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Abstract

Insulin-like growth factor binding protein-2 (IGFBP-2) is the largest member of a

family of six proteins (IGFBP-I to 6) that bind insulin-like growth factors-I and -II

(IGF-VID with high afhnities. IGFBP molecules contain three domains of

approximately equal length: the conserved cysteine-rich amino- and carboxyl-terminal

domains, which are joined by a variable linker domain. The C-terminal domains of

IGFBPs not only contribute to high-affinity IGF binding, but also confer binding

specificity and have overlapping but variable interactions with many other molecules.

At the time this project commenced, there was limited information on the structure-

function relationships of the C-domain of IGFBPs.

In this thesis, the following N- and C-domain fragments were prepared in

sufficient quantities for NMR studies: unlabelled, ttN-labelled and 1sN/13c-1abe11ed r83-

'8eIGFBP-2 (C-BP-2), unlabelled 141-28eIGFBP-2 (Larye-c-BP-2), and unlabelled and

ttN-labelled 1-138IGFBP-2 (N-BP-2). The IGF binding abilities of these fragments were

assessed using BIAcore and cross-linking methods. Overall, the results indicated that

C-BP-2 binds IGFs to only a limited extent, although the differences in IGF binding

affinities among C-BP-2, N-BP-2 and fuIl-length IGFBP-2 appeared to be larger in

cross-linking studies than in BIAcore experiments.

The solution structure of C-BP-2 was determined using NMR spectroscopy. C-BP-

2 has a tþroglobulin type 1 fold comprising an o-helix, a three-stranded anti-parallel

B-sheet and three flexible loops. Compared to the structures of C-BP-6 (Headey et al.,

2004a), C-BP-I (Sala et a1.,2005) and C-BP-4 (Sitar et a1.,2006), which were reported

during the course of the current study, the following structural differences that may

affect IGF binding and have implications for other functional differences were found:

C-BP-2 has (i) a longer disordered loop I, and (ii) an extended C-terminal tail, which is

unstructured and very mobile. (iii) The length of the helix is identical to that of C-BP-6

but shorter than that of C-BP-1. (iv) An RGD motif is located in a solvent-exposed tum.

The backbone dynamics of C-BP-2 were analysed using the reduced spectral density

mapping approach based on the measured backbone amide lsN relaxation parameters

(Rt, Rz and steady-state lsN-{1H} NOE), and the results were compared to the dynamic

properties of C-BP-6 (Yao et al., 2004). C-BP-2 possesses significant fast time-scale
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motions in the loops and termini, and may also have slow time-scale conformational or

chemical exchange in the structured domain core and the loop II.

A more complete set of assignments for IGF-I 1H-15N HSQC spectra was obtained.

The IGF and N-BP-2 binding sites on C-BP-2 were identiflred by NMR. Binding of C-

BP-2 to the IGF'N-BP-2 binary complexes was significantþ stronger than the binding

of C-BP-2 to IGFs alone, switching from intermediate exchange to slow exchange,

indicating there is cooperativity between N-BP-2 and C-BP-2 in IGF binding. Two

possible structural mechanisms for this cooperativity were found: a possible

conformational change of the Phe49-Leu54 region and the sidechain aromatic ring of

Phe49 in IGF-I, and direct interaction between the N- and C-domains.

A pH-dependent heparin binding site on C-BP-2 was also identified by NMR. The

heparin binding site is a patch containing the B-turn connecting the first and second

strands, part of the third strand, and the beginning of the C-terminal tail. Lys227,

His228, Asn232,Leu233,Lys234 and His271 are proposed to be the primary heparin

binding residues. Protonation of His271 and His228 seems to be important for the

binding, which occurs at slightly acidic pH (6.0) and is more significant at pH 5.5, but

is largely suppressed at pH 7.4. Possible preferential binding of IGFBP-2 and its C-

domain fragments to glycosaminoglycans in the acidic extracellular matrix of tumours

may be related to their roles in cancer.
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Chapter 1

Introduction and Literature Review

1.1 An Introduction to the IGF System

1.1.1 Components of the IGF system: overview

The insulin-like growth factor (IGF) system is an important growth regulatory

system in vertebrates. The IGFs exert their actions via cell surface receptors, and their

actions are tightly regulated by IGF binding proteins and other molecules. Proper

functioning of the IGF system is essential for normal growth and development, and

abnormalities of the system are implicated in many diseases.

As illustrated in Figure 1.1, principal components of the IGF system include two

peptide hormones (IGF-I and IGF-II), their receptors, and six high affrnity IGF binding

proteins (IGFBP-I through -6) (Cohick and Clemmons, 1993; Jones and Clemmons,

1995; Stewart and Rotwein, 1996; Collett-Solberg and Cohen, 2000; Firth and Baxter,

2002; Denley et aL, 2005a). Downstream signalling pathways underlying the functions

of the receptors are important parts of the IGF system, but are not the scope of this

thesis and thus are not shown in detail in the diagram.

IGF-I and IGF-II are single-chain poþeptide hormones consisting of 70 and 67

residues, respectively. IGF-I, IGF-II, and insulin share high similarity in sequences and

three-dimensional structures. Despite these significant similarities and certain cross

reactivities between IGFs and insulin for IGF and insulin receptors, each ligand can

lead to specific signalling outcomes and is not able to fully compensate the loss of

another ligand.

Cell surface receptors for IGF-I and IGF-II include IGF-I receptor (IGF-1R), IGF-

II receptor (IGF-2R), insulin receptor exon 11- (IR-A), and insulin receptor exon 11*

(IR-B). IGF-IR, IR-A and IR-B are four-subunit transmembrane tyrosine kinase

receptors. IGF-I, IGF-II and insulin can bind to the extracellular regions of IGF-IR and

activate its intracellular tyrosine kinase activity, resulting in cellular responses such as

proliferation, differentiation, migration and anti-apoptosis (Cohick and Clemmons,
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1993; Jones and Clemmons, 1995; Collett-Solberg and Cohen, 2000). The metabolic

actions of insulin are generally mediated by the exon 1l.| isoform of IR (IR-B), which

has low aff,rnity for IGFs. On the other hand, IGF-II can bind to the exon 11- isoform of

IR (IR-A) with high affiniIy, and IR-A activation lead to mitogenic effects that are

similar to those of IGF-IR (Denley et aL,2003). Furthermore, there are functional

hybrid receptors formed between IGF-IR and either IR-A or IR-B, but their roles are

still unclear (Denley et aL,2005a).

The IGF-2R is a 300 kDa protein consisting of 15 extracellular domains, a 23-

residue transmembrane domain, and a 163-residue intracellular domain (Kornfeld, 1992;

Braulke, 1999). IGF-2R is also known as the cation-independent mannose-6-phophate

receptor, because it binds some proteins containing mannose-6-phosphate. Unlike IGF-

lR and IR, IGF-2R has no signalling transduction capacity. IGF-2R sequesters IGF-II,

resulting in internalisation and degradation of IGF-II (Kornfeld, 1992;BrauIke, 1999).

IGFBP-I to -6 are -30 kDa proteins that bind IGFs with high affinity, and this

family of proteins have been extensively reviewed (Jones and Clemmons, 1995;

Rajaram et al., 1997; Hwa et a1., 1999; Baxter, 2000; Duan, 2002; Firth and Baxter,

2002; Mohan and Baylink, 2002; Rosenzweig, 2004; Bach et aI., 2005). IGFBPs

transport IGFs in the circulation, and regulate the bioavailability and biological actions

of IGFs. In addition, IGFBP have a broad spectrum of lGF-independent functions.

IGFBP molecules contain conserved and cysteine-rich N- and C-terminal domains,

connected by variable linker domains; both the N- and C-domains contribute to high

affinity IGF binding. Proteolytic cleavage of IGFBPs, which mostly occur in the linker

domains, and binding of IGFBPs to the extracellular matrix can decrease IGF binding

affinity and thus release the IGFs. Posttranslational modifications of IGFBPs, including

glycosylation and phosphorylation, can also alter their IGF binding affinity.

The IGF system also includes other molecules that interact with the

abovementioned principal components and affect their activities, such as the acid labile

subunit (ALS) and the proteases that cleave IGFBPs. Up to 70% of the IGFs in

circulation is found in a ternary complex form with IGFBP-3 and ALS (Boisclair et a1.,

2001). During the past few years, an increasing number of other molecules have been

found to interact with IGFBPs, especially via the C-domain of IGFBPs. These

interactions either modulate IGF binding or mediate IGF-independent actions, and will

be described in section 1.5.
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Figure 1.1 Schematic representation of the IGF system

Schematic representation of the IGF system. The IGF system consists of the receptors
(IGF-l& two IR isoforms, IGF-IR:IR hybrids and IGF-2R), the peptides (IGF-I, IGF-II,
and insulin) and six high affinity IGF binding proteins (IGFBPs). IGFs circulate mainly
in IGF:IGFBP-3:ALS complex. Release of IGFs from IGFBPs occurs upon IGFBP
proteolysis or extracellular matrix (ECM) binding. This figure was adapted from
(Denley etal,2005a).
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1.1.2 Molecular interactions of the IGF system

The IGFs, their receptors and the IGF binding proteins exert their biological

functions through the protein-protein interactions between these molecule and the

downstream signalling pathways of the receptors.

The binding afflrnities of IGF-I, IGF-II and insulin for different receptors and

IGFBPs have been measured extensively, and were reviewed recently by Denley and

co-workers (Denley et a1., 2005a). It is worth noting that the binding affinity values for

a particular interaction, measured by different groups using different assays, can yary

significantly. Thus, the values of different protein interactions seem to be more

comparable if they are measured in the same study.

In the IGF system, the proteins sharing sequence and structure similarities, such as

IGF-I and IGF-II, or six IGFBPs, have overlapping interacting targets. On the other

hand, differences in the amino acid sequences may result in differences of the binding

sites and thus binding abilities. Therefore, different ligands do have binding preferences

to different receptors or binding proteins, and vice versa.

Overall, IGF-I and IGF-II have comparable or higher binding affinities (KD -0.1-

10 nM) for IGFBPs than for their receptors, whereas insulin does not bind IGFBPs.

IGFBP-6 has markedly higher (-20 to 100-fold) binding affrnity for IGF-II than for

IGF-I, while IGFBP-2 has slightly higher (-2-fold) binding aff,rnity for IGF-II than for

IGF-I.

IGF-I has -1000-fold higher binding affinity for IGF-1R (EDso -0.2 nM) than for

both IR-A and IR-8, but IGF-II has comparable IGF-IR and IR-A binding affinities

(EDso -0.6-0.9 nM), which are -l0-fold higher than its IR-B binding affinity. IGF-I has

-3-fold higher IGF-IR binding affinity compared with IGF-II, whereas IGF-II has

-100-fold or -3O-fold higher IR-A or IR-B binding affinities compared with IGF-I.

IGF-II has >1000-fold higher binding affinity for IGF-2R, compared with IGF-I. On the

other hand, insulin has >500-fold higher binding affinity for IRs than for IGF-IR, and

insulin does not bind IGF-2R.

Understanding the structural determinants of these protein interactions is of great

interest, and manipulation of the interactions based on such knowledge would have

important implications in areas such as cancer therapy. Numerous studies have

therefore been conducted to identifu the important residues in IGFs, their receptors, and
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IGFBPs for these binding interactions. Some of these findings will be reviewed in

sections L3 andl.4.

Furthermore, molecular interactions among these proteins can be either enhanced

or reduced by certain mechanisms. For example, the interactions may involve more

than two molecules, either forming more stable multiple protein complexes, or resulting

in inhibition by competing a coÍìmon binding surface. The interactions can also result

in a conformational change of the protein structure and thus either facilitate or impair

other protein interactions. Such dynamic modulations of protein interactions appear to

play important roles in the interactions between IGFs and IGFBPs, which are the

subjects of this study, but were previously less understood.

1.1.3 Expression and regulation of IGFs and IGFBPs

IGFs are growth-promoting peptides functioning in endocrine, paracrine and

autocrine manners (Cohick and Clemmons, 1993; Jones and Clemmons, 1995; Collett-

Solberg and Cohen, 2000). The IGF| gene is located in chromosome 12 in humans.

IGF-I plays an important role in both prenatal and postnatal development, and its

expression is higher during puberty and adulthood before decreasing in the elderþ.

Systemically circulating IGF-I is mainly generated by the liver under the control of

growth hormone (GH) released by the pituitary gland. Many other adult organs,

including kidney, lung, and bone, also produce IGF-L The IGF2 gene is located in

chromosome 11 in humans. Interestingly, there is significant difference in the IGF-II

expression pattern between mouse and human. In the mouse, IGF-II is expressed during

embryogenesis but its expression declines rapidly after birth and only remains

minimally in some tissues of the brain. However, in humans, IGF-II is expressed at a

high level in the foetus and continues to be expressed and secreted by the liver after

birth, and in fact its concentration in serum is higher than that of IGF-L IGF-II

expression is not regulated by GH, and its regulation is less understood.

In humans, both IGFBPI and IGFBP3 genes are located in chromosome 7,

whereas both IGFBP2 and IGFBP5 genes are located in chromosome 2, and IGFBP4

and IGFBPó genes are located in 17 and 12, respectively (Bach and Parker,2003).

IGFBPs are produced by a variety of biological tissues and can be found in various

biological fluids (Rajaram et aI., 1997). IGFBP2 and IGFBPó genes lack the TATA
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box. Different functional cis elements have been found in the promoter regions of

IGFBP genes, suggesting that variable expression regulations exist for expression of

IGFBP proteins (Bach and Parker,2003). Basal IGFBP2 gene expression is regulated

by transcription factor Sp1 (Boisclair et a1., 1993). IGFBP2 gene contains putative

nuclear factor rB binding sites and hl,poxia response elements (HREs), and its

expression is increased by NF-rB (Cazals et al., 1999). Interestingly, serum IGFBP-2

levels are increased in transgenic mice overexpressing IGF-II, suggesting a regulation

of IGFBP-2 expression by IGF-II (Wolf et aI, 199 4; Blackburn et al., 1997).

1.1.4 Biological actions of IGFs

Despite the high similarities in both ligands and receptors between IGFs and

insulin, insulin mainly exerts metabolic actions via the insulin receptor IR-B, whereas

cellular actions of IGF-I and -II via IGF-lR are mainly mitogenic.

IGFs stimulate cell proliferation by increasing DNA, protein, and carbohydrate

synthesis and progression of cell cycles (Cohick and Clemmons, 1993; Jones and

Clemmons, 1995; Collett-Solberg and Cohen, 2000). IGFs also have potent anti-

apoptotic effects. Forbes and co-workers showed that, the binding affinities of IGF-I

and -II analogues for IGF-IR correlate with their protective effects against serum

withdrawal-induced apoptosis of rat pheochromocytoma cells (Forbes et al., 2002).In

addition, IGFs can stimulate terminal differentiation in some cell types, including

myoblasts, chondrocytes, and neural cells, as well as regulate other hormone secretion,

and induce chemotactic migration of a variety of cells (Cohick and Clemmons, 1993;

Jones and Clemmons, 1995; Collett-Solberg and Cohen, 2000).

Transgenic mice overexpressing human IGF-I had a -30Yo increase in body weight,

which was not apparent until four weeks after birth. GH expression was suppressed,

reflecting a negative feedback. Circulating IGF-I levels were elevated but were

significantly lower than that in the GH transgenic mice (Mathews et al., 1988).

IGF-I knockout mice and IGF-II knockout mice had similar prenatal phenotypes,

and both had 60% of normal birth weight. However, survival was norrnal in the mice

lacking IGF-II, but IGF-I knockout mice had a marked increase in neonatal death rate.

IGF-I and -II double knockout mice had only 30Yo of normal birth weight, and all the

mice died within minutes of birth (Baker et al.,1993).

6



IGF-IR knockout mice had 45Yo of normal birth weight, and also died

immediately after birth (Liu et al., 1993). Interestingly, IGF-I and IGF-IR double

knockout mice were identical to those lacking receptor only, whereas IGF-II and IGF-

lR double knockout mice were more severely affected and were identical to IGF-I and

IGF-II double knockout mice (Liu et al., 1993).

1.1.5 Biological functions of IGFBPS

Recently it has been shown that IGFBPs are multifunctional proteins. Their

biological functions, which have been reviewed extensively (Rajaram et al', 1997;

Baxter, 2000; Duan, 2002; Firth and Baxter, 2002;Mohan and Baylink, 2002), can be

divided into two major groups, i.e., IGF-dependent functions and IGF-independent

functions.

IGFBPs were identified as IGF carrier proteins in the circulation. More than 99o/o

of the IGFs in the circulation or the extra-cellular space is associated with IGFBPs.

Binding to IGFBPs prolongs the half-life of IGFs, so IGFBPs effectively sequester IGF

for storage and potential endocrine function (Gulve and Dice, 1989). Furthermore,

IGFBPs modulate IGF actions by influencing the amount and localization of free IGF

molecules that are able to interact with the receptors. Binding to IGFBPs inhibits IGF

actions, because IGF-IGFBP complexes cannot activate the IGF-I receptor (Firth and

Baxter, 2002).In certain situations, however, IGFBPs can also enhance IGF actions by

some incompletely understood mechanisms, such as co-localising the IGF molecules to

the receptor-abundant cell surface and promoting the subsequent release of IGFs (Firth

and Baxter, 2002).

In addition to both inhibitory and stimulatory IGF actions, IGFBPs exert functions

lhat are independent of the binding of IGFs and the activation of IGF receptors by IGFs.

The first report of such functions was the stimulatory effect of IGFBP-I on CHO cell

migration, mediated by the RGD motif in its C-domain (Jones et aI., 1993b). An

homologous RGD motif is present in IGFBP-2 but not IGFBP-3 to -6, and similar

effects of IGFBP-2 via integrins have been confirmed recently (Schutt et alr, 2004;

Wang et aI., 2006). Many of the IGF-independent functions reported so far are of

IGFBP-3 and -5. It was reported that these IGFBPs inhibit breast cancer cell growth

and potentiate apoptosis by modulating the expression of Bax and Bcl-2, but
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involvement of IGFs and their receptors was not excluded in those studies (Butt et al.,

2000). IGFBP-3 and -5 were found to translocate into the nucleus and induce apoptosis

in some cell types (Lee and Cohen, 2002). Some molecular interactions are involved in

this function, which will be reviewed in section 1.5.6. The N-domain of IGFBP-5 has

transactivation activity mediated by several conserved acidic residues. IGFBP-2 and -3,

but not -1 or -6 also have strong transactivation activity (Zhao et aI.,2006).IGFBP-5

and IGFBP-3 were shown to have growth-inhibitory effects in IGF-IR knockout mice

fibroblast cells (Valentinis et al., 1995), whereas recombinant human IGFBP-5

stimulated bone formation in IGF-I knockout mice (Miyakoshi et al., 2001). Recently,

it is found that IGFBP-5 directly activates tissue plasminogen activator (tPA) to

activate plasminogen, resulting in cell death induced by cleavage of focal adhesions,

and this ability is independent on IGF-I or heparin (Sonell et al., 2006). IGF-

independent functions of IGFBP-4 and -6 are less well established.

IGFBP knockout mice have few phenotypic manifestations. For example, mice

lacking IGFBP-2 did not show large phenotypic alterations, with a -30% reduction of

spleen weight of adult males being the major morphological difference (Pintar eI al,

1996). Combinatory knockouts of up to three of the binding proteins did not have

significant effect, which is probably due to the functional compensation by other

IGFBPs (Pintar et aI., 1999). In contrast, transgenic mice overexpressing IGFBPs show

generalized or localized growth retardation, which would be expected from inhibition

of IGF actions (Schneider et al., 2000; Silha and Murphy,2002).In addition, impaired

glucose homeostasis and fertility have been observed in some IGFBP overexpressing

mice but less consistently. Interestingly, these IGFBP overexpression mice have not

suggested an important physiological role for the IGF-independent functions. However,

such functions, if any, may have been masked or overlooked in the data (Schneider et

a1.,2000; Silha and Murphy, 2002).

1.1.6 Implications of the IGF system in health and diseases

The IGF system is a major regulator of both prenatal and postnatal somatic growth

and cellular proliferation (Monzavi and Cohen,2002).In addition, recent studies have

demonstrated an important role of the insulin/IGF signalling pathways in the control of
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longevity; disruption of these pathways significantly extended lifespan in several

animal models (Janssen and Lamberts,2004; Bartke, 2005; Katic and Kahn, 2005).

In humans, dysregulation of the GH/IGF axis can lead to growth disorders.

Growth hormone insensitivity syndrome (GHIS, or Laron syndrome) is caused by GH

resistance and IGF-I deficiency, whereas over-production of GH and consequentþ of

IGF-I can lead to acromegaly (Monzavi and Cohen, 2002). Furthermore, IGFs have

hypoglycaemic and insulin-sensitising actions, and dysregulation of these actions is

involved in diabetes and its complications (Monzavi and Cohen,2002). Administration

of IGF-I has been the subject of trials, for the treatment of GHIS and diabetes patients

(Monzavi and Cohen, 2002; Savage et a1.,2004; Rosenfeld,2005), and displacement of

IGF from IGFBPs using IGF analogues (Loddick et al', 1998) was proposed to be a

neuroprotective treatments for stroke.

Even more importantly, the role of the IGF system in tumourigenesis has become

a topic of great interest in cancer research (Furstenberger and Senn, 2002; Denley et a1.,

2003; LeRoith and Roberts, 2003; Pollak et aI,2004; Foulstone et a1.,2005; Yakar et

al., 2005). High serum concentrations of IGF-I and low serum concentrations of

IGFBP-3 are associated with an increased risk of breast, prostate, colon, and lung

cancers. IGF-IR is commonly, although not always, overexpressed in many tumours.

Most primary tumours and transformed cell lines overexpress IGF-II, which may act in

autocrine and paracrine marì.ners. Overexpression of IGF-II often results from loss of

imprinting (LOD of the IGF2 gene (Christofori et al., 1995; Okamoto et al., 1997),

which has been found to be a potential marker of colorectal cancer risk (Cui et al.,

2003). Mutation in the IGF-2R gene occurs in some cancers (De Souza et aI., 1995).

Several cancer cell types overexpressing IGF-II preferentially express IR-A, which has

a high aff,rnity for IGF-II, and activation of IR-A by IGF-II results in mitogenic effects

and cancer progression (Denley et al,2003). Interestingly, IGFBP-2 appears to play

paradoxical roles in tumourigenesis, which will be reviewed in section l.2.2.Targeting

the IGF system as an approach to cancer therapy is currently underway (Perks and

Holly, 2003; Pollak et aI.,2004; Yakar et a1.,2005; Yee, 2006).In particular, fyrosine

kinase inhibitors and IGF-IR antibodies, as well as the IGF antibodies, recombinant

IGFBPs and soluble IGF-2R proteins are being developed to block IGF binding to IGF-

1R or IGF-IR signalling.
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1.2 Biological Actions of IGFBP-2

1.2.1, IGF-dependent and -independent actions

In terms of lGF-dependent actions, IGFBP-2 generally inhibits IGF actions,

especially those of IGF-II, possibly reflecting its slightly higher IGF-II binding

affinities (Jones and Clemmons, 1995; Firth and Baxter, 2002). Overexpression of

IGFBP-2 in human embryonic kidney f,rbroblasts resulted in inhibition of cell

proliferation, which can be reversed by addition of exogenous IGFs (Hoflich et al.,

1998). IGFBP-2 also inhibits IGF-I actions in vivo, since crossing with IGFBP-2

transgenic mice signifrcantly reduced the growth of the giant GH transgenic mice,

which had 2- to 3-fold higher serum IGF-I levels (Hoeflich et a1., 2001a). Purified

human IGFBP-2 inhibited IGF-Il-stimulated DNA synthesis (Reeve et a1.,1993).

On the other hand, stimulatory effects of IGFBP-2 have also been reported.

Recombinant porcine IGFBP-2 increased both basal and IGF-induced proliferation of

porcine endometrial glandular epithelial cells, and both IGF-dependent and independent

stimulations were possible in that model (Badinga et aI., 1999). Overexpression of

IGFBP-2 in mouse adrenocortical tumour Y-l cells increased cell proliferation,

possibly in an IGF-independent manner (Hoeflich et al., 2000).

Recent reports showed that integrin interaction by IGFBP-2,mediatedby the RGD

motif in its C-domain, is an important IGF-independent action of IGFBP-2 that can

affect adhesion, migration, and proliferation in some cell types (Jones et al., 1993b;

Schutt et al,2004; Wang et alr,2006). This will be reviewed in detail in section 1.5.5.

Furthermore, there has been evidence suggesting some novel biological functions

of IGFBP-2 under certain circumstances, but so far they are unclear and future

investigations are required. IGFBP-2 and a C-domain fragment were found in

peri/nuclear fractions of various tissues isolated from IGFBP-2 transgenic and non-

transgenic mice (Hoeflich et a1', 2004). Increased intracellular colocalization and

interaction of IGFBP-2 with the cyclin-dependent kinase inhibitor p2lcntrwart was

found during serum deprivation growth inhibition of mouse lung epithelial cells

(Terrien etaI.,2005).
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1.2.2 Roles of IGFBP-2 in Cancer

Increased serum and tissue IGFBP-2 levels were found in patients with many

malignancies, such as breast, prostate, colon, lung, CNS, adrenal glands, and ovary

cancers (Hoeflich et alr,2001b). A positive correlation between the tumour grade and

level of IGFBP-2 expression has also been described in some of these cancers, in

contrast to some other IGFBPs such as IGFBP-3 (Hoeflich et aI.,2001b). IGFBP-2 is

expressed at high level only in glioblastoma and not in mid-grade or low-grade gliomas,

and strong expression is associated with poor patient survival in diffuse gliomas (Zhang

et aI., 2002). Highly elevated serum IGFBP-2 and low IGFBP-3 at diagnosis of

childhood acute lymphoblastic leukaemia are correlated with a higher risk of lack of

remission or a relapse (Vorwerk et a1., 2005).

Nevertheless, whether IGFBP-2 promotes or protects against tumour progression

is unclear, because both inhibitory and stimulatory effects of IGFBP-2 on cancer cells

have been reported (Hoeflich et a1.,2001b). This probably reflects the fact that, as

mentioned above, in addition to both inhibition and enhancement of IGF actions,

IGFBP-2 exerts IGF-independent functions, and both IGF-dependent and IGF-

independent activities vary according to the system under examination (Hoeflich et a1.,

2001b).

1.3 Structure of the IGFs, and receptor and IGFBP binding

determinants

1.3.1 Structure of IGFs

As shown in Figure 1.2, IGF-I and IGF-II consist of 70 and 67 amino acid residues,

respectively. They can be divided into four domains, designated B (IGF-I: GIyl-Tfu29

IGF-II: Alal-Phe28), C (IGF-I: Gly30-Thr41; IGF-II: Ser29-Arg40), A (IGF-I: Gly42-

Cys62; IGF-II: Gly41-Ala61), and D (IGF-I: AIa63-AIa70; IGF-II: Thr62-Glu67), from

the N-terminus (Rotwein, 1991). The sequence conservation between IGF-I and IGF-II

is high, with 70% of the B and A domain residues of human IGF-I and IGF-II being

identical to each other and 50% of the B and A domain residues are identical to the

11



corresponding residues of insulin (Rotwein, 1991). The C domain of IGFs is analogous

to the C domain of mammalian proinsulin, which is cleaved during the processing and

is not present in the mature insulin, while the D domain at the C-terminus of IGFs has

no insulin equivalents. The prepropeptides of IGFs also contain an N-terminal signal

sequence and two alternative forms of a C-terminal E domain that result from

alternative mRNA splicing; both the signal peptide and the additional E domains are

cleaved during post-translational processing (de Pagter-Holthuizen et a1., 1986).

Initial structural models of the IGFs were proposed by Blundell and co-workers,

based on the crystal structures of insulin (Blundell et al, 1978; Blundell et a1., 1983).

Since then, solution structures of IGF-I (Cooke et aI, I99I; Sato et aI., 1993) and IGF-

II (Terasawa et al., 1994; Tones et al., 1995),IGF-I in complex with a peptide derived

from phage display (Schaffer et a1.,2003), as well as crystal structures of IGF-I in the

presence of detergent deoxy big CHAPS (Vajdos et aI.,2001) or SB12 (Brzozowski et

a1.,2002) have been determined. More recently, crystal structures of IGF-I in complex

with an N-terminal fragment of human IGFBP-5 (mini-N-BP-5, Ala40 to I1e92)

(Zeslawski et a1., 2001), the whole N-domain of IGFBP-4 (N-BP-4) (Siwanowicz et al',

2005), and both N- and C-domains of IGFBP-4 (Sitar et a1.,2006) have been solved.

Both IGF-I and IGF-II have similar structures to that of insulin in well-defined

equivalent regions (Figure 1.2). The global structure of IGF-I is maintained both free

and in complex with detergent or N-domain of IGFBPs, although certain structural

differences are evident in some regions.

