1lMX)

hrGF-1(1lMX)

Bombyxin-ll (1BON)

hlnsulin (1MHJ)

Bombyxin-ll (f BON)

Bombyxin-ll (f BON)

hrGF-1 (1lMX)

Bombyxin-ll (lBON)

hrGF-1 (llMX)

hrGF-1 (1lMX)

Bombyxin-ll (1BON)

AVG 508.52 1394.70 hrGF-1 (1rMX) 85.69% 71.10%



Bombyxin-ll

Average Model OF value = 820
Number of ins peptide minimums = '10

Number with OF value <500 = 3

Average Model Procheck % (core) = 63

Human Relaxin

Average Model OF value = 2311
Number of ins peptide minimums = 2

Number with OF value <500 = 2
Average Model Procheck % (core) = 78

Human IGF-2

Average Model OF value = 2567
Number of ins peptide minimums = 0
Number with OF value <500 = I
Average Model Procheck % (core) = 61
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Comparison of templates used in the comparative modelling.

Scatter plots of the Objective Function (OF) on the x-axis vs the Procheck o/o score on the

y-axis for each Ins peptide based on the templates'
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Bovine lnsulin

Average Model OF value = 760
Number of ins peptide minimums = 1

Number with OF value <500 = 6

Average Model Procheck % (core) = 31

Pig lnsulin

Average Model OF value = 769
Number of ins peptide minimums = 2

Number with OF value <500 = 7

Average Model Procheck % (core)= 79

Pig lnsulin

Average Model OF value = 779
Number of ins peptide minimums = 0

Number with OF value <500 = 3
Average Model Procheck % (core) = 33
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Comparison of templates used in the comparative modelling.

Scatter plots of the Objective Function (OF) on the x-axis vs the Procheck o/o score on the

y-axis for each Ins peptide based on the templates'
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Human mini-proinsulin 1 EFE

Average Model OF value = 1394
Number of ins peptide minimums = 1

Number with OF value <500 = 2
Average Model Procheck % (core)= 75

Human lnsulin l HLS

Average Model OF value = 1392
Number of ins peptide minimums = 0
Number with OF value <500 = 2
Average Model Procheck % (core) = 73

Human lnsulin l MHl

Average Model OF value = 1646
Number of ins peptide minimums = 0
Number with OF value <500 = I
Average Model Procheck % (core) = 56
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Comparison of templates used in the comparative modelling.

Scatter plots of the Objective Function (OF) on the x-axis vs the Procheck o/o score on the

y-axis for each Ins peptide based on the templates.
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Human lnsulin l MHJ

Average Model OF value = 717

Number of ins peptide minimums = 4

Number with OF value <500 = 5
Average Model Procheck % (core) = 67
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Comparison of templates used in the comparative modelling.

Scatter plots of the Objective Function (OF) on the x-axis vs the Procheck o/o score on the

y-axis for each Ins peptide based on the templates.
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Human IGF-1 l lMX

Average Model OF value = 942
Number of ins peptide minimums = 20

Number with OF value <500 = l8
Average Model Procheck % (core) = 83

Human IGF-1 3GF1

Average Model OF value = 3162
Number of ins peptide minimums = 0

Number with OF value <500 = 1

Average Model Procheck % (core) = 59

Human IGF-1 l BgG

Average Model OF value = 870
Number of ins peptide minimums = 0
Number with OF value <500 = 3
Average Model Procheck % (core) = 53
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D. Tables of Z and Q scores of models before and after simulated an
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E. Free calculated NAMD the CHARM22forcefield after simulated anneal
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