Both IGF-I and -II contain three helices, stabilised by three disulfide bonds that

are essential for structural integrity. The B domain consists of a short flexible stretch

followed by the first cr-helix (81) (IGF-I: AlaS-Cys18; IGF-II: Glyll-Cys21), B-turn

(IGF-I: Gly19-Gly22; IGF-II: GIy22-Gly25) and a loop (IGF-I: Phe23-Asn26; IGF-II:

Phe26-AIa32). The C domain (IGF-I: Gly30-Thr41; IGF-II: Ser33-Arg40) connecting

the B and A domains is a flexible region in the free form. The A domain contains two

antiparallel o-helices, the A1-helix (IGF-I: GIy42-Cys48; IGF-II: IIe42-Arg49) and the

A2-helix (IGF-I: Leu54-Cys61; IGF-II: Leu53-Tyr59), stabilized by disulhde bonds

(IGF-I: Cys47-Cys52; IGF-II: Cys46-Cys51) and separated by structured loop regions.

The A1 and A2 helices are stabilized with the B helix by one disulfide bond linking the

beginning of the B-helix to the C-terminal end of the Al-helix (IGF-I: Cys6-Cys48 and

IGF-II: Cys9-Cys47) and another connecting the C-terminal end of the B-helix to the
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C-terminal end of the A2-helix (IGF-I: Cys18-Cys61 and IGF-II: Cys21-Cys60). The D

domain (IGF-I: Pro63-Ala70; IGF-2: Thr62-G1u67) following the A2 helix and

comprising the C-terminus of the molecules is flexible.

The solution structures of IGF-II, which are the only available structures of IGF-II

so far, are relatively divergent among the ensemble of structures, probably resulting

from the flexibility of the molecule together with low NMR spectral quality due to

aggregation (Terasawa et al., 1994; Tones et al., 1995). Major differences between

IGF-I and IGF-II occur at the start of the third helix and in flexible regions including

the C domain and the N- and C-termini. Structures of IGF analogues have also been

studied. For example, long-[Arg3]-IGF-I, which is a potent IGF-I analogue with lower

binding affinity for IGFBPs, has an essentially identical 1:ufüary fold compared with the

native protein (Laajoki et a1., 2000).
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Figure 1.2 Sequences and structures of IGF-I,IGF-II and insulin
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domains are colored pink, blue, green, and orange, respectively. The underlined residues form helical regions.
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1.3.2 The IGF-LR,IGF-2R,IR-A and IR-B binding residues of IGFs

IGF residues that are important for receptor binding have been reviewed in detail

recently (Carrick et aI.,2002; Denley et a1.,2005a). In this section, these residues are

summarized according to the domains of IGFs. Emphasis is placed the IGF-IR binding

residues, which are also mapped onto the IGF-I surface in Figure 1.3, while residues for

IGF-2R, IR-A, and IR-B binding are mentioned briefly.

Some B domain residues are important for IGF-IR binding. While deletions of the

first three residues of IGF-I or first six residues of IGF-II did not affect IGF-lR binding,

des(1-4) and des(l-5) IGF-I (Bagley et a1., 1989; Francis et al.,1993) and des(l-7) and

des(1-8) IGF-II (Roth et aI., L99I; Hashimoto et a1., 1995) had a large reduction in IGF-

IR aff,rnity. Ala8, Glu9, Valll, Arg2I, Phe23, and Tyr24 are important for IGF-IR

binding (Cascieri et al., 1988; Bayne et al., 1990; Hodgson et a1., 1995; Shooter et a1.,

1996), while Ala substitutions of Vall1, Asp12, Gln15, and Phe16 may have altered the

B helix resulting in reduced IGF-IR binding (Jansson et aI., 1997). Corresponding

residues of IGF-II, including Phe26 andTyr27, seem to form a similar surface for IGF-

lR binding (Roth et al., I99l; Sakano et aI., l99l). Phe26 andTyr2T of IGF-II are also

important for IGF-2R binding (Roth et al, I99l; Sakano et al., I99l). Residues Thr4,

Ala8, Glu9, Valll,Phe23 andTyr24 in IGF-I, and corresponding residues in IGF-II,

are important for IR binding (Sakano et al., l99l; Shooter et al, 1996).

The C domain of IGF-I and -II is important in IGF-IR binding. Replacement of

the entire C domain by a (Gly)a linker reduced the IGF-IR binding up to 3O-fold

(Bayne et a1., 1989). A1936, Arg37, and Tyr31 are important for the binding (Bayne et

a1., 1990; Zhang et al., 1991; Jansson et a1., 1998). Recently, Denley and co-workers

showed that C domain of IGF-I contributes to the IGF-IR binding preference of IGF-I

over IGF-II (Denley et aI.,2004). On the contrary, C domain residues of IGF-I do not

seem to contribute to IGF-2R binding (Bayne et al., 1989; Bayne et al., 1990).

Interestingly, removal of IGF-I C domain, and mutations of Tyr3 1, or A1936 and Arg37 ,

increased IR binding affinity of IGF-I (Bayne et a1., 1989; Bayne et al., 1990; Zhang et

al., I99l). The C domain of IGF-I and -II also contributes to the IR isoform binding

difference between IGF-I and -II (Denley et a1.,2004).

IGF-I A domain residues Yal44, Met59, Tyr60 andLeu62 are important for IGF-

lR binding (Bayne et al., 1990; Shooter et al, 1996; Denley et a1., 2005b). In particular,
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The Val44Met mutation was found to cause severe mental and growth retardation in a

patient (Walenkamp et aL,2005). Although this mutant maintains a native fold, it has

impaired IGF-IR and IR binding ability (Denley et aI.,2005b). A domain residues that

have been shown to be unimportant for IGF-IR binding include Phe49, Arg50, Ser51,

Arg55, and A1956 of IGF-I (Jansson et al., 1998) and Ala54 and Leu55 of IGF-II

(Forbes et alr,2001). Interestingly, IGF-II A domain residues, including Phe48, Arg49,

and Ser50 form a major IGF-2R binding site (Sakano et al., I99t). Substitutions of

IGF-1 A domain residues by corresponding residues in insulin significantly reduced

IGF-2R binding (Cascieri et aI., 1989), whereas substitutions of IGF-II AIa54 and

Leu55 by corresponding residues in IGF-I, Arg54 and Arg55, decreased IGF-2R

binding (Forbes et alr, 2001). Substitutions of A domain residues of IGF-I by the

corresponding residues of insulin resulted in increased IR binding affinity (Cascieri et

al., 1989). IGF-I residues YaL44 (Denley et al',2005b) and Tyr60 (Bayne et a1., 1990)

are very important for IR binding.

The contribution of the D domain of IGF-I and -II to IGF-IR binding is less clear.

Deletion of the D domain in IGF-I did not affect IGF-IR binding in one study (Bayne

et al., 1989), but in another study Ala substitutions of Lys65 and Lys68 decreased the

IGF-IR affinity up to lO-fold (Zhang et al., l99l). Deletion of the D domain in IGF-II

reducedlGF-lRbinding5-fold(Roth etal,l99I; Sakano eIal.,I99I). SwappingtheD

domain of IGF-I to IGF-II slightly increased IGF-IR binding affinity for IGF-IDI and

slightly reduced that for IGF-IIDI (Denley et a1.,2004). Deletion of the D domain in

IGF-II reduced its IGF-2R binding by two-fold (Roth et aI., I99I; Sakano et al., l99I),

whereas deletion of the D domain in IGF-I did not affect its IGF-2R binding and

slightly increased its IR binding affinity (Bayne et al., 1989). The D domain also plays

a minor role in IR binding difference between IGF-I and -II (Denley et a1.,2004).
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1.3.3 The IGFBP binding residues of IGFs

The interactions between IGFs and IGFBPs have been investigated extensively.

Previous studies, using mutagenesis as well as other approaches, have identiflred

specific residues of IGFs thatarc involved in IGFBP binding.

In the light of the fact that insulin has high similarities in primary sequence and

three-dimensional structure compared to IGFs but is incapable of binding IGFBPs,

Swapping of homologous domains, and substitution of residues between insulin and

IGFs have been used to identif,z IGF residues that contribute to IGFBP binding (De

Vroede et al., 1985; Cascieri et a1., 1988; Clemmons et a1., 1992; Oh et a1., 1993).

Interestingly, although the mature insulin molecule does not have counterparts of the

IGF C and D domains, the major IGFBP binding site on IGFs does not include these

domains. On the contrary, switching the B domain between insulin and IGF-I conferred

IGFBP binding ability on insulin and reduced IGFBP binding of IGF-I (De Vroede et

al., 1985; Cascieri et al., 1988). Substitution of residue Phe49, Arg50, and Ser51 in

IGF-I (Clemmons et al., 1992; Oh et al., 1993) and Phe48, Arg49 and Ser50 in IGF-II

(Bach et al, 1993) with corresponding residues in insulin dramatically decreased

IGFBP binding affinity.

A variant form of IGF-I lacking the first three residues, des(1-3)IGF-I, isolated

from bovine colostrum, has reduced IGFBP binding affinity (Francis et al., 1988), as

well as an increased stimulatory effect on protein synthesis in L6 rat myoblast cells

(Ballard et al., 1987). The importance of G1u3 of IGF-I in binding was confirmed in

sequential deletions from the N-terminus (Bagley et al., 1989). The corresponding

residue in IGF-II, Glu6, is also required for IGFBP binding (Francis et al., 1993).

Another two B domain residues, Gln15 and Phe16, are also involved in IGFBP

binding identif,red by alanine screening and point mutation analysis. When mutated in

combination with Glu3 and Thr4, binding to serum IGFBP is decreased by up to 600

fold (Ballard et a1., 1987). Although Glnl5 and Phe16 were shown to be important for

structural integrity (Jansson et al., 1997), mutants that did not have grossly altered

structures still exhibited reduced affrnity for IGFBPs (Magee et al., 1999). Alanine scan

of IGF-I also revealed that Glu3 and Phe49 are very important for IGFBP-I binding

(Dubaquie and Lowman, 1999); this study identif,red additional residues involved in
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IGFBP-I and -3 binding, including Gly7, Leu10 and Phe25 (Dubaquie and Lowman,

teee).

Using a chemical iodination approach, Moss and co-workers showed the

accessibilities of Tyr60 of IGF-I and Tyr59 of IGF-II were decreased 2- and 6-fold,

respectively, when IGFs were bound to IGFBP-2, indicating their involvement (Moss et

a1.,I99l). By contrast,Tyr24 and Tyr31 of IGF-I andTyr2 andTyr2T in IGF-II in IGF-

II were not protected in the IGF-IGFBP-2 complexes (Moss et al., 1991). A similar

method, hydrogen/deuterium exchange, has been used to probe the IGF-I residues that

are protected from the solvent when it is in complexed with IGFBP-I and suggested

that parts of the regions Glyl-Glu9 and Phe49-Leu54 are involved in IGFBP-I binding,

consistent with results obtained with other approaches (Ehring, 1999). Using

biotinylation of IGF-I, Robinson and Rosenzweig reported that the biotin moieties

NHS-linker was inaccessible to Glyl and Lys27, but not to Lys65 and Lys68 when

IGF-I is bound to IGFBP-2 or IGFBP-3 (Robinson and Rosenzweig,2004).

NMR spectroscopy has also been used to identi$z IGF residues that are

significantly perhrbed upon IGFBP binding (Jansson et a1., 1998; Canick et a1., 2005).

Jansson and co-workers reported that IGF-I residues Pro2, Glu3, Gly7, Glyl9,Pro28-

Gly30, GIy32, A1936, Arg37, Gln40-Gly42, Pro63, Lys65, and Lys68-Ala70 were

perturbed upon binding to IGFBP-I, and subsequent alanine substitution of arginine

residues A1936, Arg37 and Arg50 affected IGFBP-I binding (Jansson et al., 1998).

More recently, Carrick and co-workers studied the chemical shift perturbations of IGF-I

and IGF-II upon binding to full-length IGFBP-2 and a N-domain fragment of IGFBP-2

(Canick et a1.,2005). IGF-I residues Glu9, Leu14, Gln15, Phel6, Glyl9 Phe25, Leu54

and Leu57 and IGF-II residues Gly11, Phe26, Phe28, Glu45, Ser50, Leu55, Glu57, and

Thr58 exhibited large shifts or disappeared (Canick et a1., 2005).

During the course of this thesis, crystal structures of IGF-I'N-BP-4'C-BP-4 ternary

complexes were reported (Siwanowicz et al., 2005; Sitar et al., 2006), which will be

discussed in the following Chapters. Collectively, the IGFBP binding site on IGF-I are

formed by the B and A domain residues Glu3, Thr4, Cys6, Gly7, Ala8, Glu9, Leu10,

Val11, Asp12, Gln15, Phe16, Asp20, Phe23, Tyr24, Phe25, Asn26, YaI44, Cys48,

Phe49, Arg50, Ser51, Leu54, and Tyr60, which are mapped on the IGF-I surface in

Figure 1.3. Equivalent residues on IGF-II also form its IGFBP binding site. It can be

seen that the IGFBP binding site partially overlaps with the IGF-IR binding site, such

that binding to IGFBPs blocks the binding of IGFs to the receptors.
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It is worth noting that some IGF mutations affect binding to different IGFBPs to

varying degree. For example, substitution of IGF-II residues Phe48-Ser50 with the

corresponding residues from insulin reduced binding to IGFBP-I, -5, and -6 more than

50-fold and to IGFBP-4 15- to 5O-fold, but to IGFBP-2 and IGFBP-3 only 6- to l2-fold

(Bach et a1.,1993). The Glu9lys mutation in IGF-I decreased its afflrnities for IGFBP-2

and -6 to a much larger degree than to other IGFBPs (Magee et al, 1999). In addition,

alanine substitutions of IGF-I residues Glu3 and F49 reduced binding to IGFBP-I by

34- and 100-fold, respectively, but did not affect or reduced only 4-fold the binding

affinity for IGFBP-3 (Dubaquie and Lowman, 1999). It therefore appears that the

binding sites on IGF surfaces for different IGFBPs vary subtly, and/on, differences in

the IGFBP structures lead to different tolerance for particular IGF mutations.

t.4 Structure and IGF Binding Determinants of the IGFBPs

1.4.1 Domain organization and disulfide bonds of IGFBPs

Sequence alignments of six IGF binding proteins are shown in Figure I.4, and

sequences of IGFBP-2 of different species are shown in Figure 1.5. As illustrated in

Figure 1.6, according to the distinct regions of amino acid sequence homology, IGFBP

molecules are generally divided into three domains of approximately equal length, the

highly conserved cysteine-rich amino- and carboxyl-terminal domains, joined by a non-

conserved linker domain, which differs between each IGFBP species (Hwa et aL,1999).

There are intra-domain disulfide bonds within the N- and C-domains, but there are no

inter-domain disulfide bonds. Disulfide bond patterns are identical in the C-terminal

domains of IGFBP-2 (Forbes et al., 1998), IGFBP-4 (Chelius et a1.,200I), and IGFBP-

6 (Neumann et aI., 1998; Neumann and Bach, 1999), and in the latter parts of the N-

terminal domains of all six binding proteins (Hashimoto et al.,1997; Kalus et a1., 1998;

Neumann et al., 1998; Neumann and Bach, 1999; Standker et aI,2000; Chelius et a1.,

2001) but different for the flrrst eight or six cysteines between IGFBP-4 (Siwanowicz et

a1.,2005) and IGFBP-6 (Neumann et a1., 1998; Neumann and Bach, 1999).
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1.4.2 The IGF binding site on IGFBP N-domain

IGF binding activity has been reported for both naturally occurring N-domarn

fragments generated by proteolysis and recombinant N-domain fragments, including

IGFBP-I (Huhtala eI al., 1986), IGFBP-2 (Canick et al., 200I; Mark et a1., 2005),

IGFBP-3 (Hashimoto et aL,1997;Lalou et aL,1997; Devi et al., 2000; Galanis et al.,

2001), IGFBP-4 (Chernausek et al., 1995; Qin et al., 1998; Standker et al., 2000;

Vorwerk et aL,2002; Siwanowicz et aI.,2005),IGFBP-5 (Huhtala et a1., 1986; Andress

et al., 1993; Chernausek et al., 1995; Kubler et a1., 1998; Standker et al., 1998) and

IGFBP-6 (Headey et al., 2004c). These fragments exhibited 5- to 100-fold lower

affinities than the whole molecules, and also exhibited significantly reduced or no

inhibition of IGF action. At high concentrations, a N-domain fragment of IGFBP-3

inhibited IGF-IR autophosphorylation by sequestration of IGF-I (Devi et a1., 2000).

Interestingly, a number of other proteins contain domains sharing sequence similarities

with the N-terminal domain of IGFBPs, and were hence named IGFBP related proteins

(IGFBPTPs) (Hwa et al., 1999). These proteins bind IGFs with at least 100-fold lower

affinities than the IGFBPs.

Using a chemical iodination approach, Hobba and co-workers found that Tyr60 of

IGFBP-2 was protected from iodination in the IGF-I-IGFBP-2 and IGF-II-IGFBP-2

complex, suggesting its involvement in binding (Hobba et al., 1996). Subsequently,

these authors revealed that both aromatic side-chain and hydrogen bonding potential of

Tyr60 were important structural determinants of IGF binding (Hobba et a1., 1998).

Alanine substitution of the adjacent valine, Va159Ala, also altered the binding

characteristics of IGFBP-2, whilst alanine substitutions for Thr61, Pro62 and A-1963 did

not reduce IGF binding affinities (Hobba et 41., 1998). The importance of

corresponding residues of IGFBP-3 (Imai et a1.,2000),IGFBP-4 (Imai et a1,, 1997; Qin

et a1., 1998) and IGFBP-5 (Kalus et a1., 1998) in IGF binding have been confirmed.

Analysis of deletion mutants of IGFBP-4 indicated that the IGF binding domain in

IGFBP-4 involves a hydrophobic motif (Leu72-Met80) (Byun et a1.,2001). In IGFBP-3,

single substitutions of Ile56, Leu80 and Leu81 to glycines resulted in2-to 5-fold

decrease in IGF-I binding. Greater reduction was seen when both Leu80 and Leu81

were mutated, and when all of these three residues were substituted, binding affinity

was lost completely (Buckway et al., 2001).
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NMR analysis of the binding interaction between IGF-I and mini-N-BP-5 by

Kalus and co-workers showed the largest IGF-I induced chemical shifts for residues

YaI49, Tyr50, Pro62 and Lys68 to Leu75 (Kalus et al., 1998). Several multiple site-

directed mutagenesis experiments have been conducted to confirm this structural

information. Imai and co-workers showed that the IGFBP-5 mutant

(Lys68Asn/Pro69Gln/Leu70Gln/Leu73Gln/Leu,74cln) and the corresponding IGFBP-3

mutant had -1000-fold and >1000-fold reductions in affinity, respectively, in solution

binding assays (Imai et a1., 2000). Interestingly, the same IGFBP-5 mutant was

recreated and was shown to have 60-fold decreased affinity in BIAcore analysis but its

affinity was too low to be derived in solution binding assay (Shand et al., 2003). This

discrepancy may have been due to differences in the techniques employed by those two

groups. Similarly, the IGF binding affinily of a human IGFBP-3 mutant containing six

alanine substitutions (Ile56Ala/Tyr57 Ala//-rg75AlalLeu77 AIalLeu8OAldLeuSlAla)

was analysed by solution binding assay and shown to be reduced more than 80-fold in

solution binding assays (Hong et aI.,2002).

1.4.3 Structures of IGF'N-BP complexes

The NMR structure of mini-N-BP-5, a 53-residue fragment encompassing the last

2 disulfide bonds of the N-domain of IGFBP-5, reported by Kalus and co-workers

adopted a rigid globular structure consisting of a centrally located three-stranded anti-

parallel B-sheet, stabilized by two inside packed disulfide bridges (Kalus et a1., 1998).

Subsequently, these authors solved the 2.1Ä crystal structure of IGF-I-mini-N-

BP-5 complex (Zeslawski et aI.,200I). The fold of the uncomplexed mini-N-BP-5

determined by NMR is preserved in this complex. Residues in a solvent-exposed loop,

which undergo slow exchange on the millisecond time scale in the free form (Renner

and Holak,200I), were rigidified in the complex (Zeslawski et a1., 2001). The

interactions between IGF-I and mini-N-BP-s are mainly hydrophobic and consist of

interlaced protruding side chains of IGF-I and solvent-exposed hydrophobic side chains

of mini-N-BP-S (Zeslawski et al., 2001). The side chains of IGF-I residues, Phe16,

Leu54 and Glu3 are inserted deep into a cleft on the mini-N-BP-5 formed by site chains

of Arg53 and Arg59 on the solvent-exposed site of the molecule and by Leu70 and

Leu74 on the opposite inner site, with a base formed by Cys60 and Leu61. Phe16
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makes direct contacts with the backbone and side chain of Val49 and Cys60 of mini-N-

BP-5. The hydrophobic cluster is closed onthe solvent side bysidechains of Glu3 and

Glu9 of IGF-I and His71 and Tyr50 of mini-N-BP-s. In addition, Arg59 of mini-N-BP-

5 makes hydrogen bonds with Glu58 of IGF-I (Zeslawski et al., 2001).

More recentþ, Siwanowicz and co-workers reported the crystal structure of IGF-

I'N-BP-4 complex (Figure 1.7), which showed the structure of the N-terminal part of a

IGFBP N-domain and the correct linkage of the first four disulfide bonds in IGFBP-4

that may also be true for IGFBP-1, -2, -3 and -5 (Siwanowicz et aI,2005). The second

subdomain of N-BP-4 corresponding to mini-N-BP-S had an almost identical structure

and very similar hydrophobic interactions with IGF-I compared with mini-N-BP-5

(Siwanowicz et a1.,2005). The N-terminal subdomain of N-BP-4 has a disulf,rde bond

ladder-like structure consisting of a short two-stranded B-sheet (Siwanowicz et al.,

2005). This subdomain has interactions with the second subdomain of N-BP-4 as well

as IGF-I, resulting in a"L" shape of the whole N-BP-4 (Siwanowicz et a1.,2005). This

subdomain provided several additional contacts to IGF-I. Thus, Ala3 and I1e4 of N-BP-

4 made major interaction by filling the hydrophobic patch formed by IGF-I Phe23

Tyr24, and Phe25 and the interaction is further strengthened by interaction between

Arg28 of N-BP-4 and Asp20 of IGF-I as well as hydrogen bonds between I1e4 and

Phe23 (Siwanowicz et aI, 2005). The more recent IGF-I'N-BP-4'C-BP-4 complex

structure (Sitar et a1.,2006) will be discussed in the following Chapters.

1.4.4 The lGF-binding site on IGFBP C-domain

As with the N-terminal domain, both naturally occurring and recombinant IGFBP

C-domain fragments of IGFBP-2 (Wang et al., 1988; Ho and Baxter, 1997),IGFBP-3

(Spencer and Chan, 1995; Devi et al., 2000; Galanis etal.,200l; Vorwerk eta1.,2002),

IGFBP-4 (Standker et a1., 2000), and IGFBP-5 (Standker et a1.,1998) have been shown

to possess pafüal IGF binding activity. For example, a C-terminal fragment of IGFBP-2

(169-289) isolated from human milk had less than l0%o binding affinity to IGF-I and

25Yo binding affinity to IGF-II compared with wide-type human IGFBP-2 in solution

binding assay (Ho and Baxter, 1997). Deletions of C-domain residues 222-284 of

bovine IGFBP-2 dramatically reduced its IGF binding affinity (Forbes et al., 1998).

BIAcore analysis of recombinant bovine IGFBP-2 N- and C-domain fragments by
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so"Þ

Figure 1.7 Structure of the IGF-I.N-BP-4 complex

PDB 1WQJ (Siwanowicz et aL,2005). N-BP-4 (pink) and IGF-I (greeÐ are shown as

ribbon models. Disulfide bonds are shown (gold). (a) Structure of N-BP-4; (b) Structure
of the complex. Sidechains of major interacting residues are shown.
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Carrick and co-workers showed that the C-terminal domain possesses a binding site,

which is essential for the stability of the complex and must be combined with the fast

association binding site in the N-terminal domain to form one high affinity binding site

(Carrick et al., 2001). No inhibition of IGF-I induced IGF-IR phosphorylation was

detectable for IGFBP-3 C-domain fragments, despite their ability to bind IGF (Devi et

al.,2000).

Although the majority of previous studies showed the reduced IGF binding affinity

of C-domain fragments, the reduction proportions compared to full-length IGFBPS vary

greatly. In addition, there have been some reports in which C-domain fragments did not

bind IGFs (Kalus et al., 1998; Qin et aI., 1998; Fernandez-Tornero et al., 2005;

Siwanowicz et al., 2005). Differences may have been due to the different structural

integrity of these fragments and variations in the sensitivity of the binding assays

performed.

Mutations in IGFBP-5 of the IGFBP-2 Gly229 and Gln235 individually to Lys and

Ala decreased IGF-binding to 7-flod and 5-fold, respectively (Bramani et al., 1999;

Song et aI., 2000); combined mutations of equivalent residues in IGFBP-3 and -5

resulted in a larger reduction in IGF binding affinity (Shand et al., 2003; Yan et a1.,

2004). Mutations of 228KGRKR in IGFBP-3 (equivalent to IGFBI-z 240tNGqR¡

decreased binding affinity for IGF-I and IGF-II by 2- to 3-fold (Firth eI al, 1998).

Deletions of the residues immediately downstream the CWCV motif were found not to

affect IGF binding in some reports (Forbes et a1., 1998), but were shown to decrease

IGF binding in another (Qin et al., 1998). Mutations of the 253KF.D in IGFBP-3

(equivalent to IGFBP-2 2t6RGD1 to RGD decreased IGF binding affinity 4- to 6-fold

(Firth et al., 1998), but complete deletions of the equivalent residues and the subsequent

residues towards the C-terminus in IGFBP-2 (Forbes et al., 1998) and IGFBP-4 (Qin et

a1., 1998) did not affect IGF binding. Using the photoaffinity labelling approach,

Horney and co-workers located two regions in the C-domain of IGFBP-2 (GIy2I2-

Lys227 and Gly266-Arg287) that were thought to be involved in IGF-I interaction

(Horney et a1., 2001).

During the course of this thesis, others have used NMR (Headey et a1.,2004a;Yao

et a1.,2004) and crystallography (Siwanowicz et a1.,2005; Sitar et a1.,2006) to reveal

the IGF binding by IGFBP C-domains. These recent reports will be discussed in

following chapters.
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1.4.5 The linker domain

Most evidence so far does not support an IGF binding site in the variable linker

domain of IGFBPs. However, it is expected that, linking the N- and C-domain binding

sites generates higher IGF binding affinity than a single binding site provides.

Although deletion of residues 89-184 of hIGFBP-3 reduced IGF binding affinity to

40-fo1d (Firth et a1.,1998), the e5-154IGFBP-5 did not have detectable binding affinity

for IGF by BIAcore analysis (Kalus eta1.,1998), and deletion of residues 94-119 and

I2l-l4I of IGFBP-4 did not alter IGF binding activity (Qin et a1., 1998). Mutations at

the proteolytic cleavage sites, Lys120Asn, His121Asn, Lys134Gly (Rees et al., 1998),

Lysl34Gln, Lys136Gln, Met135leu and Met135Glu (Conover et aL,2001) of IGFBP-

4 and Lysl38Asn/Lys139Asn double mutation of IGFBP-5 (Imai et al., 1997) did not

affect the IGF-I binding affinity. Similarly, mutations of phosphorylation sites of

IGFBP-I, Ser9SAla and Ser10lAla, did not affect IGF binding affinity (Jones et al,

1ee1).

1.5 ModifÏcations and Other Molecular Interacfions of IGFBPs

Proteolysis and post-translational modiflrcations of IGFBPs may affect their IGF

binding, and thus regulate IGF actions. Furthermore, there is a rapidly growing body of

evidence showing that IGFBPs and/or IGF-IGFBP complexes interact with other

molecules, as illustrated in Figure 1.8, and these interactions can modulate IGF actions

and/or generate IGF-independent functions (Firth and Baxter, 2002; Ricort, 2004).

Different IGFBPs have overlapping but variable such interactions and majority of these

interactions are mediated by their C-domain (Bach et a1., 2005).
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Figure 1.8 Molecular interactions of IGFBPs

A schematic summary of the known molecular interactions of IGFBPs. Reviews are available (Firth and Baxter, 2002; Bach et a1., 2005)
References are in section 1.5.
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1.5.1 Proteolysis of IGFBPs

Proteolysis is a major mechanism for IGF releasing from IGFBPs, and plays an

importrant role in controlling the bioavailability of IGFs in physiological and

pathological states (Bunn and Fowlkes, 2003). Proteolytic cleavage has been

demonstrated for all six IGFBPs, and the majority of the cleavage occurs within the

linker domain. Overlapping but variable proteases for each IGFBP have been reported,

including metalloproteinases such as the pregnancy-associated plasma protein A

(PAPP-A), and the matrix metalloproteinase (MMPs), serine proteinases such as the

complement component C1s, and cathepsins. Numerous proteolytic IGFBP fragments

with reduced affinity for IGFs have been reported. These fragments may also have IGF-

independent actions. An increase in IGFBP proteolysis occur in some physiological

states such as pregnancy and wound healing, and pathological conditions including

canceÍ, diabetes, and arthritis.

Proteolytic degradation of IGFBPs is regulated by multiple mechanisms (Bunn

and Fowlkes, 2003). Changes in the expression and dishibution of IGFBP cleaving

proteases and their inhibitors would directly modulate the rate of IGFBP degradation.

Covalent post-translational modiflrcations of IGFBPs can influence their proteolysis.

For example, phosphorylation of IGFBP-I and -3, and glycosylation of IGFBP-6

inhibited their proteolytic degradation in vitro (Bwtn and Fowlkes, 2003). Since both

the phosphorylation or glycosylation sites and the protease cleavage sites are located in

the linker domains, these post-translational modifications may generate steric hindrance

or charge repulsion for the proteases.

Non-covalent interactions, such as ligand and ECM binding, can also affect

IGFBP proteolysis (Bunn and Fowlkes, 2003). The presence of IGF-II enhances the

PAPP-A cleavage of IGFBP-4 (Byu" et al., 2000; Vorwerk et a1.,2002), and IGFBP-2

(Monget et al., 2003). IGF-II facilitates the cleavage by binding to IGFBP-4 rather than

directly interacting with the protease (Vorwerk et a1., 2002). IGFs also enhance

proteolytic degradation of IGFBP-2 by a serine protease in the conditioned media from

porcine smooth muscle cells (GockeÍnan and Clemmons, 1995). In contrast, IGF-II

slightly inhibited IGFBP-5 degradation by PAPP-A (Laursen et aI.,2001) and PAPP-

A2 (Overgaard et aL,200l). Conformational change of the IGFBP molecules upon IGF

binding may either expose or obstruct the protease cleavage sites, but the exact

31



structural mechanisms are unclear. Similarly, changes of susceptibility to proteoþic

degradation also occur upon IGFBPs binding to the ECM. Binding to fibroblast ECM

was found to protect IGFBP-5 from proteolytic degradation (Jones et alr,I993a), but, in

another study, binding of IGFBP-5 to fibronectin increased proteolytic degradation of

IGFBP-5 (Xu et aL,2004).

1.5.2 Post-translational modifications of IGFBPs

IGFBPs have post-translational modifications such as phosphorylation and

glycosylation, which may influence IGF binding and/or IGFBP proteolysis. Most of the

modifications occur in the linker domain.

IGFBP-I, -3 and -5 can be phosphorylated at some serine residues in their linker

domains (Coverley and Baxter, 1997). The effects on IGF binding, however, vary

according to the IGFBP species. Although the structural mechanism is yet unknown,

phosphorylation of human IGFBP-I residues Ser101, Serl19 and Ser169 increased

IGF-I binding affrnity 6-fo1d (Jones et al., l99I), but this was not observed in a study of

rat IGFBP-I (Peterkofsþ et al., 1998). Phosphorylation of IGFBP-3 did not alter its

IGF binding affinity (Hoeck and Mukku, 1994), but it decreased the affinity of

IGFBP-3 for ALS and cell surface (Coverley and Baxter, 1997). However, it was found

in another study that phosphorylation of IGFBP-3 by deoxyribonucleic acid DNA-

dependent protein kinase reduced IGF-I binding and enhanced nuclear accumulation

(Schedlich et al., 2003).

Glycosylation has been reported for IGFBP-3 (Zapf et al., 1988), IGFBFP-4 (Ceda

et aI., I99I), IGFBP-5 (Conover and Kiefer, 1993), and IGFBP-6 (Bach et aI., 1992).

Glycosylation does not appear to alter IGF binding affinity of these IGFBPs, but

decreases the cell surface association of IGFBP-3 (Firth and Baxter, 1999) and inhibits

the glycosaminoglycan and cell membrane binding, as well as chymotrypsin and

trypsin proteolysis of IGFBP-6 (Neumann et a1., 1998; Marinaro et a1., 2000).

Recently it was shown that nuclear localized IGFBP-3 is highly polyubiquitinated

at multiple lysine residues in its C-domain, and is subject to ubiquitin/proteasome-

dependent degradation (Santer et aI., 2006).
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I..5.3 Heparin, glycosaminoglycan and extracellular matrix binding

Binding of IGFBPs to heparin and other glycosaminoglycan, as well as other

components of the extracellular matrix, can alter the IGF binding and proteolytic

cleavage of IGFBPs. Glycosaminoglycan binding of IGFBPs was investigated initially

with respect to an 18-residue region that contains 10 arginine or lysine residues in the

C-domains of IGFBP-3 and -5. Arai and co-workers showed that heparin, heparan

sulfate, and dermatan sulfate, but not keratansulfateor hyaluronic acid, inhibited IGF-I

binding of IGFBP-3 and -5, and also separate preformed complexes, but had no effect

on IGF binding by IGFBP-1, -2, or -4 (Arai et al, 1994b). Heparin, heparan sulfate and

dermatan sulfate also inhibited IGFBP-5 degradation in f,rbroblast cultures (Arai et al.,

I994a). Apart from glycosaminoglycan/proteoglycans, the ECM contains structural

proteins such as collagen and elastin, and specialized proteins such as fibrillin,

fibronectin, and laminin. ECM binding of IGFBP-5 influences cellular response to IGF-

I, since porcine smooth-muscle cells expressing the weak ECM-binding mutants are

less responsive to IGF-I (Parker et al., 1998).

Mutagenesis studies have identified several basic residues in the C-domain of

IGFBP-5 that are important for binding to heparin (Arai et al., 1996b; Song et al., 2000;

Allan et a1., 2006) or ECM (Parker et al, 1998), but the contributions of other basic

residues in the 10 basic residue region and the three-dimensional location of the binding

site were unclear. Interestingly, the residues important for ECM binding were

overlapped but not identical to those for heparin binding. This may have been due to

the heterogeneous nature of the ECM of different cells and under different

circumstances.

Mechanisms underþing the decrease of IGF binding affinity of IGFBP-3 and -5

upon binding to heparin or ECM have been proposed, but remains unclear. One

possibility is that the binding of heparin or ECM may result in conformational changes

of the IGFBP molecule that influence IGF binding. On the other hand, as the heparin

binding site is adjacent to, or even overlaps, with the IGF binding site, heparin and

ECM binding may generate a direct spatial occlusion of the IGF binding site (Bramani

eta1.,1999; Song et a1.,2000; Headey etal,2004a). Beattie and co-workers reported

that IGF and heparin binding to IGFBP-3 and -5 are partly competitive in nature, and

the IGF-IGFBP-heparin ternary complexes are either unable to form or very unstable

(Beattie et aI.,2005). Since IGF-I and IGF-II can displace endogenous IGFBP-S from
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monolayer mouse marnmary epithelial cells, the authors argued that this competitive

process may be biologically significant (Beattie et al., 2005).

Interestingly, whether IGFBP-2 binds heparin, other glycosaminoglycans or ECM

has been somewhat controversial; in the reports that heparin binding was shown, its

effects on IGF binding were contradictory. Arai and co-workers reported that IGFBP-2

did not bind heparin but acquired heparin binding ability upon binding to IGFs (Arai et

a1., 1996b), while others found heparin binding by IGFBP-2 in the absence of IGFs

(Russo et al., 1997) and indicated that its heparin binding site may be located in the

linker-domain (Russo et aI., 2005). However, the absence of heparin binding by

IGFBP-2 either with or without IGF-I has also been shown (Song et a1.,200I; Beattie et

al.,2005).

1.5.4 Integrin binding

The C-domains of IGFBP-I and -2 contain RGD motifs that can bind integrins,

leading to altered cell migration. (Jones et al, 1993b; Schutt et a1.,2004; Wang et a1.,

2006). Both IGFBP-I (Jones et al., 1993b) and IGFBP-2 (Schutt et a1.,2004) bind

o5B1 integrin through their RGD motifs. IGFBP-I stimulated Chinese hamster ovary

cell migration and bound to cr5B1 integrin, both in an RGD-dependent manner since

WGD mutant did not have these effects (Jones et al., I993b). The interaction of IGFBP-

2 with integrin cr5B1 decreased sarcoma cell adhesion and cell proliferation (Schutt et

al, 2004). In addition, it was shown recently that IGFBP-2 enhanced glioma cell

migration through its RcD-mediated interaction with integrin o5 (Wang et a1., 2006).

Nevertheless, Hoeflich and co-workers reported that cell surface association of IGFBP-

2 in the IGFBP-2 transgenic mice is RGD-independent (Hoeflich et al., 2002).

Furthermore, interaction of IGFBP-2 with ovB3 integrin negatively modulated IGF-

mediated breast tumour cell migration, and was correlated \Mith reduced tumour size of

cancer cells, but the interaction between IGFBP-2 and crvB3 integrin may be RGD-

independent (Pereira et aL,2004).Interestingly, crosstalk seems to exist between the

IGF-IR and the integrin signalling pathways, and this may lead to more complicate

cellular actions by IGFBP-I and -2 (Clemmons and Maile, 2005).

Cell surface IGFBP receptors have been proposed but further anaþsis is lacking

(Ricort, 2004). The type V transforming growth factor- receptor was identified as a
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receptor for IGFBP-3, -4, and -5, and mediates a growth-inhibitory response (Leal et a1.,

1997;LeaI et al.,1999). A potential receptor for IGFBP-3 on platelet membranes was

also suggested, but its nature is unclear (Taylor and Spencer, 2001).

1.5.5 Other molecularinteractions

Some other molecular interactions have been reported for IGFBPs. The great

majority of these interactions were reported for IGFBP-3 and -5, and most of the

interactions are mediated by their C-domains (Bach et aI., 2005). Interestingly, the

heparin-binding 10 basic residue regions in IGFBP-3 and -5 were found to contribute to

many of these interactions.

In circulation, IGFBP-3 and IGFBP-5 form IGF-IGFBP-acid-1abi1e subunit (ALS)

ternary complexes, and the majority of the IGFs are transported in these complexes.

Firth and co-workers showed that IGFBP-3 residues Lys228-Arg232 (Firth et a1., 1998)

and IGFBP-5 residues Lys2IIlArg2I4lLys2ITlArg2l8 (Firth et a1., 2001), which are

within the 10 basic residue regions of their C-domains, are essential for ALS binding.

IGFBP-5 linker domain residues Lys134/Arg136 or Lysl38/Lys139 also contribute to

the binding (Twigg et a1., 2000; Firth et a1.,200I).

IGFBP-3 binds plasminogen (Campbell et aI., 1998), fibrinogen and fibrin

(Campbell et al, 1999), and type Icr collagen (Liu et a1.,2003), whereas IGFBP-5 binds

plasminogen activator inhibitor-l (PAI-l) (Nam et aL, 1997), thrombospondin and

osteopontin (Nam et aL,2000), vitronectin (Nam et al, 2002), and the 10th and 11th

type I repeats of fibronectin (Xu et a1.,2004). Using IGF-II affinity chromatography,

Oesterreicher and co-workers have found that IGF-II interacts with multiple plasma

proteins, including IGFBP-3 and -5, transferrin, plasminogen, prekallikrein, and

antithrombin III, indicating that IGFs, IGFBPs and IGFBP-associated proteins may

interact to form complexes that are capable of modulating the IGF binding and the

stability of IGFBPs (Oesterreicher et a1., 2005). In fact, it was suggested that lowered

IGF-I affinity of the fibrin-bound IGFBP-3 at wound sites can increase IGF-I release

(Campbell et al., 1999). Binding of thrombospondin, osteospontin and vitronectin to

IGFBP-5 enhanced lGF-I-stimulated smooth muscle cell growth (Na- et a1.,2000)

(Nam et aI,2002).IGFB-IGFBP-5-vitronectin complex also enhanced breast tumour

cell migration (Kricker et a1.,2003).Interestingly, binding of fibronectin to IGFBP-5
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negatively regulated the lGF-dependent action of IGFBP-5 by increasing IGFBP-5

proteolysis (Xu et al., 2004), whereas PAI-1 binding to IGFBP-5 partially protects

IGFBP-5 from proteolysis (Nam et al., t997). Recently, Sorrell and co-workers found

that IGFBP-S directly activates tissue plasminogen activator (tPA) to activate

plasminogen, in addition to inhibition of PAI-I, resulting in cell death induced by

cleavage of focal adhesions (Sonell etalr,2006).

The C-domains of IGFBP-I and IGFBP-3 were found to bind metal ions. In the

crystal structure of C-BP-l, aEe2* ion was found to bind to His213 and Ser214 of C-

BP-l (equivalent to Asn232 andLeu233 of C-BP-2) and this interaction decreased IGF-

II binding affinity (Sala et al., 2005). On the other hand, Singh and co-workers reported

that the C-domain of IGFBP-3 contains a short region that can bind different ions

including Ni2*, Co2*, ZtJ* andFe3*, and the binding may influence the cellular/nuclear

internalisation of IGFBP-3 (Singh et al., 2004). IGFBP-3 has been shown to bind

humanin , an Alzheimer's survival peptide (Ikonen et aL,2003), and the cell surface

retention sequence binding protein-1 (CRSBP-1) (Huang et al., 2003)

IGFBP-3 and -5 induce apoptosis in some cell types (Firth and Baxter, 2002; Lee

and Cohen, 2002). A number of IGFBP-3 and -5 binding partners are involved in this

IGF-independent function. IGFBP-3 can bind transferrin via the C-domain, forming a

IGFBP-3-transfer¡in-transferrin receptor (TfRl) ternary complex, and internalise into

the cells (Weinzimer et a1., 200I; Lee et al., 2004). In T47D human carcinoma cells,

IGFBP-3 and -5 share a common nuclear transport pathway (Schedlich et a1., 1998). A

basic sequence in their C-domains is essential for the nuclear localization of IGFBP-3

and -5 by interaction with importin-B subunit (Schedlich et a1., 2000). In the nucleus,

IGFBP-3 interacts with transcription factor retinoid X receptor-cr (RXRo) (Liu et a1.,

2000 ), whereas IGFBP-5 interacts with a four and a half LIM protein 2 (FHL2)

(Amaar eta1.,2002).

Furthermore, it is recently shown that IGFBP-5 interacts with the nuclear

histone/DNA complex, and several conserved acidic residues in the its N-domain are

critical for its transactivation activity (Zhao et al.,2006)
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1.6 Introduction to Protein Structure and Dynamics by l\MR

Spectroscopy

In this thesis, high-resolution NMR spectroscopy solution was used to determine

the structure of C-BP-2 and analyse its backbone dynamics, as well as to study its

interactions with IGFs, N-BP-2, and heparin molecules. Some basic background of

NMR and its application in protein structure and dynamic studies are presented briefly

in this section, whereas the NMR methods used in this thesis to analyse molecular

interactions will be described in Chapter 5. Some excellent textbooks (Wuthrich, 1986)

and review articles (Hinds and Norton , 1997 ; Wider, 2000; Kanelis et aI, 2001; Palmer,

2001) arc available, and they were referenced in preparing this section.

The basis of NMR is a quantum mechanical property of the nucleus: the spin. The

NMR-active nuclei in biological macromolecules are either naturally abundant isotopes

(tH, "P), or naturally non-abundant isotopes (ttN, t'C) that can be incorporated into the

molecules through isotope labelling. These nuclei carry a spin of Ll2, which can be

viewed as a magnetic dipole. When an external magnetic field exists, such as that

provided by the superconductive magnet in the NMR spectrometer, the small atomic

dipoles can only orient either parallel or anliparallel to the external magnetic field.

These two possible orientations coffespond to slightly different energy states, and the

spins absorb or emit the energy difference in the form of electromagnetic radiation.

Because the difference in spin numbers between these two states is extremely small,

and because only this small difference gives rise to an NMR signal, NMR is

fundamentally an insensitive technique.

In NMR experiments, after the equilibrium state of the spins is perturbed by

suitable irradiation of electromagnetic waves, often in the form of radio-frequency (rfl

pulses, an NMR signal can be observed. Since the system tends to return to its

equilibrium state, the signal will decay (in a process known as relaxation) over time,

and the NMR signal (free induction decay, FID), is recorded during this time. The

NMR frequency spectrum is obtained from these data by Fourier transformation. In an

NMR spectrum, the nuclei are represented by resonance frequencies. The exact

resonance frequency depends on the chemical environment of each nucleus, and the

slight differences in their frequencies are called chemical shift. The chemical shift is
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very sensitive to a combination of structural, electronic, magnetic and dynamic

variables.

NMR spectroscopy is one of the two main techniques (the other being X-ray

crystallography) that can currently provide structures of macromolecules such as

proteins and nucleic acids and their complexes at atomic resolution. Whereas X-ray

crystallography requires crystals of these molecules, which are sometimes difficult to

grow, NMR measurements are carried out in solution under near physiological

conditions. The strategy of NMR protein structure determination is summarized in

Figure 1.9 (a).

The first step is the preparation of the protein solution sample. Since NMR

spectroscopy is an insensitive technique, relatively high (-1 mM) protein concentration

is required. Nevertheless, with the very recent application of cryoprobes, lower protein

concentrations (a few hundred micromolar) can be used. This step also includes the

optimisation of experimental conditions such as the sample pH and the temperature, so

that spectra are recorded as close as possible physiological conditions while highest

spectral quality is achieved. In fact, the importance of this step is evident in Chapter 4

and Chapter 6.

NMR spectra are then acquired. They contain a wealth of information regarding

the NMR active atoms (spins) in the protein (see below). One-dimensional (1D) NMR

spectra of proteins often contain hundreds or even thousands of resonance lines that

cannot be resolved. Multidimensional NMR spectra not only provided increased

resolution, but also provide the information on the correlations (through-bond or

through-space) between different nuclei, which is required for a detailed analysis of the

spectra. A most commonly acquired 2D spectrum, the lH-lsN heteronuclear single

quantum coherence (HSQC) spectrum, is illustrated in Figure 1.9 (c). The spectrum

exhibits correlations between amide nitrogens and the attached protons, and there are

two different chemical shift axes c¡l and a2: one for nitrogens (1sN) and the other for

protons (1H). Consequently, each cross-peak in the spectrum represents one N-H group

in the protein. Since all amino acid residues except prolines have an amide group in the

backbone, each cross-peak in the backbone amide region in this spectrum can represent

one residue. tH-ttN HSQC spectra are used as building blocks for many 3D spectra,

and are most frequently used in monitoring protein-protein and protein-ligand

interactions (Chapter 5).
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Figure 1.9 Introduction to protein structure determination by NMR

(a) Strategy of structure determination by NMR. Outline of the general steps used to
solve the protein solution structures by NMR. (b) Principle of the structure
determination by NMR. Adding the information on the distance between protons (left)
and their sequential position in the poþeptide (middle) allows construction of the
possible three-dimensional structures of the peptide (right). (c) Conelations in the 2D
1H-15N HSQC and 3D HNCA spectra. (a) and (b) were adapted from (Wider, 2000). (c)
was adapted from the teaching material by Dr Jeff Urbauer (200Q.
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The NMR signals (chemical shifts) then have to be assigned to individual nuclei in

the protein. Spectra showing the "through-bond" correlations of the atoms are used to

perform such sequential resonance assignments. Chemical shifts of the backbone

atoms, especially those of N and HN, are often assigned before obtaining the

assignments of the sidechain atoms. The most commonly used 3D spectrum for this

purpose is the HNCA spectrum, which is illustrated in Figure 1.9 (c). This spectrum is

built up on the 2D lH-lsN HSQC spectrum by recording the 13C chemical shifts of the

intra-residue and preceding C" atoms in as a third dimension. Therefore, by connecting

the Co¡-r and Coi resonances, in conjunction with a comparison of the C" and

CP (provided by other spectra) chemical shifts with the average values for 20 different

amino acid residues, these tH, ttN, and l3C chemical shift are assigned to individual

residues in the protein. Spectra showing the correlations of the sidechain atoms are then

used to assign their chemical shifts. Computer programs for automatic resonance

assignment have been developed recently. However, in the cases when there is serious

overlap or missing resonances in the spectra due to the intrinsic nature of the protein,

such as in C-BP-2, the relatively time-consuming manual assignment procedure is still

necessary.

The chemical shifts of HN, Ho, Co, CÊ, and N are sensitive to the secondary

structure of the region of the protein from which they arise. Therefore, secondary

structure information can be obtained by comparing the chemical shifts with the

average values of residues in the random coil conformation, and this information can be

taken into account in structure calculations.

Once the chemical shifts are assigned, the conformational information for structure

calculation is derived from a variety of NMR spectra. The most important information

is the distance constraints defining the "through-space" distance between the atoms

(normally protons). In fact, as demonstrated in Figure 1.9 (b), NMR-derived protein

structures are usually determined by using the distances between proton pairs and their

location in the polypeptide sequence to construct the possible three-dimensional

arrangements in which all distance (and angle, see below) constraints are fulfilled. The

distance constraints are derived from the nuclear Overhauser effect (NOE) spectta,

which show the interactions between protons separated by less the 5-6 ,4. in space.

Dihedral angle constraints, such as for 0, V, and 11 angles, are often used to

supplement the NOEs. Dihedral constraints are derived from through-bond correlation
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structuïe information provided by the Co, CÞ, C', Ho, and N chemical shifts, using

computer programs such as TALOS (Cornilescu et a1., 1999). The distance and angle

constraints usually cannot be determined exactly, rather, they are used as ranges in the

structure calculation to define the peptide backbone and sidechain conformations.

Therefore, it is highly desirable to have a Iarge number of both types of constraints to

better define the structure. Other constraints often used include hydrogen bond

constraints and those derived from residual dipolar couplings (RDCs).

These constraints are then used as input in the structure calculations using

computer programs, supplemented by some other information, such as the amino acid

sequence, bond lengths, bond angles, chiralities, and planar groups, and the steric

repulsion between non-bonded atom pairs. A family of structures that satis$z the

experimental data is usually reported. The quality of the NMR structures is assessed by

various parameters. The root mean square deviation (RMSD) among structures of the

NMR ensemble indicates the coordinate precision. The RMSD from experimental

constraints should be small. Most $, ry angles should be within the most favoured or

allowed regions in the Ramachandran plot.

In addition to structure determination, NMR is very powerful for the

characterizing the overall tumbling and internal dynamics of the proteins in solution.

While NMR can provide protein dynamic information on a much larger time scale, one

most widely carried out analysis is for the protein dynamics on the nanosecond and

picosecond time scale via the NMR relaxation measurements. Relaxation is caused by

time-dependent fluctuations of interaction energies, and as such it is sensitive to both

overall and local motions. Relaxation measurements are often carried out using 1sN-

labelled proteins, and the motions of the backbone N-H vector are used to represent the

motions of the polypeptide chain. Although the so-called 'model-free' approach is often

used to analyse the relaxation data and obtain the amplitudes and frequencies of intemal

motions, the model-free formalism requires choice of a correct mathematical model for

the fitting, otherwise the results can be biased. On the other hand, the method of

reduced spectral density mapping does not require such a mathematical model. The

spectral density functions, -(o), reflect the intensþ of internuclear vector motion at the

NMR frequencies co. Because three relaxation parameters are relatively easy to measure,

i.e., lsN Rt, Rz and steady-state 15N-{1H} NOE, -(rrl) values are calculated for three

frequencies in the reduced spectral density mapping. Furthermore, the translational
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diffusion of molecules can be measured using pulsed field gradient NMR spectroscopy.

In briet the molecules are marked according to their positions in the sample tube by a

gradient. After a period of diffusion time, their new positions are decoded by a second

gradient, and their diffusion coefficient (D) can be derived.

1.7 Aims and Strategy of the Present Work

IGFBP-1 to -6, the high affinity IGF binding proteins, play important roles in

regulating IGF actions as they can both inhibit and potentiate IGF activity. Previous

studies established that both the N- and C-terminal domains are required for high

affinity IGF binding. In addition to IGFs, IGFBPs interact with a rapidly expanding list

of other proteins, such as integrins, and some serum and extracellular matrix molecules,

such as heparin and other glycosaminoglycans. These molecular interactions can

modulate the IGF binding affinity and/or mediate IGF-independent functions. Different

IGFBPs have overlapping but different interactions of this kind. ImportantIy, the C-

domain of IGFBPs not only contributes to the IGF binding differences among IGFBPs,

but is also a major contributor to the diversity of other molecular interactions.

While the three-dimensional structures of a truncated N-domain fragment (mini-N-

BP-5) and its interaction with IGFs have been studied using NMR spectroscopy (Kalus

et al, 1998) and crystallography (Zeslawski et al, 2001), there was limited structure

and function relationship information regarding the C-domain of IGFBPs at the time

this project commenced.

The high-resolution three-dimensional structure of either a fuIl-length IGFBP or

an IGFBP C-domain has not been determined. It was therefore of desirable to undertake

such a structural study. The solution structure of the IGFBP-6 C-domain (C-BP-6) was

solved during the course of this project (Headey etal,2004a), and the crystal structure

of the IGFBP-1 C-domain (C-BP-1) (Sala et aL,2005) and the IGF-I'N-BP-4'C-BP-4

(Sitar et aI., 2006) have been reported more recentþ. A comparison of the C-BP-2

structure obtained in this study with the IGFBP C-domain structures is of value to get

insight into their functional differences.

Secondly, the IGFBP-2 C-domain and IGF binding interfaces had not been

determined using structural approaches, although some IGF-IGFBP binding residues
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had been identified using various techniques, mostly truncations and point mutations.

During the course of this project, Headey and co-workers revealed the binding sites of

C-BP-6-IGF-II interaction using NMR. However, because of the very low affinity of C-

BP-6 for IGF-I (Headey et alr,2004c), interaction between C-BP-6 and IGF-I was not

studied by NMR. It is of interest to investigate both IGF-I and IGF-II interactions of C-

BP-2 in the current study.

Furthermore, glycosaminoglycan binding by IGFBPs is believed to be important in

modulation of IGF actions, but previous data regarding the heparin binding ability of

IGFBP-2, as well as the binding sites and the effects on IGF binding, have been

contradictory. Having assigned the resonances and solved the structure of C-BP-2, the

next aim was to study the interactions between C-BP-2 and IGFs as well as heparin

molecules and map the binding sites.

More importantly, although the C-domain of IGFBPs is indispensable for high

affinity IGF binding as naturally occurring or recombinant N-domain fragments have

significantly reduced IGF binding affinities, the IGF binding affinities of C-domain

fragments reported in the literature vary greatly. In some reports such binding affinities

were very low or even undetectable. A more in-depth understanding of the interaction

between IGFBP C-domain and IGFs may require structural studies in the absence and

presence of IGFBP N-domain. Previously, few studies investigated a possible

cooperativity between N- and C-domains in IGF binding and the results were

controversial (Carrick et al., 200I ; Payet eI a1., 2003 ; Headey et al., 2004c).

In summary, the following aims were set out for the thesis.

(1) To prepare sufficient amounts of unlabeled and isotope-labeled IGFBP-2 N-

and C-domain fragments for structural studies;

(2) To assess the IGF binding ability of these IGFBP-2 domain fragments using

cross-linking and BIAcore;

(3) To determine the three-dimensional solution structure and the backbone

dynamic properties of the C-domain of IGFBP-2 using NMR;

(a) To map the binding sites among IGFBP-2 N- and C-domains and IGFs.

(5) To investigate heparin binding by IGFBP-2 C-domain, and, if any, to map the

heparin binding site and investigate the effects on IGF binding;

(6) To investigate the possible cooperativity between N- and C-domain in IGF

binding and the underlying structural mechanism;
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To fulfrll these aims, expression vectors for IGFBP-2 N- and C-domain fragments

were generated (Chapter 2). These fragments were expressed in E. coli cells and

purified, and their IGF binding abilities were assessed (Chapter 3). The solution

structure of C-BP-2, which is the largest C-domain in the IGFBP family, was solved

and its backbone dynamics analyzed using NMR (Chapter 4). Heparin binding by C-

BP-2 was determined and the binding site was identifred (Chapter 5). NMR

experimental conditions for t'N-labelled IGF-I, IGF-II, and N-BP-2 were optimised

(Chapter 6). The The IGF binding sites on C-BP-2, as well as the IGFBP-2 N-domain

binding site on C-BP-2 were investigated, and possible structural mechanisms

underlying the cooperativity between the N- and C-domains in IGF binding were

identified (Chapter 7).
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Chapter 2

Generation of Vectors for Recombinant

Protein Expression

2.1 Introduction

As reviewed in Chapter 1, IGFBPs play important roles in modulating IGF actions,

in addition to having IGF-independent functions. Both N- and C-domains of IGFBP-2

are important for IGF binding by IGFBP-2 (Carrick et a1.,200I). Furthermore, the C-

domain of IGFBPs is a major contributor to the IGF binding differences and other

diverse functions among IGFBPs. Whilst the structure of the C-domain of IGFBP-6

(Headey et a1.., 2004a), and more recently those of IGFBP-I (Sala et al., 2005) and

IGFBP-4 (Sitar et alr, 2006) were reported during the course of this thesis, the structure

of the C-domain of IGFBP-2 (C-BP-2) has not been reported. C-BP-2 is the largest C-

domain in IGFBP family, containing an insertion and a unique extension in the C-

terminus compared with other C-domains of IGFBPs. It is also of great interest to

investigate the IGF binding of C-BP-2 in the absence and presence of the N-domain (N-

BP-2), as well as the possible heparin binding by C-BP-2. NMR spectroscopy is a

major approach in the present study for these purposes.

For NMR studies, large amounts (-10 mg) of IGFBP-2 N- and C-domain proteins

are required. Recombinant bovine IGFBP-2 and its domain fragments were expressed

in E. coli cells using the pET32a(+) expression vector by Carrick and co-workers

(Canick et a1.,2001). Using this vector, the target proteins were expressed with an N-

terminal (thioredoxin-(His)6-tag-S-tag) fusion partner. An enterokinase cleavage site

was present between the fusion partner and the protein of interest. After initial

purification of the fusion protein using Ni-IDA chromatography, enterokinase was used

to cleave the fusion partner. One limitation these authors found was in the enterokinase

cleavage step, during which non-specific proteolysis occurred, resulting in a low yield

of the IGFBP-2 protein (Carrick,2001, PhD thesis, The University of Adelaide).

It was therefore desirable to improve the purification procedure by replacing

enterokinase with other proteases that have higher cleavage specificities. 3C protease
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and TEV protease are reported to have high specificities, and recentþ have been used

extensively in recombinant protein preparation systems. In this Chapter, expression

vectors for full-length IGFBP-2, as well as N- and C-domain fragments were generated,

with either a 3C protease or a TEV protease cleavage site incorporated into the N-

termini of the proteins of interest during PCR amplif,rcation of the cDNA.

As shown in Figure 2.1, three full-length IGFBP-2 constructs were generated.

Firstþ, wild-type IGFBP-2 was expressed in the fusion protein form with either a 3C

protease or a TEV protease cleavage site between the fusion tag and IGFBP-2.

Specificities of the 3C and TEV protease cleavages were subsequently tested on the

products of these constructs. In another construct, a TEV cleavage site was placed

between the fusion partner and IGFBP-2, while a 3C cleavage site was incorporated

into the linker domain immediately N-terminal to the C-BP-2 fragment (see below) to

be used in structure determination. This construct allowed the production of either a

full-length IGFBP-2 protein, carrying a3C cleavage site in the linker domain, or the C-

BP-2 fragment. The binding affinity of the full-length protein was compared to that of a

mammalian source IGFBP-2 standard sample, whereas the C-domain cleaved from this

full-length IGFBP-2 was compared to that expressed as C-domain alone (thioredoxin

fusion protein).

A second group ofexpression vectors were generated for expression ofindividual

IGFBP-2 N- or C-domains in E. coli (Figure 2.1). The N-domain construct, 1-138IGFBP-

2 (N-BP-2) contained approximately the first half of the linker domain. Two C-domain

constructs were generated' r4r-28eIGFBP-2 (Large-C-BP-2) contained the C-domain plus

approximately the second half of the linker domain, whereas 183-28eIGFBP -2 (C-BP-2)

contained the C-domain and only a few additional residues that belong to the linker

domain.
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IGFBP.2

N-domain linker domain C-domain

Thioredoxin fusion proteins Protease cleavage Purified proteins

IGFBP.2

IGFBP.2

rGFBP-2 (3C@r83)

r83-28slGFBP-2

(c-BP-2)

r4r-28elGFBP-2

(Large-G-BP-2)

r-183lGFBP-2

(N-BP-2)

Thioredoxin I His tag I 3G cleavage site I TEV cleavage site

X 3G protease J( TEV protease

Figure 2.1 Schematic representation of IGFBP-2 constructs in this study

Wild-type IGFBP-2 and N- and C-domain fragments are represented as boxes and the

N-domain, C-domain, and linker domain are indicated by different colours. The

incorporated protease cleavage sites and the strategies for preparation of these domain

fragments are shown.
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2.2 Materials

2.2.1 Reagents and kits

Pflr DNA polymerase, Nco I, EcoR I, Xho I, and Nhe I endonucleases, and T4

DNA ligase were purchased from New England Biolabs (Beverly, MA, USA).

pET32a(+) vector was from Novagen (Madison 'WI, USA). SPP-1/EcoR I and

plJClglHpa II DNA markers were purchased from Geneworks (Thebarton, SA,

Australia). Shrimp alkaline phosphatase was purchased from USB Corporation

(Cleveland, OH, USA). UltraClean GelSpin agarose gel DNA purification kit was

purchased from MO BIO Laboratiories Inc (Solana Beach, CA, USA). BigDye

terminator sequencing kit was purchased from Applied Biosystems (Foster city, CA,

USA). DyeEx Spin kit was purchased from QIAGEN (Hombrechtikon, Switzerland).

All other reagents used were of analytical grade or higher.

2.2.2 Bacterialstrains

E, coli DHlS-o.,: supE44, LlacUl69, hsdR17, recAl, endAl, gyr/,96, À-, relAl,

l$8OlacZAM15l

2.2.3 Bacterial culture media

Bacterial culture media were prepared by the Central Service Unit of the School of

Molecular Biomedical Science, The University of Adelaide, using methods described

elsewhere (Sambrook et a1., 1989). Solutions were made in HzO generated by the Milli-

Q Ultra Pure Water System (Millipore Pty Ltd, North Ryde, NSW, Australia).

Solutions and media were sterilised by autoclave.

Luria-Bertani mediam (LB)

I % (wlv) tryptone, 0.5 % (w/v) yeast extract, 0.17 M NaCl pH 7.0

Luríø-Bertanì pløtes (L plates)

LB + 1 .5 %o (wlv) agar
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2YT

1.6 % (wþ tryptone, I %o (w/v) yeast extract,0.5 % (w/v) NaCl. Adjusted to pH 7.0

with NaOH

2.2.4 Solutions for DNA procedures

PCR reøction buffer
50 mM Tris-HCl pH 9.0, 20 mM (NI{4) zSO+, 0.005 % BSA, 0.25 mM dNTPs, 3 mM
MgC12

Tris borate EDTA QBE)

0.09 M Tris, 0.09 M boric acid,2.5 mM EDTA

Ethidium bromide støining solution stock

0.1 mglml ethidium bromide prepared in distilled water

10 x DNA loading dye

50 % (vlv) glycerol, 0.25 % (wþ bromophenol blue, 0.25 % (wlv) xylene cyanol FF

Tris EDTA (TE)

10 mM Tris, pH 7.5,0.I mM EDTA

Trønsþrmation buffer 1 (TBI)

30 mMKOAc 100 mM RbCl, 10 mM CaClz QWO\ 50 mM MnClz (4H2O), 15%

glycerol; adjusted to pH 5.8 and filter sterilised

Trønsformøtion buffer 2 gB2)

10 mM 3-N-morpholinopropanesulfonic acid (MOPS), 10 mM RbCl, 75 mM CaCIz

(2HzO),15 Yo glycerol; adjusted to pH 6.5 and filter sterilised
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2.2.5 PCR primers

PCR primers are listed in Table 2.I, arrd were synthesised by Geneworks

(Thebarton, SA, Australia). Primers were dissolved in Milli-Q HzO to 100 ng pl-t

before use.

2.3 Methods

2.3.1 Amplification of DNA by PCR

cDNA segments encoding full-length IGFBP-2, as well as its N- and C-domains,

were amplified using polymerase chain reactions (PCR). The DM003M plasmid vector

containing the full-length human IGFBP-2 sequence in the pXMT-2 vector (Forbes et

a1., 1998) was used as PCR templates. PCR reactions were performed in 40 ¡rl volume,

containing 1 X PCR buffer (100 mM Tris-HCl, pH 8.85, 250 mM KCl, 50 mM

(NH+)zSO¿, 20 mM MgSOa), 250 pM deoxynucleotide triphosphates, 10 % DMSO, 2.5

units of Pfu DNA polymerase, 200 ng of oligonucleotide primers and20 ng of template

plasmid DNA. PCR reactions were performed in a Perkin Elmer Cetus Thermal Cycler

(Norwalk, CT, USA) using the following program: initial denaturation at 92 oC for 3

min; followed by 30 cycles, each of which contained denaturation at 92 oC for 1 min;

annealing at 60 oC for 1 min and extension at 72 oC for 1.5 min. A final extension at

72 "C for 10 min was performed before terminating the reaction by lowering the

temperature to 4 oC. PCR products were identified on I-2 o/o agarose gels against

molecular weight markers as describe d in 2.3.4.

The amplified DNA was precipitated to remove the unincorporated primers and

dNTPs. Thus 25 ¡rl of the PCR product was mixed with 2.5 pl of 3 MNaOAcþH 5.2)

and 63 ¡rl of -20 oC cold ethanol, and incubated at -20 oC for 10 min. The sample was

then centrifuged at 13000 x g for 10 min. The pellet was washed with 100 p,lof 75%

ethanol, and lyophilised under vacuum (Speed-Vac, Savant). The DNA was dissolved

in 20 ¡rl Milli-Q HzO before restriction endonuclease digestion.
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Table 2.1 PCR primers

Restriction enryme sites are underlined. Sequences complementary to the oDNA of
IGFBP-2 are coloured blue. 3C and TEV protease cleavage sites are coloured pink and
red, respectively.

bBP2NCO3Cfw 5' ttttt tçS ¿Egca ctg gaa gtt ctg ttc cag ggg ccc gag gtg ctg
ttc cgc tgc cc 3'
Up-stream primer introducing an Nco I ressctriction site and a
3C protease cleveage site.

bBP2NCOTEVfiv 5' ta tta tgçjlg-gca ga 
^ 

c ctg tac ttc cag ggg g^g gtg ctg ttc
cgc tgc cc 3'
Up-stream primer introducing an Nco I restriction site and a
TEV protease cleveage site.

bBP-2HISRev 5' ttttac etattctta gtg gtg gtg gtg gtggtg ctg cat ccg ctg ggt
gtg cac 3'

Down-stream primer introducing a (His)6 tag, a stop codon, and
an Eco RI restriction site

3C183hBP2Rev 5' ttt ttt g!çgAg-cag gcc atggtg atg ctt gc 3'

Down-stream primer introducing a Xho I restriction site.

3C183hBP2Fw 5' ttt ttt gç@-gcg ctc sas gtg ctg ttt cag ggc cca ccc cct gcc

agg act cc 3'
Up-stream primer introducing Nco I and Xho I restriction sites

and a 3C protease cleveage site.

IGFBP2Rev 5' ttt tac saa ttc ttrctg cat ccg ctg ggt gtg cac 3'

Down-stream primer introducing a stop codon and an Eco kI
restriction site.

bBP2C1363Cf 5' ttt ttt gçS glg_gca ctg gaa gtt ctg ttc cag ggg ccc ggt cgga, g
ccc ctc argtc 3'
Up-stream primer introducing an Nco I restriction sites and a 3C
protease cleveage site.

138hBP2Rev

Down-stream primerintroducing a stop codon and an Eco kI
restriction site.

5' tttttc q¿a;attc tta gcc tcc ccc gcc caa cat gtt c 3'
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2.3.2 Mini-preparation of plasmid DNA

Plasmid DNA was propagated in the E. coli strain DH5-cr,. 5 ml of LB (100 pglml

ampicillin) was inoculated with a single colony containing the plasmid of interest from

a freshly streaked selective plate. After overnight growth at 37 oC with shaking, the

cells were harvested by centrifugation aI3200 x g for 5 min at room temperature.

Plasmid DNA was purified using the Spin Miniprep kit (QIAGEN) according to

the manufacturer's instruction. Briefly, cell pellets were resuspended in 250 ¡rl Pl

buffer (Tris-EDTA buffer) and transferred to a microcentrifuge tube. 250 p"l P2 buffer

(200 mM NaOH, 1% SDS) was added and mixed thoroughly to lyse the cells. 350 prl

N3 buffer (netúralizalion buffer) was added and the tube was inverted 6 times and

immediately centrifuged at 17900 x g for 10 min. the supernatant was passed through a

column containing a silica membrane. The column was washed with 500 ¡rl PB buffer

and750 pl PE buffer. The DNA was eluted in 50 ¡rl Milli-Q H2O.

2.3.3 Restriction endonuclease digestion of DNA

Both the PCR products and the vector plasmids were treated by specific restriction

endonucleases, under conditions recommended by the supplier of the eÍ7Tyme.

For PCR products, reactions were performed in 40 p"l, containing 1X buffer, 5

units of each endonuclease, and 20 pl of PCR product (resuspended in HzO after

precipitation). The reactions were incubated at 37 "C for 3 h. Digestion was terminated

by inactivation of the endonuclease at 65 oC for 20 min.

2.3.4 Agarose gel electrophoresis of DNA

DNA samples were analysed by separation on agarose gels using TBE running

buffer (100 mM Tris-borate, pH 8.3, 2.5 mM EDTA). The concentration of the agarose

gels was I-2 % depending on the size of the DNA sample being electrophoresed.

Samples were loaded into the wells with the loading buffer (IX:2 Yo glycerol,0.04 %

bromophenol blue, 0.04 % xylene cyanol in 1 x TBE). Electrophoresis was usually

performed at 100 V. The gels were then stained with 1 pg ml-r ethidium bromide in
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TBE for 10 min followed by destaining in H2O for 5 min. The DNA was visualised

under long- or short-wave UV light as appropriate, andphotos were recorded.

2.3.5 Isolation and purification of DNA from agarose gel

After restriction endonuclease digestion, both the cDNA segments and the plasmid

vector DNA were purif,red from the reactions using agarose gel electrophoresis. Thus,

the digestion products were electrophoresed at 80 V on an agarose gel. Gel slices

containing the desired DNA fragments were excised from the gel under long wave UV

light.

The DNA was then isolated from the agarose and purified using the UltraClean

Gelspin DNA purification kit (MO BIO Laboratories) according to the manufacturer's

instructions. In briet the gel band was incubated in the GelBind buffer (NaClO+

solution) at 65 oC for 5 min or until the gel was melted. The solution was then passed

through a spin filter provided by the kit. The flow through was reloaded and passed

through the spin field. The spin filter was washed with GelV/ash buffer (Tris/Ethanol

solution). DNA was eluted from the spin filter using 50 ¡rl H2O.

2.3.6 Dephosphorylation

After endonuclease digestion and purification from agarose gel, the plasmid vector

DNA was 5'-dephosphoryated using the shrimp alkaline phosphatase (USB Co). Thus,

50 pl of plasmid DNA was treated by 1 unit of phosphatase in 1X reaction buffer (20

mM Tris-HCl, pH 8.0, 10 mM MgCl2) at37 oC for t h, followed by incubation at 65 oC

for 15 min to inactivate the enzyme.

2.3.7 DNA Ligation

The endonuclease digested oDNA fragments and the digested and 5'-

dephosphorylated plasmid vector DNA were ligated at a molar ratio I 3:1 in ligase

buffer (66 mM Tris-HCl pH 7 .6,6.6 mM MgC12, 50 ¡rM ATP) with 1 unit of T4 DNA
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ligase at L6 "C overnight in a total volume of 10 ¡r1. Negative controls included no

insert DNA ligation and no ligase ligation.

2.3.8 Preparation of competent cells

Competent E. coli cells were prepared as described by CLONTECH Laboratories,

Inc (Palo Alto, CA, USA). Fresh LB (5 ml) was inoculated with a single colony and

grown overnight at37 oC with shaking. A fresh 10 ml of LB was inoculated with the

overnight culture (330 pl) and grown to an Aooo of approximately 0.6 before

subculturing 5 ml into 100 ml fresh LB. This culture was grown to an A6¡6 of 0.6 then

incubated on ice for 5 min. The cells were pelleted by 4000 x g centrifugalion at 4oC

for 5 min, and resuspended in 4 ml of ice cold TB1 solution on ice for 5 min. The cells

were then pelleted by 4000 x g centrifugation at 4 oC for 5 min, and resuspended in 4

ml of ice cold TB2 solution. The cells were incubated on ice for 15 min prior to use or

aliquoted and stored at -80 "C in 100 pl aliquots.

2.3.9 Transformation of bacterial cells

5 pl of the ligation reaction was added to 50 ¡rl competent cells and incubated on

ice for 30 min. The cells were heat-shocked at 42 oC for 90 sec, followed by

recovering on ice for 5 min and at room temperature for 5 min. The mixture was

subsequently incubated in 1 ml LB at 37 "C for 30 min with shaking. The cells were

then centrifuged at 6500 x g for 2 min, resuspended in 100 pl LB and spread on LB

plates (100 ¡rglml Ampicillin), and incubated overnight at37 "C.

2.3.10 Screening of clones

Three to six colonies of each transformation were screened for plasmids that

contained inserted fragment of desired size. Thus, 2 mlLB (100 pglml Ampicillin) was

inoculated with a single colony from the selective plate and grown overnight at 37 oC

with shaking. Plasmid DNA was prepared from 1.9 ml of the overnight culture as

described in2.3.2 and dissolved in 50 ¡r1Milli-Q H2O. 10 ¡r1 of the plasmid DNA was

54



digested by appropriate restriction endonucleases as described in 2.3.3. Digestion

products were separated on agarose gel against molecular weight markers as described

in2.3.4.

2.3.1L DNA sequencing

Selective plasmids that contain inserted fragments of the desired size were subject

to DNA sequencing. The sequencing reaction contained 11 ¡rl of the plasmid DNA, 1 ¡.rl

of sequencing primer and 8 ¡rl of ABI PRISM BigDye mixture (Applied Biosystems),

which included NCIGIT-Dyo terminators, dATP, dCTP, dGTP, dTTP, Tris-HClpH 9.0,

MgC12, thermal stable pyrophosphatase and AmpliTaq polymerase. The sequencing

primers were up- and down-stream universal primers that complement to the T7 or Sp6

promoter regions in the pET32a(+) vector. In the cases when one reaction was unable to

determine the whole inserted sequence, more reactions were performed using different

primers to generate overlapping sequences. The forward and reverse primers for

IGFBP-2 cDNA amplif,rcation listed in Table 2.1 were also used in sequencing some

constructs. The sequencing reactions were carried out using 30 cycles of PCR

amplifications, each of which included denaturation at 96 oC for 30 sec, annealing at 50

oC for 15 sec, and extensionatT2 oC for 4 min. Unincorporated dye terminators were

then removed using the DyeEx Spin kit (QIAGEN) according to manufacturer's

instructions. In brief, 20 ¡i of sequencing PCR reaction was passed through the spin

column containing gel-filtration resins. The flow through containing the DNA was

dried in a speed vac at room temperature for 25 min.

The resultant DNA samples were analysed by the DNA sequencing service at the

Institute of Medical and Veterinary Science (IMVS), Adelaide, Australia, using a

model 377 ABI sequencing machine, and the DNA sequences were reported.
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2.4 Results and discussion

2.4.1 Wild-typeIGFBP-2 constructs

Schematic representations of the pET32a(+) vector and the incorporated 3C and

TEV protease cleavage sites are shown in Figure 2.2. The strategy for generating wild-

type full-length IGFBP-2 constructs is illustrated in Figure 2.3.

2.4.2 IGFBP-2 (3C protease site at L83) construct

A construct was generated for expressing the fuIl-length IGFBP-2 protein that

contains a TEV protease cleavage site at the N-terminus of IGFBP-2 and a 3C protease

cleavage site in the linker domain preceding Glyl83 (Figure 2.4).

2.4.3 IGFBP-2 N-domain constructs

Similar to the preparation of full-length IGFBP-2 constructs, a construct for

expressing 1-138IGFBP-2 (N-BP-2) was generated (Figure 2.5).

2.4,4 IGFBP-2 C-domain constructs

Constructs for expressing lar-zsrtoFBP-2 (C-BP-2) and 141-28eIGFBP-2 (Large-C-

BP-2) using the pET32a(+) vector were generated as demonstrated in Figure 2.6.

2.4.5 Results of DNA work

The results of PCR amplifications are shown in Figure 2.7. PCP. reactions were

performed routinely with 10 % DMSO as described (Sun et al., 1993) to overcome

possible secondary structure formation within the GC rich regions in the IGFBP-2

cDNA. Previously Carrick and co-workers found that 10 % DMSO assisted successful

amplihcation of IGFBP-2, especially the N-terminal domain region (Carrick, 2001,

PhD thesis, The University of Adelaide).
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Both the PCR amplif,red fragment and the pET32a(+) vector were treated by

appropriate endonucleases. The desired fragments were then isolated and purified using

agarose gel electrophoresis. The IGFBP-2 cDNA fragments were then ligated into the

pET32a(+) vector. The resultant plasmid DNA was used to transformed E. coli DH5ct

competent cells. 100 to 200 colonies were usually observed on the plates, while 0-10

colonies can be found on the "no insert DNA" or "no ligase ligation" plate, resulting

from the self-ligated or un-cleaved vectors. Diagnostic restriction digestion was used to

check the inserts of 3-6 colonies of each plate (Figure 2.8). Selected clones that had

inserts of the correct size were subjected to DNA sequencing, which conf,rrmed the

correct sequence of IGFBP-2 cDNA inserts.
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pET-32a (+)

(5900 bp)

N

LacI

T7
Trx-tag
Hisutag
Thrombin site
S tag
Enterokinase site
Multiple cloning sites

Hisu tag
T7 terminator

fl ori

orl
A-pR

c

Ncol TEV cleavage site

--- gcc atg gcz g 
^ 

aac ctg tac ttc cag ggg g ggtg ctg ttc cgc ---

---A MA E N LYF aIGFBP-2

IGFBP-2 / N-BP-2

Large-C-BP-2

G E V LFR---
II

Ncol 3C cleavage site

-- gee¿tggc ctgga^ gtt ctg ttc cag ggg ccc g ggtg ctg ttc cgc ---

--- A M A L E V L F Q^G P E V L F R ---

I'
-- gee-atggcactggaa gtt ctg ttc cag ggg ccc ggt cgg aag ccc ctc ---
--- A M A L E V L F Q^G P G R K P L ---

I tot

--- gcc atg gcg ctc gag gtg ctg ttt cag ggc cca ccc cct gcc agg act ---
---A MA L E VLFQ^ P P PA R T---

I

c-BP-2

Figure 2.2 pET32a (+) vector and the incorporated 3C and TEV cleavage sites

The pET32a (+) expression vector (Novagen, Madison, USA) is designed for high-level
expression of proteins fused with a 109 amino acid thioredoxin tag. The resultant
protein also contains His6-tag and S-tag for detection and purif,rcation. The pET32a (+¡

plasmid is under T7 transcriptional regulation and contains the B-lactamase ampicillin
resistance gene (AmpR). The incorporated 3C and TEV cleavage sites are shown.

IGFBP-2 / domain fragmentsThioredoxin
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Figure 2.3 Cloning of IGFBP-2 into pET32a expression vector

Full-length bovine and human IGFBP-2 oDNA were amplified by PCR using the pGFT

and DM003M plasmids as templates, respectively. The PCR primers are represented as

alrows above the cDNA. Forward primers bBP2NCO3Cfw (for incorporation of a 3C
cleavage site) and bBP2NCOTEVfiÃ/ (for incorporation of a TEV cleavage site), and

reverse primer bBP-2HISRev were used. The fragments were digested using Nco I and
EcoRI, and cloned into the pET32a (+) vector.

pET-IGFBP-2-3C pET-IGFBP-2-TEV
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Thioredoxin
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Figure 2.4 Cloning of IGFBP-2 (3C at 183) into pET32a expression vector

IGFBP-2(3C@183) oDNA was amplified by PCR using the DM003M plasmid as

template. Forward primer bBP2NCO3Cfiv
,m.ã to ampli$z the 1-176IGFBP-2 fragment,
reverse primer IGFBP2Rov were used

containing ino acid mutations (177-1,83) to a 3C protease cleavage site. These two
fragments were digested using Nco I, Xho I, and Eco R[, and then ligated into one
pET32a (+) vector.

pET-IGFBP-2-3C@183
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Figure 2.5 Cloning of IGFBP-2 C-domain into pET32a expression vector

cDNAs of two C-domain fragments were amplified by PCR using the DM003M
plasmid as template. Forward primer bBP2CI36Cfl and reverse primer bBP2-HISRev
were used to amplit/ the 141-28eIGFBP-2 fragment, while forward pdmer
3C183hBP2Fw and rêveise primer IGFBP2Rov were used to ampliô/ the I83-28eIGFBP-

2 fragment The fragments were digested using Nco I and Eco R[, and cloned into the
pET32a (+) vector.

pETT4LileIGFBP_2 pET.l83-2seIGIfBp-2
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Figure 2.6 Cloning of IGFBP-2 N-domain into pET32a expression vector

cDNA of 1-183IGFBP-2 was amplified by PCR using the DM003M plasmid as template.
Forward primer bBP2NCO3Cfr¡¡ and reverse primer 138hBP2Rev were used. The

fragment was digested using Nco I and EcoRI, and cloned into the pET32a (+) vector.

pETl¡38IGFBP-2
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base pairs
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Figure 2.7 Polymerase chain reaction (PCR) of cDNA encoding IGFBP-2

PCRreactions were analysed on 1.5 Yoagarose gels as described in section 2.3.4.4 ¡tl
of the 40 pl reaction were loaded onto the gel. 500 ng of molecular weight markers
(SPP-llEco RI and pUCI9lHpa II) were also loaded. Amino acid regions of the
amplified fragment are labelled on the top of each lane. Molecular weight sizes (base

pairs) are indicated.
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Figure 2.8 Screening of clones

To screen the clones containing target cDNA inserts, digested plasmid DNA samples

were analyzed on 1.2 o/o agarose gel against DNA markers and the target PCR products.

Lanes l,2,and3 in (a), (c), and (d), and lanes 1, 3,5,7 in (b) were samples of three or

four clones digested using Nco I and Eco RI. (a) pET-IGFBP -2-3C construct. (b) pET-

IGFBP-2(3C@183) construct. lanes 2, 4,6,8 were the samples of 1,3,5,7,
respectively, treated by Xho I showing the incorporated 3C protease site at 183. (c)

pET-r41-28eiGFBP-2 construct. (d) pET-t-138lcrgp-2 construct.

I
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-F

64



Chapter 3

Preparation and Chara cterization of

IGFBP-? N- and C-terminal l)omains

3.1 Introduction

Previously, IGFBP-2 N- and C-domain fragments have been expressed in both

COS-1 monkey kidney cells and E. coli cells (Carrick et a1., 2001). These authors found

that the enterokinase cleavage, which was performed to remove the fusion partnet, was

not sufficiently specific (Carrick, 2002, PhD thesis, The University of Adelaide). Thus,

either a 3C protease or a TEV protease cleavage sequence was incorporated into the

expression vector to replace that for enterokinase as described in the previous Chapter.

In this Chapter, N- and C-domain fragments, as well as full-length IGFBP-2

proteins were expressed in E. coli cells using the expression vectors described in

Chapter 2. Cleavage of the thioredoxin-IcFBP-2 fusion proteins by 3C and TEV

proteases was investigated and the cleavage conditions were optimised. Large amount

of unlabelled N- and C-domain proteins were prepared using the improved purification

protocol. Mass spectroscopy and N-terminal sequencing were performed to determine

the integrity and purity of the proteins.

There has been a marked discrepancy in the literature regarding the IGF binding

affinity of IGFBP C-domain fragments, which may have reflected a combination of

genuine binding differences together with the technical differences, such as the

different specif,rcity and sensitivity of the methods used. Therefore, in this Chapter,

binding of the recombinant N-BP-2 and C-BP-2 fragments were assessed using two

methods, i.e., cross-linking and BIAcore analysis.

NMR studies of proteins with more than 70 amino acid residues often require

labelling of the protein with NMR-active nitrogen and carbon isotopes, 1sN and 13C,

respectively. Therefore, expression of the N- and C-domain fragments in minimal

media was investigated. ttN-labelled and lsN/l3c-labelled C-BP-2 proteins, as well as

ltN-labelled N-BP-2 protein were prepared.
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3.2 Materials

3.2.1 Reagents and kits

ttNHoCl and 13C6-glucose were purchased form Cambridge Isotope laboratories

Inc. (Andover, MA, USA). Tricine, dithiothreitol (DTT), Coomassie brilliant blue R250,

imidazole, nickel sulphate, polyoxethylene-sorbitan monolaurate (Tween 20), sodium

dodecyl sulphate (SDS), N,N,N'N'-tetramethyl etþlene-diamine (TEMED), tris-HCl-

(þdroxymethyl) aminomethane (Tris-HCl), and protease inhibitory cocktail were

purchased from Sigma (St. Louis, MO, USA). Isopropyl-B-D-thiogalactopyranosid

(IPTG), acetic acid and HPLC-grade methanol and acetonitrile were obtained from

BDH Chemicals Australia (Kilsyth, VIC, Australia). Sequencing Grade trifluoroacetic

acid (TFA) was obtained from Perkin Elmer, Applied Biosystems Division (Warrington,

Great Britain). Affr-Gel 10, acrylamide, bis-acrylamide, and the Mini-Protean II Gel

system for casting and running protein gels were purchased from Bio-Rad (lt{orth Ryde,

NSW, Australia). Nitrocellulose membranes (0.45 pm) were from Schleicher and

Schuell (Dassel, Germany), while membranes for filtering were obtained from

Millipore Corp (Bedford, MA, USA). 3C protease (PrescissionrM protease) was

purchased from Amersham Biosciences (Piscataway, NJ, USA). TEV protease

(AcTEVTM protease) and Markl2rM unstained standard protein marker were purchased

from Invitrogen life technologies (Carlsbad, CA, USA). Prestained protein marker was

purchased from New England Biolabs (Beverly, MA, USA). Zymatix nickel-

iminodiacetate Qrli-IDA) affinity resin was purchased from Bioserve (Heidleberg West,

VIC, Australia). HPLC was performed using two Waters 510 HPLC pumps, an online

Waters 486 Tunable Absorbance Detector and Millennium Software from Waters

(Sydney, NSW, Australia). The PE BrownleerM Aquapore C4 (100 x 10 mm) BU-300

column with 20 ¡rm particles was purchased from Rainin LC and Supplies (Mulgrave,

Victoria, Australia). The Delta-Pak PrepLC (25 x 100 mm) column segments and

guard packs were purchased from Waters (Sydney, NSW, Australia).

The BIAcorerM-20OO instrument, CM5 sensor chips, surfactant P20 and amine

coupling reagents, N-ethyl-N'-f(dimethylamino) propy]l carbodi-imide (EDC), N-

hydroxysuccin-imide (NHS) and ethanolamine were purchased from BIAcore AB
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(Uppsala, Sweden). N-2-Hydroxyethylpiperazine-N-2-ethanesulphonic acid (HEPES)

was obtained from BDH Laboratory Supplies (Poole, England). tt5I-IGF-II was from

ProSearchr (Australia). All other chemicals were of anal¡ical reagent grade. IGFBP-2

standard, IGF-I and IGF-II for BIAcore and cross-linking analysis were purchased from

GroPep (Adelaide, Australia).

3.2.2 Bacterial strain

E. ColiBL2l: E. coli B F-dam opt hods (bo*b-) gal (DE3)

3.2.3 Minimal media for isotope-labelled protein expression

Rich media for unlabelled protein expression are described in Chapter 2

Modffied M9 minimal medium

To 965 ml of 3 % M9 salt, add the following filter-sterilised solutions under sterile

conditions: 20 ml of 5 Yo ttN-NH¿Cl, 10 ml of 20 oá glucose (use l3C6-glucose for

tsN/ttc-lubelling), 2 ml of 1 M MgSOa, 0.1 ml of I M CaCl2,2 ml of 500 X Trace element

stock, 1 ml of 4 Yothiamine, and ampicillin (100 pglml).

3 % M9 salt (1 L)

NazHPO+ 6 g

KHzPO+ 3 g

NaCl 0.5 g

Adjust to pH 7.4 and autoclave

500 X Trace element stock (100 ml)

FeSO+.7HzO 1.0 g

MnSO+.HzO 0.255 g

ZnSOo,.THzO 0.43 g

CuSO+.5HzO 0.0375 g

Na¡citrate 4.4 g

HCl (conc.) 2ml
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MOPS mínimal medium

For 1 L of MOPS minimal medium, the following filter-sterilised solutions were mixed

under sterile conditions: 95 ml of MOPS concentrate, 10 ml of 0.132 M KzHPO+,5 ml

of 1.9 M lsN-NH a,Cl, l'l .5 ml of 20 %o glucose (use r3C6-glucose for lsN/l3C-labelling),

1 ml of 1ggmg/ml Ampicillin, and 871.5 ml of Milli-Q H2O Q'{eidhardt et al,1974).

MOPS concentrate

The following solutions were mixed in this order to yield 950 ml of MOPS concentrate:

400mlof I MMOPS (pH7.4),40mlof 1MTricine (pH7.4),10mlof 0.01 MFeSO+,

10 ml of 0.276 M KzSO¿, 10 ml of 0.5 mM CaClz, 10 ml of 0.528 M MgCl2, 125 ml of

4 M NaCl, 10 ml of micro-nutrient stock, and 335 ml of Milli-Q HzO.

Micronutríent stock

3 pM (NH+) 6Mo7o24> 0.4 mM HzBO+, 30 pM CoClz, 10 ¡rM CuSO+, 80 ¡rM MnClz, 10

pM ZnSOa

3.2.4 Nickel-IDA Chromatography buffers

NiSØ charge buffer
50 mM NiSO¿; adjusted to pH 7.9 and filter sterilised (0.45 ¡rm)

Bínding buffer
5 mM imidazole, 0.5 M NaCl, 20 mM Tris; adjusted to pIH7.9 and filter sterilised (0.45

pm)

lmrsh buffer
10 mM imidazole, 0.5 M NaCl, 20 mM Tris; adjusted to pH 7.9 and filter sterilised

(0.45 pm)

Elute buffer
0.5 M imidazole, 0.5 M NaCl, 20 mM Tris; adjusted to pH7.9 and filter sterilised (0.45

pm)

Strip buffer
0.1 M EDTA, 0.5 M NaCl, 20 mM Tris; adjusted to pH 7.9 and filter sterilised (0.45

pm).
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3.2.5 IGF affÏnity column buffer

50 mM Tris pH 1.5, ß0 mM NaCl, 1 mM EDTA, 0.05 % (v/v) Tween-20

3.2.6 HPLC buffers

HPLC buffer A

0.1% (v/v) TFA; filtered (0.2 Pm)

HPLC buffer B

80 o/o acetonitrile, 0.088 % (vlv) TFA; filtered (0.2 pm)

3.2.7 3C and TEV protease cleavage buffer

Although tecommended by the manufacturer, DTT was not supplemented in these

buffers (see below).

lX 3C protease cleavage buffet

50 mM Tris-HCl pH7.0,150 mM NaCl, lmM EDTA

IX TEV protease cleavøge buffer

50 mM Tris-HCl pH 8.0, 0.5 mM EDTA

3.2.8 Buffers for protein electrophoresis

Lysis buffer
2% (vlv) NaOH, l0% (vlv) p-mercaptoethanol

2 x Protein loading buffer
125 mM Tris-HCl, 4 % (wlv) SDS, 10 % (vlv) glycerol, 0.1 % Bromophenol Blue pH

6.8

Polyacrylamide tricine gel running buffer
250 mM tricine,25 mM Tris-HCl pH 8.3, 0.1% (w/v) SDS

GelJixing solution
50 % (vlv) ethanol, 10 % (vlv) acetic acid
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Coomøssie blue staíning solution

0.5 % (w/v) Coomassie blue R-250, 10 % (vlv) acetic acid

Gel destøin solution
l0 o/o acetic acid

Gel washing solution
30 % (vlv) ethanol, 5 % (vlv) glycerol

Gel Drying Solution
5 % (vlv) glycerol, 30 % (vlv) ethanol

3.2.9 Buffers for cross-linking and BIAcore analysis

Phosphøte buffered saline (PBS)

140 mM NaCl, 2.5 mM KCl, 1.6 mM KH2POa, 15 mM NazHPO¿, p}l7.2

HEPES baffered saline (HBS)

10 mM HEPES, 150 mM NaCl, 3.4 mM EDTA, 0.05 % (v/v) surfactantP2}; prepared

fresh from a 10 x concentration of stock solution; adjusted to pH 7 .4 and frlter sterilised

(0.2 pm)

Regenerøtion bulþr

100 mM HCl, 500 mM NaCl

3.3 Methods

3.3.1 Expression of proteins in E. coli

Full-length IGFBP-2 and the N- and C-domains of IGFBP-2 were expressed in E.

coti BL2I (DE3) cells using the expression vectors described in Chapter 2. For

unlabelled protein expression, cells were grown in LB medium. Briefly, LB medium

(100 ¡rglml ampicillin) was inoculated with 1/10 volume of an overnight LB culture,

grown at37 oC with shaking. The O.D.ooo of the culture was monitored. When O.D.ooo

reached -0.6, IPTG was added to the culture to final concentration of 0.1 mM to induce
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the expression of the recombinant protein. The proteins were expressed for a minimum

of 4 h prior to pelleting the cells (5000 x g, 5 min, 4 oC). For ttN-labelled or ttN/t'C-

labelled protein expression, cells were gfown in M9 medium, and 15NH+CI (1 g L-1), or

ttNHoCl (1 g I.-t) and 13C6-glucose (2 g L-t) were used as the nitrogen and carbon

sources.

Cell culture samples (1 ml) were taken prior to induction of protein expression and

upon cell harvest to check the expression of the recombinant proteins using SDS

polyacrylamide gel electrophoresis as described in 3.3.5. In initial experiments, cell

culture samples were also taken at different time points during the expression period.

3.3.2 Nickel-IDA chromatography

Thioredoxin fusion proteins of N- and C-domain fragments were purified using

Ni-IDA column. The cell pellets were resuspended in the ice-cold Ni-IDA column

binding buffer (1/10 volume of original culture) and protease inhibitor cocktail (Sigma)

was added according to manufacturer's instructions. The cells were then homogenised

by two passes through the French Press (1000 psi). 200 ¡rl of the lysate was centrifuged

at 10000 x g for 10 min; the supernatant and the pellets, washed thoroughly using the

binding buffer, were analysed as the soluble fraction and insoluble fraction,

respectively, in SDS polyacrylamide gel electrophoresis as described in 3.3.5. The rest

of the lysate was centrifuged at 10000 x g for 10 min at 4 oC. The supernatant was

filtered (0.S pm) before loading onto a Ni-IDA column.

The Ni-IDA column contained approximately 10 ml of resin. Ni-IDA

chromatography was performed using a peristaltic pump with an online Pharmacia UV-

1 monitor set at 280 nm. The resin was charged with four column volumes of NiSO¿

charge buffer, and equilibrated with three column volumes of binding buffer prior to

loading of the protein sample. The sample was loaded at a flow rate of 2 ml min-l. Non-

specifically bound proteins were washed from the column with firstly ten column

volumes of binding buffer followed by six column volumes of wash buffer. Specifically

bound His6-tagged proteins were eluted using the elute buffer. The column was then

stripped with five column volumes of strip buffer and stored at 4 oC.
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3.3.3 IGF affinity chromatography

Thioredoxin fusion proteins of full-length IGFBP-2 were purified using IGF

affinity column. Long IGF-I (pGH(1-11)-\rN-IGF-I) was prepared by Ms Kerrie

McNeil (The University of Adelaide) using the previously described protocol (King et

a1.,1992). Long IGF-I was coupled to Affi-Gel 10 (Bio-Rad) as recommended by the

supplier. The column was equilibrated with IGF affinity column buffer prior to loading

of the protein sample. The E. coli cellpellets were resuspended in IGF afflrnity column

buffer and were homogenised as above. The supernatant was filtered (0.8 pm), and then

was loaded onto the column using a peristaltic pump at a flow rate of 1 ml min-r.

Unbound proteins were washed from the column using IGF affinity column buffer until

a baseline absorbance at280 nm was obtained. Specifically bound protein was eluted in

0.5 M acetic acid. The fractions containing protein were pooled for further purif,rcation

by reverse phase HPLC as described in 3.3.6.

3.3.4 Initial trials of 3C and TEV protease cleavage

Thioredoxin-IGFBP-2 fusion proteins, eluted from the IGF affinity column, were

further purif,red by reverse phase HPLC as described in 3.3.6. 3C and TEV protease

cleavage trials were then carried out on these fusion proteins. Initial cleavages were

performed using the conditions recommended by the suppliers, including 1 mM DTT in

the cleavage buffers. It was found that the presence of DTT changed the HPLC profile

of the target proteins compared to standard protein samples (see below). 3C and TEV

protease cleavages without DTT or with 0.1 mM or 1 mM DTT at varying pH and

temperature were then compared in detail to determine the optimum conditions.

3.3.5 3C protease cleavage

For large scale purification of the unlabelled and isotope-labelled 183-2sehIGFBP-2

(c-BP-2), the 1-r3shIGFBP-2 
O{-BP-2), and the unlabelled 141-2sehIGFBP-2 (large C

domain) proteins, the Ni-IDA column elute that contained the fusion protein was

dialysed against 1 X 3C protease cleavage buffer at 4oC for 24 h. Typically, from a 1 L

culture ferment¿tion, the Ni-IDA column elute was about 30 to 50 ml. An initial 5 L of
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1 X 3C protease cleavage buffer was used in the dialysis, and it was changed to fresh

buffer twice during the dialysis.

Aliquots of the protein samples were checked and quantified as described in 3.3.8

before 3C protease cleavage was performed. Concentration of the fusion protein in the

cleavage reaction was about 0.5 to 1.0 mg m1-1. Ten units of 3C protease per mg of

fusion protein were added to the samples and the samples were then incubated at 4 oC.

The cleavage reactions were monitored by running small aliquots of the samples on

reverse phase HPLC as described in 3.3.8.

3.3.6 Preparative HPLC

After the cleavage reaction was completed, the protein sample was purified using

reverse phase HPLC. Firstly, 0.2 mI of I o/o TFA per ml of the cleavage reaction was

added to reduce the pH of the sample to 2.0-3.0. The sample was then filtered (0.2 ¡rm),

and loaded onto a Delta-Pak PrepLC column at a flow rate of 2 ml min-l using a Waters

510 pump. The recombinant protein was isolated from the cleavage product using a24-

56%o acetonitrile gradient over 160 min in the presence of 0.1% TFA at a flow rate of 2

ml min-l. Fractions containing the target protein were pooled, quantif,red and

lyophilised.

3.3.7 SDS polyacrylamide gel electrophoresis and staining

Samples from the protein expression and purification procedures, as well as

purified protein samples were analysed using SDS polyacrylamide tricine gel (12%)

electrophoresis under non-reducing conditions unless otherwise noted.

Un-induced and induced E. coli cell cultures (1 ml) were pelleted and the cells

resuspended in lysis buffer to a final concentration equivalent to 50 ¡rl per OD unit and

boiled for 10 min. Other protein samples were heated to 100 oC for 5 min in2Xprotein

loading buffer prior to electrophoresis. The whole cell lysates (10 pl) and other protein

samples were then loaded onto the gels and electrophoresed at 40 mA per gel until

adequate separation was achieved.

Protein bands were visualised by Coomassie blue st¿ining. Gels were fixed in the

gel fixing solution for 20 min, stained in Coomassie blue staining solution for 60 min

and then washed in gel destain solution until the background staining was negligible.
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The gel was then washed in gel wash solution for 10 min and dried between

cellophanes at room temperature.

3.3.S Anatytical HPLC and quantification of the protein

The protein purification procedures, as well as the quantity and purity of the

purified protein samples were also routinely assessed using a C4 BU-300 column on an

Agilent model 1100 HPLC system. Absorbance at 2L5 nm was measured and

concentration determined based on absorbance ratios relative to accurately quantified

IGF-I standards (GroPep).

3.3.9 Mass Spectroscopy and N-terminal Sequencing

Electrospray mass spectroscopy and N-terminal sequencing, both performed by

Mr Chris Cursaro (School of Molecular and Biomedical Science, The University of

Adelaide), were used to confirm the identity of the proteins. Lyophilised protein

samples were submitted for electrospray mass spectroscopy on a Micromass Q-TOF

mass spectrometer. N-terminal amino acid sequences were determined by Edman

degradation using an Applied Biosystems Procise protein sequencer.

3.3.10 Cross-linking

Cross-linking was performed by Mr Julian Thompson (Department of Medicine,

Monash University) to assess the binding of full-length IGFBP-2, N-BP-2, and C-BP-2

to IGF-II. 5 pg of C-BP-2, 1 ¡rg of N-BP-2, or 20 ng of IGFBP-2 were incubated with

L4 ng 125I-IGF-II (200,000 cpm; ProSearch), with and without excess unlabelled IGF-II,

at 4 "C overnight in 40 ¡rL of PBS. Disuccinimidyl suberate was then added to the

samples to a final concentration of 0.25 mM and incubated at 15 oC for 30 min. Cross-

linking was terminated by the addition of Tris-HCl buffer (pH 7.5) to a concentration of

100 mM, followed by 5 min incubation at 15 oC. Samples were then boiled for 5 min

with electrophoresis loading buffer and separated on a l5o/o SDS polyacrylamide gel,

followed by autoradiography.
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3.3.11 Preparation of BIAcore biosensor surface

IGF binding by full-length IGFBP-2 and N- and C-domain fragments was

analysed using BIAcore 2000 (BIAcore AB, Uppsala, Sweden). Ligands were

covalently immobilised on CM5 gold surfaces using the amine coupling method as

described previously (Carrick et a1., 2001). Firstly, the CM5 gold surfaces in the sensor

chip were activated by injection of a fresh mixture of EDC and NHS solutions as per

the manufacturer's instructions (BIAcore). The peptides to be immobilised (12.5 pglml

in 50 mM sodium acetate pH a.Q were injected onto the activated CM5 surface at 5

pVminute. The surfaces were then deactivated by passage of 1 M ethanolamine. For

IGF-I and IGF-II surfaces, negative control surfaces included a blank surface (no

protein) and an insulin surface. Biosensor surfaces were coupled to final resonance

values of approximately 100 response units (RU) for IGF/insulin surfaces, 200 RU for

C-BP-2 surface, and 600 RU for Large-C-BP-2 andIGFBP-2 surfaces.

3.3.12 Acquisition and analysis of BIAcore data

Various concentrations of analytes were injected in the HBS running buffer at 25

oC during the association phase for 2 min at a flow rate of 40 ¡tL min-l, followed by a

10 min dissociation phase with running buffer alone. The flow rate was previously

optimised by Lucic and co-workers to minimise the mass transport limitation effects

(Lucic, 2000, PhD thesis, The University of Adelaide). In each experiment, duplicate

samples were used for any given concentration, and samples were injected in random

order. Between each sample, the biosensor surfaces were regenerated by a 200 sec

injection of regeneration buffer (section 3.2.9).

Kinetic data for the interactions were derived by fitting experimental association

and dissociation curves (sensorgrams) using the BlAevaluation program version 3.0

(BIAcore AB, Uppsala, Sweden). The sensorgrams were corrected for the non-specific

response and bulk refractive index contribution by subtraction of the sensorgram of the

reference flow cell. For the interaction between IGFs and full-length IGFBP-2, a two-

state reaction (conformational change) model, i.e., a 1:1 binding of a analyte to a

immobilised ligand followed by a conformational change, was used as this model was

previously found to fit these sensorgrams better by Lucic and co-workers (Lucic, 2000,
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PhD thesis, The University of Adelaide). For the interactions between IGFs and the N-

and C-domains of IGFBP-2, the 1:1 Langmuir binding interaction describing 1:1

binding between an analyte and ligand was used to fit the data. The 1:1 stoichiometry

for the interaction between IGFs and IGFBPs was previously established (Bourner et aI.,

1992). Models were fitted globally across the data sets, i.e, simultaneously across the

entire concentration series.

3.4 Results

3.4.L 3C and TEV protease cleavage

3C and TEV protease cleavage trials were carried out on the thioredoxin-IGFBP-2

fusion proteins, which have either a 3C or a TEV protease cleavage site incorporated

between the thioredoxin tag and IGFBP-2 protein. Both 3C and TEV cleavages were

found to be highly specific in cleaving these fusion proteins, because using excess

proteases and prolonged incubation times did not alter the product pattems as

monitored by SDS polyacrylamide gel electrophoresis and analytical HPLC. The

correctness of the cleavage was also confirmed by N-terminal protein sequencing (see

below).

However, the reducing reagent DTT, which is recommended by the manufacturers

to be a component (1 mM) in both 3C and TEV cleavage buffers, was found to change

the HPLC profiles of fuIl-length IGFBP-2, most likely due to the reduction of certain

disulfide bonds in the molecule. As shown in Figure 3.1 (a and b), in the absence of

DTT, TEV protease cleaves the fusion protein and yields a peak for bovine IGFBP-2 at

17.6 minusing a 20 to 60 o/o acetonitrile gradient on analytical HPLC; the samples were

then mixed with 1 mM DTT, as recommended for the cleavage reaction, and were

analysed either immediately or after incubation at 30 oC for 30 min. It can been seen

that, incubation in the cleavage buffer with DTT changed the 17.6 min peak to 20.7 min

and 18.5 min peaks. This effect was still significant at 4 "C and with less DTT (0.1

mM), as can be seen in the 3C protease cleavage experiments (Figure 3.1(c-f)). The

additional IGFBP-2 peaks generated during cleavage with DTT were probably partially

reduced forms of IGFBP-2 but were not due to non-specific cleavages, because
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cleavage of the fusion proteins without DTT did not produce these peaks. Furthermore,

incubation of bovine IGFBP-2 sample (Kindly supplied by Dr Briony Forbes from a

mammalian source) with DTT but no protease resulted in identical peak change pattern

(Figure 3.1(g-h)). As would be expected for the disulfide bond reduction, the effect of

DTT on IGFBP-2 was found to be more significant at higher temperature and higher

pH.

To avoid its reducing effect on IGFBP-2, DTT was not supplemented in the

cleavage buffers, although diluted (-1-5 pM) DTT was expected to originate from the

protease storage buffers (1 mM in 3C protease and 5 mM in the TEV protease).

Unfortunately, the absence of DTT resulted in reduced activities of 3C and TEV

proteases, both of which are cysteine proteases, and thus larger amounts of the

proteases and much longer cleavage time were necessary to complete the cleavages.

Since the recommended cleavage conditions of the 3C protease are at 5 oC and pH 7 .0,

while those of TEV protease are at 30 "C and pH 8.0, 3C protease was chosen for large

scale preparations of N- and C-domain fragments, and the cleavage was performed at 4

oC to minimise potential proteolytic degradation by other contaminating proteases

during long incubation times.
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Figure 3.1 HPLC profiles showing the effects of DTT on IGFBP-2

Thioredoxin (Trx) fusion protein of bovine IGFBP-2 was cleaved by TEV protease

without DTT, then mixed with DTT (1 mM) and was analysed on HPLC either

immediately (a) or after incubation at 30 'C for 30 min (b); Trx-bIGFBP-2 was cleaved

by 3C protease with either 0.1 mM (c and d) or 1 mM (e and Ð DTT at 4 oC for 30 min
(c and e) or 60 min (d and f); Mammalian cell sourced bovine IGFBP-2 standard

sample (g) or after incubation with 1 mM DTT in 1 X TEV buffer at 30 oC for 30 min.

Using this gradient, bIGFBP-2 has a peak at 17.7 min, whereas the pafüaIly reduced

products (bIGFBP-2(r)) have peaks at 18.5 arrd20.7 min.
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3.4.2 Expression and purification of C-BP-2 and N-BP-2

In E. coli BL21 (DE3) cells, the majority of the fuIl-length IGFBP-2 fusion

proteins, expressed using the pET-IGFBP-2 or pET-IGFBP-2(3C@183) vectots, were

found in the insoluble fraction (data not shown). Nevertheless, the fusion protein in the

soluble fraction was purified under native conditions. Either a fuIl-length IGFBP-2

protein (with a 3C cleavage site at 183) or the C-domain fragment was then cleaved

from the thioredoxin-IcFBP-2(3C@183) protein using TEV protease or 3C protease,

respectively (Figure 2.1). The IGF binding properties of these full-length or C-domain

fragments were assessed using BIAcore, and compared to the native fuIl-length IGFBP-

2 or the C-domain fragment produced using the second vector (see below)'

Large-scale expressions of unlabelled and isotope-labelled C-BP-2 fragments were

performed using the pBJ-18r-zaelGFBP-2 expression vector. The thioredoxin-C-BP-2

fusion protein was in the soluble fraction when expressed in the E. coli BL2l (DE3)

cells. The fusion proteins were initially puriflred using Ni-IDA column under native

conditions (Figure 3.2). The Ni-IDA column elute was dialysed against 3C protease

cleavage buffer to remove the Ni2*, and the fusion protein was subsequently cleaved

using 3C protease. The volume of the cleavage reaction was 30 to 50 ml, containing -
0.5 mg m1-1 fusion protein. Because DTT was not added to the cleavage buffer, it was

desirable to eliminate Oz in the sample to prevent oxidization of the catalylic cysteine

residue of the 3C protease. Thus, the samples were bubbled very gently with Nz gas for

5 min before the 3C protease was added; care was taken to avoid foaming during this

step. In addition, a greater amount of the protease was required to complete the

cleavage reactions, compared to the cleavage conditions with DTT, as recommended by

the manufacturer. It was found that the C-domain fragment product remained intact in

this cleavage reaction at 4 oC up to 4 days, as monitored by analytical HPLC. Therefore,

the cleavage reactions were allowed to proceed for 24 to 36 h, and at different time

points aliquots were taken and analysed by HPLC. Additional 3C protease was added

occasionally during the cleavage period. Final cleavage products were separated using

HPLC (Figure 3.3). The C-BP-2 protein was quantified using HPLC and lyophilised.

t2 mg of unlabelled C-BP-2 was purified from 2 L of LB medium culture,

whereas 8 mg of ttN-labelled C-BP-2, and2.5 mg of ttN/t'C-labelled C-BP-2 proteins
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Figure 3.2 Expression and purification of unlabelled C-BP-2 protein

Uninduced and induced cell culture samples from the E. coli expression of Trx-183-
28eIGFBP-2, and the protein samples at each state during the purification using nickel

affinity chromatography (as described in section 3.3.2) wefe separated by
electrophoresis on l2%o polyacrylamide tricine gel and stained with Coomassie Blue-

R250 (as described in section 3.3.7). Molecular weight markers are indicated on the left.

80



(a)

{ra? ^ut

kD¡

91.4

$g:t

36.0 

-31.0 

-zr.s 
-14.4 

-
6.0 

-

- 
Trx-C-BP-2

-Til

- 
c-BP-z

Trr-C-BP-2(b)

(c) c-BP-2 Trx

(d) c-BP-2

010203040
Time (min)

Figure 3.3 3C protease cleavage of thioredoxin-C-BP-2 fusion protein

protein samples of Trx-183-28etGFBP-2 before and after 3C protease cleavage (section

3.3.5), and the r83-28eIGFBP-2 (C-BP-2) sample purif,red by preparative HPLC (section

3.3.6) were analysed by (a) electrophoresis on 12%o polyacrylamide tricine gel and

stained with Coomassie Blue-R250 (section 3.3.7), or (b-d) by analytical HPLC using a

C4 BU-300 column on an Agilent model 1100 HPLC system (section 3.3.8).

Absorbance at2L5 nm was measured'
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were purifled from 2L and 1 L of M9 minimal medium cultures, respectively, using the

appropriate isotopes.

Another IGFBP-2 C-domain fragment, 14r-28ehIGFBP-2 (Large-C-BP-2), was

expressed using the pEJ-1at-28e1GFBP-2 vector. Interestingly, although the thioredoxin-

Large-C-BP-2 fusion protein was expressed in the soluble fraction using LB medium

(Figure 3.4), and 6 mg of the Large-C-BP-2 protein was purified from 1 L of LB

medium culture (Figure 3.5), this fusion protein was found in the insoluble fraction

when using either M9 minimal medium (Figure 3.6) or MOPS minimal medium.

Therefore isotopic labelling of this fragment was not performed'

An IGFBP-2 N-domain fragment, t-t"NGFBP-2 
O{-BP-2), was expressed using

the pET-1-1'sIGFBP-2 vector (Figure 3.7), and purified using a similar purification

approach (Figure 3.8). 6 mg of unlabelled N-BP-2 protein was purified from 2 L LB

medium culture. 4 mg and 5 mg of ttN-labelled N-BP-2 protein was purifie d fuom 2 L

M9 medium and2L of MOPS medium culture, respectively.

3.4.3 Mass Spectroscopy and N-terminal Sequencing

Electrospray mass spectrometry data are summarized in Table 3.1. The detected

mass data for unlabelled C-BP-2, Large-C-BP-2, and N-BP-2 were in excellent

agreement with their theoretical molecular masses, confirming that three disulfide

bonds were formed. Furthermore, it can be estimated from the data on the lsN-labelled

proteins and the ttN/t'C-1abe11ed protein that the incorporation of lsN and l3C was

about 98 %. Amino acid sequencing confirmed the correct N-termini and showed the

high purity of the samples (Figure 3.9).
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Figure 3.4 Expression and purification of unlabelled Large-c-BP-2

protein

Uninduced and induced cell culture samples from the E. coli expression of Trx-lal-
2SeIGFBP-2, and the protein samples at each state during the purification using nickel

affinity chromatography (as described in section 3.3.2) were separated by

electrophoresis on l2Yo polyacrylamide tricine gel and stained with Coomassie Blue-

R250 (as described in section 3.3.7). Molecular weight markers are indicated on the left.
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3.5 3C protease cleavage of thioredoxin-Large-C-BP-2 fusion

protein samples of Trx-141-2teIGFBP-2 before and after 3C protease cleavage (section

3.3.5), and the 141-28eIGFBP-2 (Large-C-BP-2) sample purified by preparative HPLC
(section 3.3.6) were analysed by (a) electrophoresis on l2%o polyacrylamide tricine gel

and stained with Coomassie Blue-R250 (section 3.3.7), or (b-d) by analytical HPLC

using a C4 BU-300 column on an Agilent model 1100 HPLC system (section 3.3.8).

Absorbance at2I5 nm was measured.
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Figure 3.6 Expression of Large-C-BP-2 protein in M9 minimal medium

Uninduced and induced cell culture samples from the E. coli expression of Tm-lal-

'8eIGFBP-2 in M9 minimal medium, and the samples of soluble and insoluble fractions

prepared as described in sectiott 3.3.2 were separated by electrophoresis on 12%

polyacrylamide tricine gel and stained with Coomassie Blue-R250 (section 3.3.7).

Molecular weight markers are indicated on the left.
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Figure 3.7 Expression and purification of unlabelled N-BP-2 protein

Uninduced and induced cell culture samples from the E. coli expression of Trx-l-
t3sIGFBP-2, and the protein samples at each state during the purification using nickel

affinity chromatography (as described in section 3.3.2) were separated by
electrophoresis on l2Yo polyacrylamide fricine gel and stained with Coomassie Blue-

R250 (as described in section 3.3.7). Molecular weight markers are indicated on the left.
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Figure 3.8 3C protease cleavage of thioredoxin-N-BP-2 fusion protein

Protein samples of Trx-l-138IGFBP-2 before and after 3C protease cleavage (section

3.3.5), and the 1-138IGFBP-2 (N-BP-2) sample purified by preparative HPLC (section

3.3.6) were analysed by (a) electrophoresis on t2Yo polyacrylamide tricine gel and

stained with Coomassie Blue-R250 (section 3.3.7), or (b-d) by analytical HPLC using a

C4 BU-300 column on an Agilent model 1100 HPLC system (section 3.3.8).

Absorbance at2l5 nm was measured.
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Table 3.1 Mass spectroscopy results of purifred IGFBP-2 domain fragments

Theoretical mass (Da) u Determined mass (Da)

C-BP-2

unlabelled

1sN-labelled

ttN/t3c-labelled

122t3.9

12372.6b

12885.1 "

12213.3 +0.1

12373.4+0.3

12882.s +0.1

Large-C-BP-2

unlabelled 18066.8 18066.2+0.1

N-BP-2

unlabelled

lsN-labelled

t4282.2

14458.5 b

14282.0+0.1

t44s7.8+0.9

u As all cysteines are disulfide bonded. b Assumption of 98% lsN incorporation. "

Assumption of 98o/o 
lsN and gïyor3c incorporation.

88



3C protease cleavage site

Leu Glu Val Leu Phe Gln Gly Pro rar6¡y Arg Lys ... ...

DPTU

Glv Arg Pro

Glv

Lys

Residue 5

Residue 4

Residue 3

Residue 2

Residue 1

Figure 3.9 N-terminal sequencing result showing the 3C protease cleavage

The N-terminal amino acid sequence (five residues) of 141-28eIGFBP-2 was determined

by Edman degradation using an Applied Biosystems Procise protein sequencer. The

predicted sequence is shown on the top.
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3.4.4 Cross-linking

In the cross-linking experiments, 125l-labelled IGF-II bound to C-BP-2, N-BP-2

and full-length IGFBP-2 (Figure 3.10). The amount of C-BP-2 required was higher

than that of N-BP-2, and much higher than that of IGFBP-2. Noticeably, the IGF-II'C-

Bp-2 complex band was very weak compared to the IGF-II'IGFBP-2 or IGF-II'N-BP-2

bands, even though 5 pg C-BP-2, which was approximately five-fold more than N-BP-

2 and 700-fold more than IGFBP-2, was used in the interaction. The results indicated

the IGF-II binding afhnity of C-BP-2 was significantly lower (> l0-fold) than that of

N-BP-2, and much lower (> 1000-fold) than that of IGFBP-2.

3.4.5 BIAcore analysis

The IGF binding properties of the IGFBP-2 N- and C-domain fragments generated

in this study were further assessed using BIAcore.

It was necessary firstly to confirm that the C-BP-2 fragment for structure

determination was folded properly and had identical IGF binding ability with the C-

domain within the fuIl-length protein. This was particularly important because C-BP-2

showed weak IGF binding in the cross-linking experiments and also a low response in

the BIAcore analysis (see below). To this end, as described in previous Chapter, a ful1-

length IGFBP-2 mutant, IGFBP-2(3C@IS3) was generated, which had 6-residue

substitutions in the linker domain preceding Gly183 forming a 3C protease cleavage

site. In BIAcore experiments, the IGFBP-2(3C@I83) protein showed essentially

identical binding sensorgrams compared to wild-type IGFBP-2 (Figure 3.11), while the

C-domain fragment cleaved from the IGFBP-2(3C@I83) protein had essentially

identical BIAcore sensorgrams compared to the C-BP-2 fragment generated from the

thioredoxin-C-BP-2 fusion protein (Figure 3.I2).

The sensorgrams of IGFBP-2 and the N- and C-domain fragments binding to

immobilized IGF-I and IGF-II ligands are shown in Figure 3.13. Kinetic data derived

from these experiments by globally fitting the sensorgrams using either 1:1 Langmuir

binding model or steady-state affinity determination (for N- and C-domain fragments),

and a two-state reaction model (for full-length IGFBP-2) arc summarized inTable 3.2.
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The binding of IGFBP-2 and domain fragments to IGF-I and IGF-II surfaces was

specific, as no binding of C-BP-2 to the insulin surface was observed (Figure 3 '14)'

Ful1-length IGFBP-2 exhibited high IGF binding affinities resulting from slow

dissociation rates and relatively fast association rates. N-BP-2 showed markedly

increased dissociation and more rapid association compared to the full-length protein,

resulting in a 1032-fold and 300-fold reduced IGF-I and IGF-II binding affinities,

respectively.

The larger C-domain fragment containing the second half of the linker domain, 141-

'*nhIGFBp-2 (Large-C-BP-2), showed similar sized responses (RU) compared to those

for N-BP-2. Surprisingly, the IGF binding affinities of Large-C-BP-2 derived from

these data were close to full-length IGFBP-2. The smaller C-domain fragment, 183-

'8ehIGFBp-2 (C-BP-}), exhibited much smaller responses over the IGF-I and IGF-II

surfaces compared to N-BP-2 and Large-C-BP-2, when similar concentrations were

used, but much slower off-rates. Therefore, C-BP-2 was also analysed using a set of

higher concentration samples, which showed larger responses, and the kinetic data from

this set of concentrations were also derived. Interestingly, while the binding aff,rnities

derived from low and high concentration runs were very close for the IGF-I surface,

they were different for the IGF-II surface. Overall, C-BP-2 has approximately 250-fold

lower IGF-I binding and about 40 to 400-fold lower IGF-II binding.

To further analyse the binding between IGFs and C-domain fragments, BIAcore

experiments of the reverse orientation were performed, i.e., IGF-I and IGF-II were

passed over the surfaces immobilized Large-C-BP-2, C-BP-2 and IGFBP-2 proteins.

Surprisingly, while IGFs bind to the immobilized IGFBP-2, there was no binding

response in either the large-C -BP-2 or the C-BP-2 surface after subtracting the

sensorgram ofthe reference blank surface (not shown).
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Figure 3.10 Cross-linking of IGFBP-2 N- and C-domains to IGF-II

Binding of C-BP-2, N-BP-2, and_IGFBP-2 to IGFs to IGF-II \üas demonsfated by
cross-linking of these proteins to l2sl-labelled IGF-II as described in section 3.3.10.
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Figure 3.11 IGF binding of IGFBP-2 and.IGFBP-2(3C@183)

(a) Schematic representation of the preparation of IGFBP-2(3C@183) protein. This
mutant full-length IGFBP-2 protein had a 3C cleavage site preceding Gly183. It was

expressed in E. coli (as described in section 3.3.1) and purified using IGF affinity
chromatography (as described in section 3.3.3). (b and c) Comparison of the IGF
binding by wild-type IGFBP-2 and IGFBP-2(3C@183) using BIAcore.
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Figure 3.12 IGF binding of C-BP-2 fragments prepared using two

approaches
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Figure 3.13 BIAcore analysis of IGFBP-2 N- and C-domain fragments over IGF

surfaces

Biosensorgrams are presented for the interactions of IGFBP-2, t-t3*IGFBP-2 (N-BP-2),
t+t-zsrt6aflp-2 (Larye-C-Bp-2), and 183-28elGFBP-2 (C-BP-2) with IGF-I and IGF-II
biosensor surfaces. BIAcore analysis was carried out as described in sections 3.3.11 and

3.3.12. The concentrations of the analytes are indicated.
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Table 3.2 IGF binding affinities of IGFBP-2 domain fragments determined using BIAcore.

IGF-I surface

IGFBP-2

N-BP-2

C-BP-2

C-BP-2

Large-C-BP-2

IGF-II surface

IGFBP-2

N-BP-2

C-BP-2

C-BP-2

Large-C-BP-2

Concentrations

x10-e M

100, 50, 25,12.5,6.25

1600, 800,400,200, 100

400,200,100, 50, 25

4000, 2000, 1000, 500, 250

400,200,100, 50, 25

100,50, 25,12.5,6.25

1600, 800,400,200, 100

400,200,100, 50, 25

4000, 2000, 1000, 500, 250

400,200,100,50,25

K¡ Relative

x10-e M Kp

Fitting method

Two states

Steady state

Steady state

1:l Langmuir

l:l Langmuir

Two states

Steady state

1:l Langmuir

1:l Langmuir

1:l Langmuir

1.25

1290

309

3r7

1.19

0.96

288

40.5

379

2.7

I

t032

247

254

0.95

I

300

42.2

394

2.82

2.49

6.37

0.14

0.40

1.15

5.26

34

0.29

l.l6

0.59

Data were derived from experiments where IGFBP-2 and domains were injected over immobllizedlcF-I or IGF-II. All fittings were globably. A
two-state reaction (conformational change) model was used for IGFBP-2. The 1:1 Langmuir binding model or steady state affrnity determination

were used for N- and C-domain fragments dependent on which method resulted in better fits. Values relative to IGFBP-2 are also given.
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Figure 3.14 Binding of IGFBP-2 tnd,C'B.P'2 to insulin surface

In BIAcore experiments, no binding of IGFBP-2, C-BP-2, and N-BP-2 (not shown) to

the control insulin sensor surface was detected. HBS, HEPES buffered saline.
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3.5 Discussion

3.5.1 Recombinant expression of IGFBP-2 fragments: the solubility issue

In this study, a protocol previously established by Canick and co-workers (Carrick

et a1., 2001) in the lab was further modified for the expression and purification of

IGFBP-2 N- and C-domain fragments for structural studies.

IGFBP molecules have conserved cysteines in both the N- and C-domains and

these cysteines are disulf,rde-bonded. The N- and C-domain of IGFBP-2 contain six and

three intra-domain disulfide bonds, respectively. The disulfide bonds are believed to be

important for the integrity of the three-dimensional structures of IGFBPs. A limitation

of the production of disulfide bond containing protein in E. coli has been the relatively

high reducing potential of the cytoplasmic compartment.

In this study, it was found that majority of the thioredoxin fused N- and C-domain

fragments expressed in E. coli BL21 (DE3) cells were in the soluble fraction of the cell

lysates. However, the thioredoxin partner did not seem to be efficient enough to

maintain the full-length IGFBP-2 soluble since the thioredoxin-IcFBP-2 fusion

proteins were largely found in the insoluble fraction, although a small amount of this

fusion protein was purified from the soluble fractions and the IGFBP-2 protein obtained

from the fusion protein had identical IGF binding ability compared to the mammalian

source IGFBP-2 sample. It was also noted that the smaller C-domain fragment (C-BP-2)

was present in higher amounts in the soluble fraction compared to the -4O-residue

larger fragments, Large-C-BP-2 and N-BP-2. Although the amounts of the fusion

proteins in the insoluble fractions were not quantified, it appeared on the SDS

polyacrylamide gels that the larger the size of the fusion protein, the lower amount of

total protein was synthesised and the smaller the percentage of the proteins was in the

soluble fraction. The disulflrde linkages of the full-length proteins in the insoluble

fractions were not analysed, and re-folding of the IGFBP-2 from the insoluble factions

was not attempted.

More interestingly, while the Large-C-BP-2 construct was expressed in the soluble

fraction using LB medium, it was mainly found in the insoluble fraction using M9

minimal medium. This was also true when using the MOPS minimal medium

(Neidhardt et al., t974), which was found to provide a higher yield for some proteins
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(Dr Steven Polyak and Dr Anne Chapman-Smith, personal communications). Although

the exact explanation is unknown, it is possible that the molecular machinery involved

in maintaining this fragment in the soluble fraction is significantly suppressed when

growing in minimal media. Isotope-labelling and refolding of the Large-C-BP-2

fragment using minimal medium was not pursued. In fact, this did not hamper the

current studies because subsequent NMR experiments using the unlabelled Large-C-

BP-2 suggested that the -40 residue additional linker domain residues do not directly

contribute to IGF binding, and are very likely unstructured in both the free form and the

complex forms (Chapter 7).

Although sufficient amounts of unlabelled and isotope-labelled IGFBP-2 N- and

C-domain fragments was successfully prepared using the current E. coli expression

system, substantial future work is required to improve the system for the large-scale

preparation of full-length IGFBP-2 for structural studies or for biotechnological

purposes. This would see either the establishment of a refolding approach to prepare

IGFBP-2 from the insoluble fraction, in which case the thioredoxin fusion partner may

be unnecessary, or, optimisation to increase the proportion of the fusion protein in the

soluble fraction.

Current results also provided hints for the latter direction. Because there is a rough

inverse correlation between the size of the fragments and the yields in the soluble

fraction, the full-length IGFBP-2 constructs can be further optimised so that it is

smallest while fully functional. The S-tag and enterokinase regions between the

thioredoxin lag and IGFBP-2 may be removed. The l9-residue C-terminal tail

following the last cysteine is not required for IGF binding (Forbes et a1., 1998), and is

unstructured as revealed by NMR (Chapter 4). A 15-residue alanine rich insertion in the

N-domain is also likely to be unstructured and not involved in IGF binding based on

homology modelling and NMR studies (Chapter 7). Therefore, these regions could be

deleted without affecting IGF binding. Since pafüal deletions of the linker domain did

not affect IGF binding of IGFBP-a (Qin et al, 1998), ti is worth determining the

minimal length of the linker domain in IGFBP-2 that is required to maintain its gross

structure and IGF binding ability. The linker domain in the constructs may be shortened

accordingly. On the other hand, since the differences in the culture media also affected

the portion of the protein in the soluble fraction, both the E. coli cell type and the

medium for the expression may be further optimised. Alternatively, some other fusion

tags that have been reported to significantly enhance the solubility of the recombinant
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proteins, such as maltose-binding protein (MBP) and E. coli host factor protein NusA,

may be tested for expression of the full-length IGFBP-2 protein.

3.5.2 Purification of IGFBP-2 domains: the use of 3C and TEV proteases

A key change from the previous method used by Carrick and co-workers was the

replacement of the enterokinase by the 3C protease or TEV protease in the fusion tag

removal step.

The enterokinase cleavage site is provided in the pET32a expression vector for

possible removal of the thioredoxin tag. However, Carrick and co-workers found that

using this protease caused non-specific proteolysis of IGFBP-2 and its domain

fragments, resulting in low yield of the proteins (Carrick, 2002, PhD thesis, The

University of Adelaide). This was not too surprising because the -l0O-residue non-

conserved linker domains of IGFBPs are known to possess multiple protease cleavage

sites and are believed to be largely unstructured. While an enterokinase cleavage site

(DDDDK) is not present in the IGFBP-2 sequence, the non-specific cleavages of

IGFBP-2 may have been caused by other protease contaminants in the commercial

preparations (Carrick, 2002, PhD thesis, The University of Adelaide) or by the low

fidelity of enterokinase over the cleavage site of other proteases. It was therefore

desirable to replace the enterokinase by another highly specific protease for the tag

removal step to achieve higher yields of proteins for NMR studies.

3C protease and TEV protease were chosen in current study since they have been

recently used in recombinant protein purification very widely and have shown high

specificity. It was found in this study that both 3C protease and TEV protease were able

to cleave at the incorporated cleavage site between the thioredoxin fusion tag and the

target protein. The cleavages were indeed of high specificity, as revealed by the

analytical HPLC and SDS polyacrylamide gel electrophoresis. N-terminal sequencing

of the purified proteins also showed the expected N-termini resulted from the cleavages.

Nevertheless, a conflict between the requirement of reducing reagent DTT by both

3C and TEV proteases for high activities and the susceptibility of IGFBP-2 and its

domain fragments to DTT was found. Even 0.1 mM DTT changed the retention time of

the IGFBP-2 product peak on HPLC. It is believed that this was due to the reduction of

some relatively more susceptible disulfide bonds in IGFBP-2 molecules and one or
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more of these disulfide bonds is/are located in the C-domain since a similar effect was

found with the C-domain fragments, Higher molecular weight aggregates were also

found in the samples prepared using DTT in the cleavage step, and these samples

showed abnormal and non-reproducible sensorgrams in BIAcore experiments. The

reducing conditions required by 3C and TEV, both cysteine proteases, may compromise

their future use in large-scale production of recombinant IGFBP-2 proteins in a

biotechnological context.

3.5.3 IGF-binding by C-domain fragments

Before investigating the interactions between IGFs and IGFBP domain fragments

using NMR, the IGF binding activities of the recombinant N- and C-domain fragment

were assessed using two methods, cross-linking and BIAcore.

Although it is well accepted that the C-domain is an indispensable part of IGFBPs

for high affinity IGF binding, the afflrnities of IGFs for both naturally occurring and

recombinant C-domain fragments reported in the literature vary greatly. From as small

as lQ-fold to as large as 2000-fold loss of afhnity compared to their full-length protein

has been reported by different authors for different C-domain fragments (Ho and Baxter,

1997 Canicketa1.,2001;Vorwerk etal.,2002;Payet etalr,2003;Headey etal,2004c;

Mark et a1., 2005). In some reports the IGF binding affrnity of C-domains was not

detectable (Kalus et aI, 1998; Qin et al., 1998; Fernandez-Tornero et al., 2005;

Siwanowicz et aL,2005). These discrepancies may reflect a combination of genuine

binding differences together with the technical differences, such as the different

specificity and sensitivity of the methods used.

In the present study, the cross-linking experiments showed that C-BP-2 bound to

t"I-labelled IGF-II very weakly. Because the band of IGF-II'C-BP-2 complex was

much weaker than those of IGF-II'IGFBP-2 or IGF-II'N-BP-2 complexes, the

differences in IGF binding between C-BP-2 and N-BP-2 or IGFBP-2 were expected to

be larger than the differences in the amount of proteins used in the interaction. Thus,

the IGF-II binding affinity of C-BP-2 was signifrcantly lower than that of N-BP-2, and

much lower than that of IGFBP-2.

The BIAcore results of the C-domain fragments were complex. There was a

noticeable difference in terms of the size of responses between C-BP-2 and Large-C-
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BP-2 over both IGF-I and IGF-II surfaces, when these fragments were run at the same

concentrations (Figure 3.13). Kinetic data were therefore also derived from a set of

higher C-BP-2 concentration runs, which resulted in relatively larger size of responses.

The kinetic data for C-BP-2 (both low and high concentrations) dramatically differed

from those of the Large-C-BP -2. In contrast to the cross-linking results, the BIAcore

data showed that the C-BP-2 has comparable or higher affinities for IGFs compared to

N-BP-2. There were also discrepancies between the current results and previous data

for IGFBP-2 domain fragments (Carrick et al, 2001). Furthermore, in the reverse

orientation experiment (not shown), no specific binding of IGF-I or IGF-II to the

immobilized C-BP-2 was detected. Surprisingly, this was also true for the immobilized

Large-C-BP-2, although this fragment showed appreciable binding to the immobilized

IGFs.

The BIAcorc data must be, therefore, interpreted with care and in conjunctions

with the results of the cross-linking and the NMR interaction studies (Chapter 7).

Importantly, because the C-BP-2 fragment expressed and cleaved from the thioredoxin-

C-BP-2 fusion protein had identical IGF binding properties compared to the

corresponding fragment cleaved from the full-length IGFBP-2(3C@183) protein that in

turn had identical IGF binding to wild-type protein, its low responses in binding to

IGFs were not due to mis-folding of the fragment. This was further confirmed by

subsequent NMR experiments.

The larger responses of Large-C-BP-2 compared to C-BP-2 over the same IGF

surfaces seem not to be explained solely by the mass difference between C-BP-2 (12.2

kDa) and Large-C-BP-2 (1S.0 kDa). Because the presence of the linker domain (Large-

C-BP-2) did not cause significant additional chemical shift perlurbations of N-BP-2 or

IGFs upon binary and ternary complex formation (Chapter 7), it is unlikely that the

linker domain part in Large-C-BP-2 interacts with IGFs and increases its binding

affrnities. Therefore, the discrepancy between the BIAcore and cross-linking or NMR

(Chapter 7) results in comparing the N- and C-domains, as well as the differences in the

kinetic data for Large-C-BP-2 and C-BP-2, may have arisen from other factors

contributing to the sensorgrams that are not yet revealed. One possibility is a

preferential attachment to the CM5 chip via the extended N-terminal linker region

leading to greater mobility of Large-C-BP-2.

Moreover, the reason why IGFs did not bind to either the C-BP-2 orLarge-C-BP-Z

surface is unclear. Interestingly, Galanis and co-workers reported a very similar
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phenomenon previously (Galanis et aI.,2001). In that study, although an IGFBP-3 C-

domain fragment, 165-264IGFBP-3, exhibited binding to the IGF surfaces, it did not bind

IGFs when it was immobilized on the chip (Galanis et a1., 2001). The reason was

unclear, but these authors suggested that the immobilised C-domain fragment may have

an orientation such that is was no longer functional (Galanis et a1., 2001). In the present

study, since subsequent NMR results suggested that interaction between C-BP-2 and

IGFs may require conformational changes of part of the C-BP-2 molecule (Chapters 4

and 7), and such conformational changes might be hampered when C-BP-2 is

immobilized. It will be of interest to prepare a site-specifically immobilized C-BP-2

surface, such as by biotinylating the N- or C-terminus of the proteins and immobilizing

it on a streptavidin chip. A similar strategy has been applied to preparation of IGF chips

to improve the accuracy of the kinetic data (Dr Briony Forbes, The University of

Adelaide).

Taken together, the cross-linking and BIAcore results indicated that C-BP-2

fragment binds IGFs to a limited extent, although the C-domain is clearly very

important for high affinity IGF binding of full-length IGFBP-2, as N-BP-2has reduced

binding affinity. In particular, IGF'N-BP-2 complexes have much faster dissociation

rates compared to IGF'IGFBP-2 complexes. Thus, it appears that the C-domain

contributes significantly to stabilizing the IGF'IGFBP-2 complex, but the mechanism

for such an interaction may not be (fully) revealed by analysing the binding of C-BP-2

alone to IGFs. In general, these results are in consistent with the majorþ evidence in

the literature, which has shown weak, or even undetectable, binding affinities of C-

domain fragments for IGFs using different techniques and reduced binding afhnity of

N-domain fragments for IGFs. The structural mechanisms underlying the role of C-

domain in IGF binding are further analysed in detail in Chapter 7.
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Chapter 4

Solution Structure and Backbone Dynamics

of the IGFBP-2 C-terminal Domain

4.I Introduction

As reviewed in Chapter 1, the N- and C-domains of IGFBPs are both required for

high-affrnity IGF binding, because N- and C-domain fragments bind IGFs with lower

affinities than full-length IGFBPs (Hwa et al., 1999; Baxter, 2000; Firth and Baxter,

2002; Bach et a1.,2005). Deletion of the C-domain residues 222-284 of bovine IGFBP-

2 dramatically reduced its IGF binding affinity (Forbes et al, 1998). Site-directed

mutagenesis (Bramani et aI., 1999; Song et al, 2000; Shand et a1.,2003; Yan et a1.,

2004; Allan et al., 2006), antibody binding (Schuller et a1., 1993), photoaffinity

labelling (Horney et a1.,2001) and subsequent studies (Kibbey et aI., 2006) have

identified residues or regions in the C-domain thought to be involved in IGF binding.

Recently, Headey and co-workers identified the IGF-II binding site on the C-terminal

domain of IGFBP-6 (C-BP-6) using NMR spectroscopy and mutagenesis (Headey et a1.,

2004a).

In addition to both inhibiting and enhancing IGF actions, IGFBPs have many IGF-

independent actions, and both IGF-dependent and IGF-independent activities vary

according to the binding protein and system under examination (Hoeflich et al,200lb;

Firth and Baxter, 2002).Importantly, the C-domain of IGFBPs is a major contributor to

these diverse functions. The C-domain of IGFBP-6 is the principal determinant of the

20 to 100-fold IGF-II binding preference of the fuIl-length protein, which thus is a

relatively specif,rc inhibitor of IGF-II actions (Bach, 2005). The C-domains of IGFBP-1

and -2 contain RGD motifs that bind integrins, leading to altered cell migration (Jones

et aI., I993b; Schutt et al., 2004; Wang et aL,2006), whereas those of IGFBP-3 or -5

are not only implicated in IGFBP-IGF-acid-labile subunit ternary complex formation,

but also cellular internalisation via transferrin, and nuclear localization via importin-

P (Firth and Baxter, 2002).IGFBP-2 and a C-domain fragment have also been found in

both the cytoplasm and nucleus under certain circumstances (Hoeflich et a1., 2004;
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Terrien et a1., 2005). Binding of the C-domain of some IGFBPs to a rapidly expanding

list of serum and extracellular matrix molecules, such as heparin and other

glycosaminoglycans, plasminogen, fibrinogen-fibrin, vitronectin, fibronectin, and metal

ions, may alter the IGF-IGFBP binding affinity or the spatial distribution of these

molecules, but their structural mechanisms and the biological relevance are

incompletely understood (Bach et al., 2005).

A comparison of the three-dimensional structures of IGFBP C-domains, together

with other structurally similar proteins, is an important step towards understanding their

roles in both IGF binding and lGF-independent functions. The three-dimensional

structure of a full-length IGFBP has not yet been determined, but structures have been

reported for a truncated N-domain of IGFBP-5 (mini-N-BP-5) (Kalus et a1., 1998;

Zeslawski et a1.,2001) and the complete N-domain of IGFBP-4 (Siwanowicz et al',

2005). During the course of the work described in this thesis, Headey and co-workers

solved the solution structure of C-BP-6, and mapped the IGF-II binding sites on C-BP-

6 and the C-BP-6 binding site on IGF-II (Headey et a1.,2004a; Headey et aL,2004b),

while Sala and co-workers reported the crystal structure of C-BP-I (Sala et a1.,2005).

As current study was nearing completion, Sitar and co-workers reported the crystal

structure of the IGF-I'N-BP-4'C-BP-4 ternary complex (Sitar et à1., 2006).

CrysTallization of C-BP-4 alone was also reported (Fernandez-Tomero et a1., 2005).

Backbone amide dynamics showed that C-BP-6 residues undergoing sub-millisecond to

millisecond timescale conformational or chemical exchange correlate with the IGF-II

binding surface (Yao et al,2004).

This Chapter described the determination of the solution structure of the IGFBP-2

C-domain using NMR spectroscopy. Compared to the C-BP-6 (Headey eL aI.,2004a),

C-BP-I (Sala et aI., 2005) and C-BP-4 (Sitar et al., 2006) structures, structural

differences that may affect IGF binding have and implications for other functional

diversities were identified. The backbone dynamics of C-BP-2 were analysed using the

reduced spectral density mapping approach based on the measured backbone amide lsN

relaxation parameters (Rt, Rz and steady-state lsN-{1tt1 NOn¡, and the results were

compared to the dynamics properties of C-BP-6 (Yao et a1.,2004)'

10s



4.2 Materials and Methods

4.2.1 Materials

Unlabelled, ttN-labelled and tsN/l3c-labelled 183-28eIGFBP-2 (C-BP-2) fragments

were prepared as described in Chapter 3.zHzO was purchased form Cambridge Isotope

laboratories Inc. (Andover, MA, USA). Shigemi NMR tubes were purchased from

Shigemi Inc. (Allison Park, PA, USA).

4.2.2 NMRspectroscopy experiments

NMR experiments were performed on C-BP-2 samples in 95% }J2Ol5% 2}jzO

containing 10 mM sodium acetate and0.02o/o (wþ sodium azide, using either a Bruker

Avance 500 spectrometer equipped with a cryoprobe or a Bruker DRX-600

spectrometer with a triple-resonance probe equipped and triple-axis gradients. tH-ttN

HSQC spectra of a 0.06 mM lsN-C-BP-2 sample were acquired at 298 K and pH 4.0,

5.0, 6.0 and7.0. The following NMR experiments were performed ott ttN-C-BP-2 (0.8

mM) and t'N/t'C-C-Bp-2 (0.5 mM) samples at 298 K and pH 6.0, or 293 K and pH 4.2:

'H-lsN HSec, 1H-13c HSQC, HNCA, HN(co)cA, HNCO, cBCA(co)NH,

HNCACB, HNHA, HBHA(CO)NH, HCCH-TOCSY, CNH-NOESY-HSQC, ttN-edited

NOESY-HSQC (r- : 50 and 150 ms) and 13C-edited NOESY-HSQC (t- : 120 ms,

l3C carrier frequencies of 39 ppm and 125 ppm). Two-dimensional homonuclear

TOCSY and NOESY (r- : 150 ms) spectra were acquired on unlabelled C-BP-2 (0.8

mM) in 'HrO.Spectra were referenced to an internal impurity peak at 0.15 ppm in the

lH dimension and indirectly using the experimentally determined frequency ratios for

15N and t3C 
lwishart et al.,1995b). Spectra were processed using XWINNMR version

3.5 (Bruker Biospin) and analysed using XEASY, version 1.3 (Bartels et a1., 1995). Ms

Christina Wang (Walter andBlizaHall lnstitute of Medical Research) acquired 2D and

3D spectra of C-BP-2 at pH 4.2 and 283 K, and also contributed to initial resonance

assignments. Details of protein samples used and NMR spectra recorded in this study

are suÍrmarized in Tables 4.I and 4.2.
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Table 4.1 C-BP-2 NMR samples for structure and dynamics study

Buffer u pH Purpose
b

ID Protein Concentration

(mM)

tll Unlabelled C-BP-2 1.0 10 mM NaAc, g5o/oHz0 I 5Yy2H2O
Initial 1D spectra

Variable temperature and pH

0.06 10 mM NaAc, 95o/oEzO I 5o/o2H2O 4.0, 5'0, 6.0,7 '0 pH effects

t3l ttN-labelled c-BP-2 0.8 10 mMNaAc, 95%oHzO I 5o/o2}lzO 4.2,6.0 Assignments, constraints

t4l ttN/t3c-labelled c-BP-2 0.5 10 mMNaAc, gSYoHzO I 5Yo2H2O 4.2,6.0 Assi gnments, constraints

t5l Unlabelled C-BP-2 0.8 10 mM NaAc, 100c/o2H2O 4.2 Assignments

t6l ttN-lubelled c-BP-2 0.3 10 mM NaAc, 95YIHzO I 5o/o2H2O 6.0 lsN relaxation, diffusion

l7l ttN-lub.ll.d c-BP-2 0.03 10 mM NaAc, 95o/oHzO I 5Yo2HzO
l5N relaxation," diffusion

l2l ttN-lab.ll.d c-BP-2

6.0

" All buffers also contained 0.02% (w/Ð NaNg. b NMR experiments performed on these samples are listed in Table 4.2.' Fitst-increment

FIDs.
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Table 4.2 C-BP-2 NMR experiments for structure and dynamics study

Experiment

lD spectra tll

lH-lsN HSQC l2l

lH-lsN HSQC t3l

1H-13C HSQC l4l

1H-13C HSQC t4l

HNCA t4l

HN(co)cA l4l

HNCO l4l

cBcA(co)NH l4l

Sample

a
Field

(MHz)

600 b

500 c

500

600

600

TD

F3lF2ßl

8t92

20481r28

2048/t28

20481r28

20481t28

12.0130.0

12.01t80

12.016s.0

4.7ltI7 .5

4.7180.0

4.7139.0

Major parameters

SW þpm) Offset (pp-) NS Dl rm

F3lF2lFl 1H/15N/13C (s) (mÐ

12.0 4.7 2s6 1.8

12.0130.0 4.7/tr7.5 128 r.2

Time

0.5 h

6.5 h

0.5 h

0.s h

0.s h

1d

1d

16h

3d

I 1.2

8 1.5

8 l.s

500 2048140/92 t0.s12s.0130.0 4.71rr7.s154.0 16 1.0

s00 2048140192 t0.512s.0130.0 4.7lrt7.5154.0 16 1.0

s00 20481441128 10 .sl2s.0l2s.0 4.71rr7.s1r76.0 8 1.0

s00 20481441128 10.512s.0175.0 4.7lIl7.sl4l.0 32 1.0

20481441128 10 .512s.0175.0 4.7lrr7.sl4l.0 32 1.0HNCACB l4l s00
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HNHA t3l 500 2048/441128 10.s/10.s/30.0 4.7ltl7 .5 32 1.0 3d

HBHA(CO)NH t3l 500 2048144196 t0.slzs.0lt0.s 4.7lrr7 .5 48 1.0 3d

HCCH-TOCSY l4l 600 20481641128 10 .sl7s.}lrc.s 4.71tt7.s139.0 24 1.0 rz.s 3 d

t5N-edited

NOESY-HSQC

ttN-edited

NOESY-HSQC

t'c-edited

NOESY-HSQC

13C-edited

NOESY-HSQC

CNH-NOESY-

HSQC

2D homonuclear

TOCSY

t3l

t3l

l4l

l4l 500

l4l

tsl 600

s00 20481441r48 1t.sl25.0lrl.5 4.7|rn.5

500 20451441t48 1r.sl2s.0/lr.s 4.7lrr7 .5

600 20481721144 lt.5162.0lll.s

2048/64/t28 1 1.s/30.0/11.s 4.71125.0

4.7139.0 24 l.s r20 5 d

t6 l.s 150 3 d

t6 l.s 50 3d

32 1.0 r20 3 d

64 1.8 6s ld

s00 20481481154 r0.s/25.0/10.5 4.7lrr7.sl4r.0 24 1.0 r20 3 d

409615r2 10.s/10.s 4.7

109



2D homonuclear

NOESY

Translational

diffusion

15N t?r

measurement

15N À2

measurement

15N NOE

measurement

Translational

diffusion

15N,Rr first

FIDs

CLEANEX t6l

4.7

4.7 5r2 2.0

4.7/tt7.5 64 2.8

4.7ltl1 .s 64 2.8

4.7lll7 .s 256 3.8

4.71t17.s

4.7 t024 2.0

4.7lrl7.s 2048 2.8

64 1.8 1s0 1 d

4h

3d

3d

2.s d

1d

1d

256 1.5 26 ld

t6l

tsl

t6l

600

600

600

600

600

600

600

600

40961s12

8192112

20481t28112

20481128112

20481256

20481128

8I92l12

20481U12

10.5/10.5

12.0

1 1.s/30.0

1 1.s/30.0

1 1.s/30.0

r0.s125.0

12.0

1 1.s/30.0

t6l

t6l

17l

17l
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17l 600 20481U12

u Details of the samples are listed in Table 51. NMR experiments were performed at 298 K for pH 6.0 samples, and at 293 K for pH 4'2

samples. 
b Bruker DRX-600 spectrometer with a triple-resonance probe equipped and triple-axis gradients. c Bruker Avance 500 spectrometer

equipped with a cryoprobe.

15N-Rz first

FIDs
11.5/30.0 4.71117.5 2048 2.8 1d
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4.2.3 Assignments

A 1H-15N HSQC spectrum was used to pick the lH-lsN correlated peaks. The peak

list containing the frequencies was loaded into HNCA, HN(CO)CA, CBCA(CO)NH

and HNCACB spectra and used to identifu the frequencies of correlated ç"(i), ç"(i1), çP

-¿ çÞ(i-t) peaks. Sequential connections between residues were established using these

frequencies in the HNCA and HNCACB spectra. Residue-specific assignments were

made by comparing the observed C" and CP chemical shift values for sequentially

connected residues with the expected average values for different amino acid residues.

The assigned tH-lsN correlated frequencies were used to assign the H" and HÞ chemical

shifts using HNHA and HBHA(CO)NH spectra, which also confltrm the sequential

assignments. Other side-chain tH, ttN and 13C frequencies were assigned using 1sN

NOESY-HSQC, HCCH-TOCSY, t3C NOESY-HSQC, and CNH-NOESY-HSQC

spectra. A 13C NOESY-HSQC with the carrier frequency centred on the aromatic

region, as well as two-dimensional homonuclear TOCSY and NOESY spectra acquired

on unlabelled C-BP-2 in2HzO, were used to identiff additional aromatic resonances.

4.2.4 Distance constraints

NoE cross peaks in the ttN NOESY-HSQC, t3C NOESY-HSQC, and2D NOESY

(unlabelled sample in2H2O) spectra were manually assigned, and peak intensities were

converted into upper bound constraints using CYANA version 1.0.3 (Guntert et a1.,

reeT).

4.2.5 Dihedralconstraints

$ angle constraints were based on either 3/n¡ur¡. coupling constants derived from

intensity ratios in the HNHA spectrum (Kuboniwa et al., 1994) or an analysis of

chemical shifts using TALOS (Cornilescu et aI., 1999). For the remaining residues, þ

angles were restricted to -90+90" where positive values could be excluded based on

NOE data (Ludvigsen and Poulsen, 1992). y angles were determined with TALOS
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(Cornilescu et a1., 1999) and only applied to well-defined secondary structure' 11

angles were determined based on NOESY spectra (t,,': 50 ms).

4.2.6 llydrogen bond constraints

Hydrogen bond constraints were assigned by anaþsis of the solvent exchange of

amide protons. 1H-15N HSQC spectra were acquired at 10 min, 30 min and 4 h after

dissolving the lsN-labelled protein in 2HzO at 288 K. Rapid exchange with the solvent

was also anaþsed using the CLEANEX experiment, which detects HN magnetisation

transferred by chemical exchange from magnetically excited water protons (Hwang et

a1., 1998). Hydrogen bonds were only included in later rounds of structure calculations

in the helix or strand regions that had initially converged without hydrogen bond

constraints

4.2.7 Structure calculations and refinement

Structure calculations were started from 200 randomised conformers in the

program CYANA version 1.0.3 (Guntert et al., L997), using a torsion angle dynamics

algorithm. The 20 conformers with the lowest final CYANA target function values

were subjected to restrained energy minimization in a water shell of 8 ,Ä. thickness with

the program OPALp (Koradi et al., 2000), using the AMBER force field (Cornell et a1.,

1995). Dr Peter Güntert (RIKEN Genomic Sciences Centre, JapaÐ performed the

energy minimization. PROCHECK-NMR (Laskowski et al., 1996) and MOLMOL

(Koradi et a].,1996) were used to analyse and visualize the structures. Structure figures

were prepared using MOLMOL and PyMOL (Delano Scientific)'

4.2.8 Backbone lsN relaxation parameters

Laboratory-frame lsN relaxation rates, Rt, Rz, and steady-state 1sN-{1H} NOE

were measured at pH 6.0 and 298 K using a 0.3 mM sample on a Bruker DRX-600

spectrometer. Pulse sequences similar to those published previously were used (Farrow

et aI., 1994), with a data matrix size of 2048xL28 and 64 (for R1 and l?2) or 128 (for

15N-{1H} NOE) scans per 11 increment. A total of 14 relaxation durations, including 2
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duplicated durations, was used for.Rr (ranging from 10 to 2400 ms) and Rz (from 15.5

to 526.6 ms), respectively. The recycle time for Rl and R2 measurements was 2.8 s and

that for steady-state ttN-1ttt¡ NOE measurement was 3.8 s. All data were recorded in

an interleaved manner.

rsN relaxation rates of C-BP-2 were obtained by frtting peak intensities of the

15N-1H HSQC spectra at a series of relaxation durations to two-parameter (R2) and

three-parameter single-exponential decays (R1) using the Curvefil program (4.G.

Palmer, Columbia University). Errors for the relaxation rates were determined by

Curvefit using a Monte Carlo simulation. Uncertainties of peak intensities were derived

from duplicated spectra. Steady-state 
ttN-1tH1 NOE values were calculated from peak

intensity ratios obtained from spectra acquired in the presence and absence of proton

saturation. Uncertainties for the peaks were estimated from the background noise of the

spectra (Farrow et aL,1994).

To compare the lsN relaxation rates of C-BP-2 at different concentrations, average

ttN À, and Rz values of C-BP-2 at 0.03 mM were obtained from the first-increment

FIDs of ttN T, andTz (,R1:1/ Tt, Rz:llT2) weighted tsN-uSqC spectra, by fitting the

integrals of all peaks across the backbone amide region to a three- and two-parameter

exponential decay,respectively. Corresponding values for C-BP-2 at 0.3 mM were also

derived similarly by reprocessing the relaxation data using the first-increment FIDs.

4.2.9 Translational diffusion

Translational diffusion coefficients of C-BP-2 were measured, as previously

described (Yao et a1., 2000), on C-BP-2 samples at 0.3 mM (as used for lsN relaxation

measurements) and 0.03 mM, in both cases under the same conditions as for relaxation

measurements. A series of 12 diffusion-weighted spectra was recorded in a two-

dimensional manner using gradient pulses of 6 ms duration with a separation of 46.8 ms

and gradient strengths ranging from 3.4 to 36.5 G cm-r.

Diffusion coefficients, D, were obtained by fitting peak intensities to the following

equation using the program Simfit (Bruker Biospin):

I: 16 exp(-y2g2õ2(L-õ13)D) (1)

where y is the gyromagnetic ratio and g, õ and A are the amplitude, duration and

separation of the single pair of gradient pulses, respectively (Stejskal and Tanner, 1965).
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4.2.10 Rotational motions

Rotational motions of C-BP-2 were analysed in conjunction with Dr Shenggen

Yao (Walter andBlizaHall Institute of Medical Research) as described previously (Yao

et a1.,2004). Initial estimation of the global reorientation time of C-BP-2 was obtained

by analysis of RzlRt ratios from residues satis$ing the criteria of both steady-state rsN-

{1H} NOE > 0.6 and ITJT2-<TJT2>I S SO (Kay et al., 1989), which assumes the global

reorientation to be isotropic. The ratio of three principal moments of the inertial tensor

of C-BP-2 was obtained from its closest-to-average structure using pdbinertial (4.G.

Palmer, Columbia University) . Modelfree analysis of lsN relaxation data was attempted

by Dr Shenggen Yao using program Modelfree (version 4.0, A.G. Palmer, Columbia

University), as described previously (Yao et a1.,2004).

4.2.11 Reduced spectral density mapping

Dr Shenggen Yao performed the reduced spectral density mapping anaþsis

according to equations (2-5):

oNH: Rr(NOE-1)yN/ys (2)

{0): (6R2-3R1-2.72 oNH)/(3d2+4c2) (3)

.{rox): (4Rr-5or.ur)l(3d2+4c2) (4)

.r(0.87ton):4oNn/(5d2) (5)

where d:(pohyr.¡ys/(8æ2))/<r3¡s), c:cù¡(o11-o)l3l12, po is the permeability of free

Space, h is Plank's constant, yu and YN are the gyromagnetic ratio of lH and lsN

respectively, rNH: 1.02 is the average amide bond length, (oll-or) : -170 ppm is the

chemical shift anisotropy for 15N nuclei (Farrow et a1., 1995).
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4.3 Results

4.3.1 NMR assignments and constraints

Figure 4.1 shows the cross-peak assignments of the 1H-15N HSQC spectrum of a

0.05 mM C-BP-2 sample at 298 K and pH 6.0, recorded on an Avance 500

spectrometer equipped with a cryoprobe. Overlays of lH-lsN HSQC spectra recorded at

pH 4.0, 5.0, 6.0 and 7.0 a¡e shown in Figures 4.2, and lH and lsN chemical shift

differences between pH 6.0 and 4.0 are plotted in Figure 4.3. Some backbone amide

resonances are better resolved at pH 6.0 and pH 7.0 than pH 4.0. The most affected

residues are located in the distal part of loop III and the beginning of the C-terminal tail

(see below). This region is relatively flexible (see below) and the chemical shift

differences are believed to arise from the different protonation states of the His272

imidazolium ring. For resonances from other regions of the structure, the differences

between pH 4.0 and either 6.0 or 7.0 are relatively small and the chemical shift

differences of all residues between pH 6.0 and 7 .0 are small, although some resonances

are weaker at pH 6.0, and much weaker at pH 7.0, compared with pH 4.0, presumably

because of more rapid exchange with HzO. Therefore, structures were calculated based

on the NMR constraints derived at pH 6.0 to represent the structure under physiological

conditions, although spectra at pH 4.2 were also used to conf,trm backbone and side-

chain assignments.

The final assignments of backbotre tH and lsN resonances were 97o/o complete

excluding 10 proline residues, l3C backbone assignments were 92Yo complete, and

assignments of side-chain lH and 13C resonances were 81% and 79%o complete,

respectively. Diffîculties in assignments were encountered as a result of spectral

overlap and missing cross-peaks in l3C-related spectra. C-BP-2 has larger transverse

relaxation rate Rzthan expected for a protein ofthis size, as revealed by ttN relaxation

analysis (see below), giving rise to broad linewidths and some missing NMR peaks.

Chemical shift assignments have been deposited in the BioMagResBank database

(Seavey et a1.,1991) with accession number 7137. HN, Ho, Co, and N chemical shift

deviations from random coil values are plotted in Figure 4.4.
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Figure 4.L tH-ttN HSQC spectrum of C-BP-2

lH-rsN HSQC spectrum of C-BP-2 of a 0.05 mM C-BP-2 sample a1298 K and pH 6.0,

recorded on an Avance 500 spectrometer equipped with a cryoprobe. Chemical shift

assignments are labelled.

IT7



a

c- ð

ê

¡

pH ¡[.0

pH 6.0

1do

ttm

rEo

tno

ID

1ru

¡ru

lrq

t¡ff

"N (ppm)

1AO

7W

¡ßo
1m

l tGO

1g

lao

1S

1ru
90

'tt (ppm)
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4.3.2 Solution Structure of C-BP-2

Table 4.3 summarizes the input data for structure calculations, as well as structure

statistics for the final family of 20 structures. The structures fit the experimental

restraints, with no inter-proton distance and torsion angle violations greater than 0.2 
^

and 5o, respectively.

Superimposition of the 20 backbone structures and ribbon views of the closest-to-

average structure are shown in Figure 4.5. Surface models showing the residues

corresponding to the IGF-II binding site on C-BP-6 and the electrostatic potentials at

neutral pH are shown in Figure 4.6. Angular order parameters for {, y and 11 dihedral

angles are summarized in Figure 4.7. The coordinates of the 20 final structures have

been deposited in the Protein Data Bank (Berman et alr, 2002) with accession code

2H7T.

At the N-terminus, residues Glyl83 to Pro186 are not restrained because of a lack

of assignments for the first residue and the following triplet of prolines, whereas

Ala187 to Pro190 form a turn-like structure. The first major secondary structure

element of C-BP-2 is an cr-helix spanning residues Pro190 to Thr204. The cr-helix is

followed by the first loop, which encompasses residues Met205 to Ser219 and is

disordered. Pro208 and Pro213 are located in this loop. The presence of a weak doublet

of Gly2l2 amide cross peaks in the tH-tsN-HSqC spectrum implies that the GIy2l2-

Pro2I3 peptide bond undergoes cis-trar¿s isomerization. This could not be confirmed in

the I3C-NOESY-HSQC spectrum because of peak overlap. Loop I is followed by the

first strand, Le:u220 to fle222, of a three-stranded anti-parallel p-sheet. Residues Pro223

to Asp226 form an extended strand-like structure with B-strand Q and ry angles, but

inter-strand doo or doN NOEs with the second strand are not observed. In addition to

hydrophobic interactions, the helix and the first extended strand are further stabilized

by the Cys190-Cys225 disulfide bond. A type I B-turn is formed by Asp226 to GIy229,

between the first and second strands. The second strand, Lys234 to Met238, and the

third strand, Glu246 to Va1250, are stabilized by the Cys236-Cys247 disulfide bond.

Residues Ser239 to GIy245 between the second and third strands form the second

flexible loop. The third strand is followed by the third loop, from Asn251 to Cys270.

The first part of this loop, Asn251 to Gly255, is stabilized against a hydrophobic core

formed by the aromatic ring of Tyr23l.In the second part of loop III, an RGD motif
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and the flanking resides form a distorted inverse y-turn (Figure 4.8). The end of loop III

is fixed by the Cys249-Cys270 disulfide bond. Residues Leu271-Glu275 are restricted

by medium-fange (1< Ii - jl < 5) NOEs, but no long-range NOEs to other parts of the

protein were observed. The last 14 residues, 276-289, are unstructured. Structures were

also calculated using XPLOR-NIH (Schwieters et al,2003). The CYANA structures

seem to be more extended for this unstructured C-terminal tarl (Figure 4.9). Only the

CYANA structures, after energy minimization using OPALp (Koradi et al., 2000), were

used for further analysis.
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Table 4.3 Structural statistics for C-BP-2

Distance constraints

Total

Intra-residue (i:j)
Sequential (li - jl : 1)

Medium-range (1< li - jl < 5)

Long-range (li - jl > 5)

Dihedral constraints

Total

$ angles

y angles

11 angles

Constrained hydrogen bonds

856

320

300

111

t25

135

88

38

9

13

CYANA target function value (K)' 9.99 + 0.01

_3969 + 118

-192 + 15

_4742 + 109

AMBER energies (kcal mol-t)

Total

Van der Waals

Electrostatic

Deviations from ideal geometrY

Bond length (Ä)

Bond angles (" )

0.0127 + 0.0001

2.3s + 0.03

RMS deviations (Ä.) "

Backbone heavy atoms (N, C", C')

All heavy atoms

r.42 + 0.38

2.16 + 0.39

Ramachandran plot'

Most favored(%)

Allowed (%)

Additionally allowed (%)

Disallowed (%)

71.3

26.6

2.1

0
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G-factors d

Overall

All dihedral angles

$ and r¡r angles

_9.42 + 0.04

_0.80 + 0.05

-0.97 + 0.10

Except for the number of constraints and the CYANA target function, the average

values for the 20 energy-minimized conformers with the lowest CYANA target

function values are listed. ' The average targel function value for the 20 CYANA
conformers before energy-minimization. " Mean pairwise RMSD over residues 190-204,

220-238, 246-250. RMS deviations from the mean structure over residues 190-204,

220-238,246-250 are 0.97 +0.29.4. for backbone heavy atoms and 1.49 +0.28 Ä for

all heavy atoms. d As determined by the program PROCHECK-NMR (Laskowski et a1.,

Lee6).
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Figure 4.5 C-BP-2 structure

(a) Stereo view of the family of 20 final structures, superimposed over the backbone

heavy atoms of residues 190-204,220-238,246-250. (b) Ribbon view of the closest-to-

average structure highlighting the cr-helix, p-sheet, three disulflrde bonds and the RGD

motif (residues 265-267). Parts of the unstructured regions (residues 183-186 and280-
289) are excluded for clarity. (c) Structure in B, rotated by 90" about the vertical axis.

This f,rgure was prepared using MOLMOL (Koradi et a1.,1996) and PyMOL (Delano

Scientific).
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(a) (b)

Figure 4.6 Surface models of C-BP-2

(a) Transparent surface model with ribbon representation inside. (b) Surface model with

equivalent residues to those involved in IGF-II binding by C-BP-6 (Headey et al,
ZOO+a¡ coloured yellow, equivalent residues of the clustered basic residues of IGFBP-3

and IGFBP-5 coloured blue, and common residues coloured gfeen. (c and d)

Elechostatic potential of C-BP-2 at neural pH. Basic and acidic residues are labelled.

(a), (b), and (c) have same orientations as Figure 4.6 (b). This figure was prepared using

PyMOL (Delano Scientific) and GRASP Q'{icholls etal-,1991).
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Figure 4.7 Angular order parameters of C-BP-2

Angular order parameters were calculated from 20 final structures using MOLMOL
(Koradi et al., 1996).
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c270
c251

P243 P262

D248

D267

R246
R265

Figure 4.8 Structures of the RGD motifs of C-BP'2 and C-BP-L

Ribbon views of the RGD motifs of C-BP-2 (blue, residues 262-270 of 20 structures)

and C-BP-I (gold, residues 243-251) (Sala et a1., 2005) are shown. Side-chains of RGD

are shown and labelled (cyan and red for C-BP-2; gold for C-BP-l)' This figure was

prepared using MOLMOL (Koradi et al., 1996).

t28



Q289

Gt83

T2A1

Loop I

Figure 4.9 Comparison of the CYANA and XPLOR structures of c-BP-2

The family of 20 CYANA structures (green) and the family of 20 XPLOR structures

(pink) are superimposed over residues 190-204,220-238, and246-250. This figure was

prepared using MOLMOL (Koradi et aL,1996).
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4.3.3 Comparison with C-BP-L, C-BP-4, and C-BP-6

Figure 4.10 shows the superimpositions of the backbone heavy atoms of C-BP-2

with C-BP-1 (PDB lZT3) (Sala et a1.,2005), C-BP-4 (PDB 2DSR) (Sitar et a1.,2006),

C-BP-6 (PDB IRMJ) (Headey et a1.,2004a), and the MHC class Il-associated invariant

chain fragmentp4I Ii (IICF) (Guncar etal,1999). Sequence alignments of IGFBP C-

domains and several representative non-IGFBP thyroglobulin type 1 domains,

including p41 Ii, are also shown in Figure 4.10. C-BP-2 shares 39yo,38yo, and 33Yo

sequence identity with C-BP-1, C-BP-4, and C-BP-6, respectively. Over the equivalents

of the C-BP-2 well-defined regions 190-204,220-238 and246-250, the average RMSD

values calculated using MOLMOL (Koradi et al., 1996) for backbone heavy atoms

between C-BP-2 and C-BP-l, C-BP-4, and C-BP-6 are2.49 A', I'74 Å. and 1.84 Ä,

respectively, and between C-BP-2 and p41li over C-BP-2 residues 190-197,220-238

and246-250 it is 1.1S Ä. This indicates that the spatial organization of the helix, the B-

sheet and the B-turn between the first and second strands is well conserved among these

domains. Interestingly, C-BP-4 residues His172-Ile177 (equivalent to C-BP-2Leu2I4'

Ser219) appear to have a quite different structure compared to other C-BPs; these

residues form the second cr,-helix in the C-BP-4 structure (Figure 4.10 (b). Equivalent

residues in the C-BP-2 and C-BP-6 solution structures are part of the flexible loop I,

whereas in the C-BP-I crystal structure they form a short B-strand. C-BP-2 has an

insertion of four to seven residues between the first and second cysteines compared to

other IGFBP C-domains (Figure a.10 (e)); this insertion results in a longer disordered

loop I (15 residues) afterthe o-helix, comparedwiththose of C-BP-6 (8 residues) and

C-BP-I (4 residues). The cr-helix (15 residues) is similar to those of C-BP-6 (15

residues) and C-BP-4 (13 residues) but shorter than that of C-BP-I (19 residues). In

contrast, the lengths of loop II are similar. Another noticeable feature of the C-BP-2

sequence relative to other IGFBP C-domains is its 11-13 residue extended C-terminal

tail (Figure a.10 (e)). The solution structure of C-BP-2 shows clearly that this extended

C-terminal tail is unstructured (Figure 4.5).
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Figure 4.10 Structural comparisons and sequence alignments of C-BP-2 and other thyroglobulin type 1 domains

Comparisons of C-Bp-2 (blue, residues l8g-270 of the closest to average structure) and (a) C-BP-1 (PDB 12T3, gold, residues 149-226) (Sala et

al.,i105¡,(b) C-Bp-4 1fòn ZOSn, coral, residue 15I-228) (Sitar et a1.,2006), (c) C-BP-6 (PDB IWQJ, orange, residue 134-207) (Headey et al.,
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2004a), and (d) p41 Ii fragment (pDB car et al., 1999). (e) Sequence alignments of IGFBP C-domains and

,rrr"ráL r.pr.àénìrtirr. ,roi-IGFBp thy t for saxiphilin (Rana catesbeiana) and equistatin ('4ctinia equina),

,.q.r.n.., are of human proteins. Fo roglobulin type 1 domains (thyroglobulin, SMOCI, saxiphilin, and

equistatin), sequences of the first tþroglobulin type 1 domains are shown. Numberings correspond to full-length proteins without secretory

signal ..qo"n"ô.. Conserved cysteines are coloured red. IGFBP-2 (Swiss-Prot Pl8065): numbering is given above the sequence; primary heparin

Uinaing rôsidues are coloure¿ pinh loop II residues are coloured green; the RGD motif is coloured orange. IGFBP-I (P08833): the RGD motif is

colourãd orange. IGFBp-3 (pilgzø) ui¿ -s (p24593): the 10 basic residues in the 18-residue regions are colouredblue. IGFBP-6 (P24592):

residues involved in IGF-II binding are coloured yellow. IGFBP-4 (P22692); p4l Ii Q}a2l.!; thyroglobulin (P01266); nidogen-l Qlasß);
SMOCl (secreted modular calcium binding protein 1, Q9H4F8); testican-1 (Q08629); TACDI (tumour-associated calcium signal transducer 1,

pI6422); saxiphilin (p3I226); equistatinlÞAt+ll¡. Comprehensive sequence alignments of thyroglobulin type 1 domains can be found

elsewhere (Novinec et al., 2006).
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4.3.4 15N relaxation parameters, overall rotational and translational motions

Representative 
1sN relaxation decay curves for C-BP-2 are shown in Figure 4.11,

and backbone ttN Rt, Rz and steady-state 
1sN-{1H} NOE values are summarizedin

Figure 4.12 and compared with those of C-BP-6 (Yao et al., 2004). After residues

heavily overlapped in the spectra were excluded, all three Rl, Rz and steady-state 15N-

{1H} NOE values were measured for 68 residues, giving averagedvalues of 1.22+0.23

s-t, 16.54 + 6.99 s-l and 0.46 + 0.57, respectively. While the average R1 rate is modestly

lower than that of C-BP-6 (1.56 + 0.18 s-1), the average Rz value is considerably higher

(C-BP-6, 10.35 + 3.12 s-1) (Yao et a1.,2004).

Of the 68 residues for which Rr, Rz and steady-state r5N-{1H} NOE values were

measured, 25 satis$z the criteria of steady-state 1sN-11H) NOE > 0.6 and lTlTz -

<T1lT2>l < SD, indicating that those spins are unlikely to participate either in slow

internal motion or in chemical/conformational exchange processes (Kay et a1., 1989).

An isotropic global correlation time, r", of 13.8 + 1.3 ns was thus obtained from the

ratios of Rz and Àr for these 25 residues. This correlation time is significantly longer

than 8.3 + 0.5 ns of C-BP-6 (Yao et ai^, 2004), as well as t" values of molecules with

similar molecular masses (Maciejewski et al., 2000). The principal moments of the

inertial tensor of C-BP-2 for the closest-to-average structure are 1.00:0.69:0.6L Fitting

15N relaxation parameters to an axially symmetric rotational diffusion tensor model,

however, was unsuccessful. We were therefore unable to perform a full analysis of

these measured relaxation parameters using the conventional Modelfree apptoach, as

performed previously for C-BP-6 (Yao et a1.,2004).

To probe possible self-association, 1sN relaxation rates and translational diffusion

coefficients of C-BP-2 at different concentrations were compared. Average 15N Rl and

-R2 values measured using the first-increment FIDs of 15N Tl- and T2-weighted lsN-

HSQC spectra of C-BP-2 at 0.03 mM are 1.28 s-l and 10.6 s-1, respectively. When

possible differences in viscosity are taken into account, these values agree with the Rr

(1.23 s-1) and, Rz (11.2 s-1) values at 0.3 mM derived in the same manner. It is worth

noting, however, that although this method provided estimates of the Rl and lRz for the

diluted sample, these "average" values, which differ from the average values calculated

above from individual residues, seem to be significantly biased by residues in the

flexible regions. The translational diffusion coefficients of C-BP-2 werc 1.22 and I.24
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x 10-10 m' s-t at 298 K and concentrations of 0.3 and 0.03 mM, respectively (Figure

4.I3). These results agree very well with 1.20 x 10-10 m2 s-t for C-BP-6 under similar

conditions (Yao et al., 2004). Although C-BP-6 is smaller than C-BP-2, the C-BP-6

construct had a 27-residue leader sequence and the total residue number, 107, is the

same as for C-BP-2.

4.3.5 Backbone dynamics from reduced spectral density mapping

As an altemative approach, reduced spectral density mapping analysis, which

makes no assumptions about the nature of molecular global rotational diffusion (Farrow

et al., 1995), was performed for the 15N relaxation parameters of C-BP-2 and C-BP-6,

and the results are suûtmarizedinFigwe 4.14.

The reduced spectral density functions at different frequencies, .{0), -I(ro¡), and

-r(0.87cr1¡¡), describe the motions of the poþeptide chain. -r(0) is sensitive to both

internal motions on the nanosecond time scale and slow motions on the millisecond to

microsecond time scale, whereas -(ory) and -(0.87rr1¡¡) are sensitive to fast internal

motions on the time scales of 1/roN and 1/r¡n , respectively (Viles et a1., 2001). High.r(0)

values of C-BP-2 may reflect contributions from chemical or conformational exchange,

as well as the influence of the disordered regions (see below). On the other hand, the

good agreement of .r(0.87au) between C-BP-2 and C-BP-6 is consistent with the fact

that both domains are folded and adopt similar structures (Farrow et al.,1995). C-BP-2

residues in the helix, the B-strands and the first B-turn exhibit -I(0.87co¡¡) < 7.5 ps rad-l

(Viles eI al., 2001), indicating a relative lack of internal flexibility. Residues that

exhibit.r(0.87con) between 7.5 and 15 ps rad-l possess significant internal flexibility

(Viles et aI.,200I); these include residues in loops I and II, and the second part of loop

III (Gly260 -Asp267) including the RGD motif (-10 ps rad 1). Residues in the C-

terminal tail beyond Gln277 exhibit .r(0.87rou) > 15 ps rad-l and thus have greatet

flexibility.
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Figure 4.1t Representative 15N relaxation decay curves of C-BP-2

(a) Rr and (b) Rz for residues R188 (t), Et94 (a), and T285 (A). ttN relaxation

experiments were performed using a 0.3 mM 15N-C-BP-2 sample at pH 6.0 and 298 K
on a DRX-600 spectrometer.

=it,c
o
c

=u,c
o
c

a( )

b( )

135



2

NOE

0

&

30

20

l0

0

1

0

-1

-2

R2/R1 zo

200 280

Residue

Figure 4.12 Summary of backbone L5N relaxation parameters

(a) Rr, (b) Az, (c) steady-state 15N-{1H} NOE and (d) RzlRr ratios for c-BP-2 (o),
measured using a 0.3 mM sample at pH 6.0, 298 K and 15N frequency of 60.81 MHz.

Corresponding values for C-BP-6 (O) measured under similar experimental conditions

(Yao et a|,2004) are also depicted for comparison using the sequence alignment of C-

BP-2 and C-BP-6 given in Figure a.10 (e). Residue numbers correspond to C-BP-2.

Schematic representation of the secondary structure elements of C-BP-2 is also shown.
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Figure 4.1.3 Translational diffusion coefficients of C-BP-2

(a) Logarithmic (normalised) intensities of C-BP-2 at 0.3 mM (O) and 0.03 mM (A)
and C-BP-6 at 1.0 mM (n) versus the strength of diffusion encoding, y2g2õ2(L-õ13).

Corresponding intensities of NaAc signals of the 0.3 mM C-BP-2 sample (O), the 0.03

mM C-BP-2 sample (A), and the C-BP-6 sample (l) are also shown. As expected

they attenuated much faster than the protein signals. Lines represent the results of
nonlinear regression to equation (1). (b) A partial expansion of (a) showing only the

signal attenuations of C-BP-2 and C-B-6. The dashed line represents the calculated

attenuation of a 25o/o increase in translational diffusion coeff,tcient, which corresponds

to the change of translational diffusion coefficient for a spherical molecule upon

dimeization in the ideal case (Teller eI al.,1979).

o

c
J

200

I

c
J

200

(a)

(b)

137



10

8

J(0) 6

(ns/rad) 4

2

0

0.5

0.4

J(r,ln) 0.3

(ns/rad) o.2

0.1

0.0

60

J(0.87o¡) 40

(ps/rad) 20

0

180 200 240 280

Residue

Figure 4.14 Reduced spectral density functions of C-BP-2

(a) -r(0), (b) .r(ror.r) and (c) 
"r(0.87con) 

calculated from the data shown in Figure 4.13

using Equations (2-5) for C-BP-2 (O) and C-BP-6 (O) are compared according to the

sequence alignment of C-BP-2 and C-BP-6 given in Figure 4.10 (e). Residue numbers

correspond to C-BP-2. Schematic representation of the secondary structure elements of
C-BP-2 is also shown.
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4.4 Discussion

4.4.L Structural differences and implications for IGF binding and functional

diversity

The C-BP-2 structure has the same thyroglobulin type 1 fold as IGFBP C-domarn

structures reported during the course of this thesis, i.e., C-BP-6 (Headey etaI.,2004a),

C-BP-I (Sala et a1.,2005), and C-BP-4 (Sitar et a1.,2006). However, differences among

these structures that may be relevant to the functional differences are evident. Based on

sequence homology, single or multiple thyroglobulin type 1 domains have been found

in many proteins with different origins and functions Q.{ovinec et aL,2006), but, apart

from IGFBP C-domains, the only other thyroglobulin type 1 structure published is of

the p41 Ii fragment (Guncar et al., 1999; Chiva et aL,2003). C-BP-2 is not only the

largest C-domain of any IGFBP but also the largest tþroglobulin type 1 domain

structure reported thus far.

The largest differences among the known structures are in the length of the cr,-helix

and the length and position of the flexible loops. Equivalent residues of C-BP-2

Leu2I4-Ser219 in C-BP structures adopt very different conformations, i.e., cr-helix in

C-BP-4 but B-strand in C-BP-1 and are part of the flexible loop I in both C-BP-2 and C-

BP-6 NMR structures. It is worth noting that the C-BP-4 structure is in a IGF-I'N-BP-

4.C-BP-4 ternary complex, whereas other C-BP structures are in the absence of the

ligand or the N-domain. It is therefore possible that this region, as well as the loop II

region (see below), in IGFBP C-domains undergoes signif,rcant conformational change

or is stabilised in one pre-existing conformation upon ligand binding.

The c¿-helices in all C-BPs are longer than in p41 Ii and the helix in C-BP-I is

longer than those in C-BP-2, C-BP-4, and C-BP-6. The end of the cr,-helix in C-BP-2 at

this position is confirmed by the pattern of deviations of C" and H" chemical shifts

from their random coil values (Figure 4.4). IrL C-BP-6, the end of the cr,-helix is

involved in IGF-II binding, as the 1H-15N cross peak of Thr152 (equivalent to Thr204 in

C-BP-2) disappeared and Gln151 (equivalent to C-BP-2 Ser203) showed a Iatge

increase in lsN transverse relaxation rate upon IGF-II binding (Headey et aL,2004a).

Gln151, among some other residues, was found to undergo conformational or chemical

exchange that may correlate with the IGF-II binding (Yao et a1.,2004). Recently, Mark
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and co-workers identified from human haemofiltrate an IGFBP-2 fragment (Gly167-

Gfu279) that has a cleaved peptide bond betweenThr204 and Met205 but is apparentþ

stabilized by disulfide bonds (Mark et al., 2005), which is consistent with our results

showing a less well ordered structure in this region. This hydrolytic fragment has four-

fold higher IGF-I binding affrnity but three-fold lower IGF-II binding affinity compared

to the equivalent 167-279 fragment without cleavage (Mark et a1., 2005), indicating that

this region influences IGF binding.

C-BP-2 residues between Cys236 and Cys247 form the flexible loop II and part of

the second and third B-strands flanking the loop II. Equivalent residues in IGFBP-6

contribute to IGF-II binding (Headey et al., 2004a), whereas in IGFBP-3 and -5 they

are not only the major acid-labile subunit binding sites (Firth et a1., 1998), but are also

essential for nuclear localization (Schedlich et a1., 2000), and in IGFBP-3 can form a

metal binding site (Singh et a1., 2004). Although the composition of the loop II in C-

BP-2 is very different from that of C-BP-6 (Figure 4.10 (e)), the length of the loop and

its dynamic properties, as measured by lsN relaxation data, arc similar. They both have

considerable flexibility (see below) and this may be required for high-affinity IGF

binding, with loop II sampling a ran1e of conformations in the absence of ligand, but

including those that are most complementary to the bound IGF structures. In fact, in

subsequent NMR binding experiments, it is found that loop II residues not only interact

with IGFs, consistent with previous data of C-BP-6, but also interact with N-BP-2

(Chapter 6). These results are also supported by the recently published crystal structure

of IGF-I.N-BP-4.C-BP-4 temary complex (Sitar et a1.,2006). Loop II in several non-

IGFBP thyroglobulin type 1 domains is shorter by four residues than in IGFBP C-

domains (Figure a.10 (e)). In the crystal structure of p41 Ii and cathepsin L complex,

the loop II residues are inserted into a cleft formed by cathepsin L (Guncar et a1.,1999),

which is a different interaction mode compared to the IGF binding by C-BPs. The

variety and flexibility of loop II and its flanking residues are thus important both for

modulating IGF binding affinity and for other molecular interactions in thyroglobulin

type 1 domains.
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4.4.2 Structure and function of the RGD motif

IGFBPs interact with several other molecules through their C-domains, and these

interactions can modulate IGF actions and/or mediate IGF-independent effects (Firth

and Baxter, 2002; Bach et a1., 2005). IGFBP-I and2,but not IGFBP-3 to -6, have RGD

motifs in their C-domains.

In C-BP-2, this RGD motif is located in loop III and is solvent exposed; it forms a

distorted inverse y-turn turn as defined by short and medium-range NOEs.

Superposition of the backbone heavy atoms of this region with the corresponding

region of C-BP-I showed that the conformations of the RGD turns are very similar,

although some flanking residues are different (Figures 4.8 and a.10 (e)). Nevertheless,

backbone amide dynamics showed that this part of the loop III has considerable

mobility (section 4.3.5).Its structure and dynamic properties are thus consistent with

functional RGD motifs in many other proteins (Carr et al, 1997).

Jones and co-workers demonstrated that IGFBP-I stimulated Chinese hamster

ovary cell migration and bound to cr5B1 integrin, both in an RGD-dependent malìner

since WGD mutant did not have these effects (Jones et al., 1993b). The effect of

IGFBP-I on migration was independent of IGF-I and may be mediated by the ct5B1

integrin (Jones et al., 1993b). Similarly, it has been shown that IGFBP-I can stimulate

extravillous trophoblast cells, by binding of its RGD motif to the o5B1 integrin, and

activate focal adhesion kinase (FAK) and mitogen-activated protein kinase (MAPK)

pathway (Gleeson et a1., 2005).

IGFBP-2 bound to cr5B1 integrin on the cell surface through its RGD motif; the

interaction caused dephosphorylation of FAK and MAPK, and may correlate with the

enhanced cell de-adhesion and decreased cell proliferation by IGFBP-2 (Schutt et a1.,

2004). Recently, Wang and co-workers reported that overexpression of IGFBP-2 in

glioma cells up-regulated expression of integrin ct5, and that IGFBP-2 interacts with

integrin ct5 through the RGD motif in the IGFBP-2 C-domain (Wang et aL,2006).

Overexpression of IGFBP-2 resulted in extensive cell surface lamellipodia and

increased migration, which could be abrogated by integrin cr5 siRNA (Wang et aI.,

2006). Previously, these authors discovered a novel protein, invasion inhibitory protein

45 (IIp45), which bound to the C-domain of IGFBP-2 and inhibited glioma cell

invasion (Song etaL,2003). Although detailed support was lacking in that paper, the
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authors proposed that IIp45 may inhibit IGFBP-2 activation of the integrin pathway by

interacting with the RGD motif of IGFBP-2 (Song et a1.,2003)'

Although the above studies showed that the RGD motif of IGFBP-2 mediates cell

surface association via integrin in some tumour cells, Hoeflich and co-workers reported

that cell surface association of IGFBP-2 in IGFBP-2 transgenic mice is RGD-

independent (Hoeflich et al., 2002).In addition, interaction of IGFBP-2 with ctvB3

integrin negatively modulate IGF-mediated breast tumour cell migration, and correlated

with reduced tumour size of cancer cells that overexpressed the ctvB3 integrin; but the

interaction between IGFBP-2 and crvB3 integrin may be RGD-independent, since it was

not inhibited by RGD-containing peptides (Pereira et aI,2004).

4.4.3 Backbone flexibility of C-BP-2

NMR relaxation methods have been applied to probe the dynamics of IGFBP

domains and reveal signif,rcant correlations between their dynamics and IGF binding

(Renner and Holak, 2001; Yao et a1.,2004). Previous results from Modelfree analysis

and other relaxation dispersion data indicated that conformational exchange of a

substantial number of C-BP-6 residues on sub-millisecond to millisecond time scales

correlated with IGF binding (Yao et aI.,2004).In this study we have compared the

backbone dynamics of C-BP-2 and -6. C-BP-2 has considerably higher backbone 1sN

,Rz values than C-BP-6 (Figure 4.I2), and the reduced spectral density mapping analysis

showed significantþ higher -I(0) values for C-BP-2, although there is good agreement

of -I(0.87cos) between c-BP-2 and c-BP-6 (Figure 4.14), indicating they have very

similar picosecond time scale motions in corresponding regions. Since -r(0) is sensitive

to both fast motions on the nanosecond time scale and slow motions on the

microsecond to millisecond time scales, care must be taken in interpreting these results.

After considering the fast motion information provided by -(0.87con) and .{c¡N),

increased -I(0) values for some residues in both C-BP-2 and C-BP-6 are likely to have

arisen from conformational or chemical exchange, which is consistent with our

previous C-BP-6 data (Yao et al., 2004). Residues that may have moderate -(0)

increases of this kind seem to be located in equivalent regions in C-BP-2 and C-BP-6,

i.e. around the disulfide bonds, around the end of the helix, and in loop II, although a

detailed residue-by-residue comparison is compromised by the relatively large error
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bars in the C-BP-2 data, especially for Rz, aîd by missing data for quite a few residues

because of peak overlap. Interestingly, the residues that undergo exchange broadening

are distributed quite widely in C-BP-6 (Yao et a1.,2004) and C-BP-2, while fewer

residues were found by Renner and Holak (2001) to have such exchange in a truncated

N-domain of IGFBP-S (mini-N-BP-5) and those residues were converged in a loop

involved in IGF binding (Renner and Holak, 2001). This probably reflects the fact that

C-domains use a larger surface for IGF binding than mini-N-BP-s, as well as mediating

other molecular interactions.

The conformational exchange itself, however, does not appear to be the major

contributor to the marked R2 increase in C-BP-2 compared to C-BP-6, as almost all

residues in the structured core are affected. The lack of significant changes in measured

average 
ttN Àr and R2values (from the first-increment FIDs) and translational diffusion

coefficients of C-BP-2 at concentrations of 0.3 and 0.03 mM, as well as the excellent

agreement between the translational diffusion coefficients of C-BP-2 and C-BP-6,

indicate that self-association of C-BP-2 under the experimental conditions is unlikely.

A possible explanation for the anomalously higher Rz values and the failure in fitting

the relaxation parameters is that the motions of the core of C-BP-2 cannot be described

by a simple anisotropic tumbling model with a unique diffusion tensor. This is probably

a consequence of the presence of a longer and very flexible C-terminal tail together

with a longer disordered loop compared to C-BP-6. In fact, similar anomalously high A2

values and consequent failure of conventional Modelfree analysis have been reported

and discussed in detail by Viles and co-workers for other proteins with long

unstructured termini (Viles et al., 2001). Using computer simulations these authors

found that even a modest distribution of correlation times, which resulted from the

disordered regions, could lead to alarge increase in -r(0) and a corresponding increase

in,Rz, while the Rr and the ttN-{tg} NOE were much less affected (Viles et al., 2001).

Collectively, C-BP-2 possesses significant fast motions in the loops and termini,

and may also have slow conformational or chemical exchange in the structured domain

core and loop II. In fact, flexibility seems to be a significant feature of IGFBP

molecules. In particular, the structure and dynamics of the -100 residue non-conserved

linker domains in IGFBPs, in relation to their function, have not been established,

although they are known to contain multiple protease cleavage sites and are generally

believed not to have ordered structures. IGFBP-2 is at one extreme in this respect, since

it has insertions in both the N-domain (a -15-residue alanine-rich region) and C-domain,
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and a longer C-terminal tail compared to other IGFBPs, making it the largest member

in the family and probably the most flexible.
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Chapter 5

Heparin Binding by the IGFBP-? C-terminal

I)omain

5.1 Introduction

Binding of IGFBPs to glycosaminoglycans and other components of the

extracellular matrix is believed to be important in modulation of IGF actions, but

previous data regarding the glycosaminoglycan binding by IGFBP-2 have been

contradictory.

Glycosaminoglycans are long unbranched polysaccharides containing a repeating

disaccharide unit. As shown in Figure 5.1, the disaccharide units contain either of two

modified sugars, N-acetylgalactosamine or N-acetylglucosamine and an uronic acid

such as glucuronate or iduronate. Heparin, heparan sulfate, keratan sulfate, dermatan

surfate, chondroitin sulfate, and hyaluronic acid ale commonly found

glycosaminoglycans of physiological signif,rcance. Although each of these

glycosaminoglycans has a predominant disaccharide component (Figure 5.1),

heterogeneity exists in terms of the sugar composition and the percentage of the

sulfation in any given class. Glycosaminoglycans are highly negatively charged

molecules, and are located primarily on cell surface or in the ECM. Over the last two

decades heparin and other glycosaminoglycans have been shown to interact with an

increasing number of proteins, thereby playing an important role in the regulation of

various physiological processes (Capila and Linhardt,2002; Raman et a1.,2005). These

include the regulation of proteases such as the interaction of heparin with antithrombin

III, modulation of cell growth, differentiation, and inflammation via the interactions of

heparin with growth factors and chemokines, and mediation of cell-cell and cell-matrix

adhesions, as well as pathogen invasions.

Heparin binding by IGFBPs and its effects on IGF binding were investigated

initially with respect to an l8-residue region that contains ten arginine or lysine

residues in the C-domains of IGFBP-3 and -5, equivalent to C-BP-2 Lys227-Atg244

(Figure 4.10 (e)). Heparin binding of IGFBP-3 and -5 reduces IGF binding affinity, and
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is thought to be important in controlling the availability of unbound IGFs in the ECM

(Arai et al., I994b). Although mutagenesis studies have identified several basic

residues in IGFBP-5 that are important for heparin or ECM binding (Arai et aI., 1996b;

Parker et al., 1998; Song et a1.,2000; Allan et a1., 2006), the contributions of other

basic residues in this region and the three-dimensional location of the binding site are

unclear. There is also some debate as to whether IGFBP-2 binds heparin and other

glycosaminoglycans. Arai and co-workers reported that IGFBP-2 óid not bind heparin

but acquired heparin binding ability upon binding to IGFs (Arai et a1., 1996b), while

Russo and co-workers found heparin binding by IGFBP-2 in the absence of IGFs

(Russo et a1.,1997), and suggested that the heparin binding site is in the linker domain

(Russo et al., 2005). However, others have failed to detect heparin binding by IGFBP-2

either with or without IGF-I (Song etaI.,200l; Beattie et a1.,2005).

NMR spectroscopy is a very powerful technique for studying molecular

interactions, and, while many NMR methods have been developed recentþ for this

putpose, chemical shift perlurbation mapping is the most widely used (Zuiderweg,

2OO2).In brief, the protein whose binding site is to be mapped is lsN-labelled, andits

rg-tsN HSQC spectrum is monitored as the unlabelled interaction partner(s) is (are)

titrated in. Chemical shift perhrrbations of a specific set of resonances occur, indicating

the changes in the local chemical environment of these nuclei caused by direct contact

with the interaction partner and/or a conformational change resulting from the

interaction.

In addition to mapping the interface, titration with NMR also allows a good

estimation of the affinity and stoichiometry, as well as the kinetics of binding, which

determines how the chemical shifts change during the titration (Zuiderweg,2002).If

the complex dissociation is fast, i.e., the inverse of the lifetime (1/t) is greater than the

chemical shift differences (Aô) between free and bound states, only a single set of

resonances whose chemical shifts are the fractionally weighted average of the free and

bound chemical shifts will be observed. Thus the resonances of the perturbed nuclei

move in a continuous manner during the titration (Figure 5.2). This regime is referred

to as fast chemical exchange and is often observed for weak interactions with

equilibrium constants (K¡) greater than 10-s M. In contrast, if the dissociation is very

slow, i.e., 1/t is smaller than Aô, then one set of resonances for the free protein and

another set for the bound resonance are observed. Thus, during the titration, the "free
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sef' gradually disappears and the "bound set" appeats simultaneously (Figure 5.2). This

regime is referred to as slow chemical exchange and is often observed for high affinity

interactions with Kn at 10-s M or smaller. Interactions with K¡ in the 10-6-10-t M tange

often fall into the intermediate chemical exchange regime, where 1/t is close to Aô. In

this case, extensive broadening of the changing peaks occurs, and when the lines

become broad enough, the resonances may disappear from the NMR spectrum (Figure

s.2).

In this Chapter, chemical shift perlurbation mapping was used to identiff the

heparin binding site on C-BP-2.Interactions among IGFs, N-BP-2, and C-BP-2 were

also investigated by this approach in following Chapters.

The heparin binding site was identified by titrating ttN-labelled C-BP-2 with

sucrose octasulfate (SOS) and low molecular weight heparin oligosaccharides in the

presence of 150 mM NaCl, mimicking physiological ionic strength, while monitoring

chemical shift changes in the rH-15N HSQC spectra. SOS has a simpler and better

defined chemical structure than heparin (Figure 5.1), and has been used as a functional

substitute for heparin in studies of other proteins using NMR (Zhou eL al, 1999; Hung

et al., 2005).
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Figure 5.1 Structures of glycosaminalglycans and SOS

Structures of (a) glycosaminalglycans and (b) sucrose octasulfate (SOS, sodium salt).

Figure (a) was from (Ramanetal.,2005).
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In fast exchange, only a single set of resonances whose chemical shifts are the

fractionally weighted average of the free and bound chemical shifts will be observed,

and the resonances of the perturbed nuclei move in a continuous manner; In
intermediate exchange, extensive broadening of the changing peaks occurs, and the

resonances may disappear from the NMR Spectrum; In slow exchange, one set of
resonances for the free protein and another set for the bound resonance are observed
(Zúderweg,2002).
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5.2 Materials and Methods

5.2.1 Materials

ttN-labelled C-BP-2 was prepared as described in Chapter 3. SOS was purchased

from Toronto Research Chemicals Inc (Toronto, ON, Canada). Low molecular weight

heparin, with an average molecular mass of -3 kDa (-12-15 monosaccharide units),

was purchased from Sigma (Saint Louis, MO, USA).

5.2.2 Methods

Titration experiments were carried out by adding concentrated SOS or heparin

solution to 0.03 mM lsN-C -BP-2 samples in 95% IjrzC,ls% 2HzO containing 10 mM

sodium acetate,150 mM NaCl and 0.02% (w/v) sodium azide atpH 6.0. lH-lsN HSQC

spectra were recorded at SOS concentrations of 0,0.2,0.5, 1.0, 1.5,2-0,2-5 and 3.0

mM, or heparin concentrations of 0, 0.5, 1.0, 1.5 and 2.0 mM; changes in resonance

position were examined. The spectra were recorded with a data matrix size of

2048x128 and256 scans per 11 increment. Spectrum widths were 11.5 ppm for lH and

30.0 ppm for 1sN. Spectra were processed as described in Chapter 4.

tH-ttN HSQC spectra of the samples with 0 and 3.0 mM SOS, or 0 and 2.0 mM

heparin were also recorded and compared at pH 5.5 and 7 .4. Titration experiments with

SOS were also performed at pH 5.5.

5.3 Results

5.3.1 Chemical shift perturbations

As shown in Figures 5.3 and 5.4, addition of increasing amounts (0.2-2.5 mM) of

SOS to a 0.03 mM lsN-C-BP-2 sample at pH 6.0 induced continuous movements of

specific cross-peaks, while 3.0 mM of SOS did not cause further changes compared to

2.5 mM. This indicated that the binding was on the fast-exchange time scale relative to
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Figure 5.3 SOS or LVIW heparin binding by C-BP-2

Overlay of selected regions of the lH-lsN HSQC spectra of 0.03 mM C-BP-2 in the

absence (orange) and presence (green) of 3.0 mM SOS (a, c and d), or 2.0 mM low
molecular weight heparin (b), at pH 6.0 (a and b), pH 5.5 (c) and pH 7.4 (d). Spectra

were recorded at 500 MHz and 298 K. The fullspectra are shown in Figure 5'4'
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the resonance frequency differences between free and bound C-BP-2 protein. Addition

of low molecular weight heparin to I5N-C-BP-2 to saturation caused movements of a

similar set of peaks together with significant peak broadening (Figures 5.3 and 5.4).

The residues that exhibited relatively larger lH and lsN chemical shift changes upon

SOS or heparin binding (Figure 5.5) were mapped to the surface of C-BP-2 (Figure 5.6

(a and b)). These residues are mainly located at the P-turn connecting the first and

second strands, part of the third strand, and the beginning of the C-terminal tail. Two

lysine residues (Lys227 andLys234) and ¡vo histidine residues (His228 and His271)

are within this binding site.

5.3.2 Effects of pH on the binding

To check whether a change of pH and thus the protonation states of the histidines

would affect binding, lH-lsN HSQC spectra of lsN-C-BP-2 with 0 and 3.0 mM SOS, or

with 0 and 2.0 mM low molecular weight heparin at pH 5 .5 and pH 7 .4 were compared.

At pH 5.5, SOS induced larger chemical shift changes of a similar set of peaks, and

residues in the loop III and the C-terminal tail, which are close to the binding site and

are relatively flexible, wefe also perlurbed (Figures 5.3 and 5.4), whereas low

molecular weight heparin caused a drastic broadening of the peaks (not shown).

Furthermore, in titration experiments at pH 5.5, less SOS was required to saturate the

protein compared to pH 6.0. These results indicate that binding was enhanced at pH 5.5

At pH 7.4, chemical shift differences were very small and the line-widths were restored

(Figures 5.3 and 5.4), indicating that the binding was largely suppressed at neutral pH.

Although pH titration alone of ttN-C-BP-2 without ligands can also cause certain

chemical shift changes of residues in this binding site because of partial deprotonation

of the imidazolium rings of His27l and His228 (Chapter 4), the displacement of the

side-chain ttN tesonatrce of Asn232 (Figures 5.3 and 5.4) occurred only when SOS or

heparin were added, not by altering the pH (5.0-7.0) alone (Figures 4.2 and 5.3).

Moreover, the pH of the samples was maintained very carefully, and duplicate

experiments produced identical results. Thus, we conclude that the chemical shift

changes seen in the titrations are due to the binding of SOS or heparin.
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5.3.3 The heparin binding site on C-BP-2

Based on these results and an analysis of the sequence alignments (see below), C-

BP-2 residuesLys227,His228, Asn232,Leu233,Lys234 andHis2Tl are proposed to

be the primary heparin binding residues, and adjacent residues 229-231,249-25I, 269-

270 and 272-276 are also involved. A schematic representation of the heparin binding

by C-BP-2 is shown in (Figure 5.6 (c and d)).

5.4 Discussion

5.4.L Heparin binding by IGFBP-2 C-domain

In this study, NMR chemical shift perturbation experiments showed clearly that

the C-domain of IGFBP-2 binds heparin and the strength of the binding appeared to be

modulated by pH. These new findings are of significant interest, because previous data

in the literature regarding the heparin binding ability of IGFBP-2 have been rather

contradictory.

Arai and co-workers reported that IGFBP-2 did not bind heparin but acquired

heparin binding in the presence of IGFs, in contrast to IGFBP-I , -3, -4 or -5, which did

not have increased heparin binding in the presence of IGFs (Arai et a1., 1996b). The

binding seemed to be physiologically significant, since IGFBP-2 also bound to human

fibroblast ECM if IGF-I or IGF-II was added (Arai et aI., 1996b). IGF-II was more

potent than IGF-I, and des(1-3)-IGF-I or insulin had no effect, suggesting that binding

of IGFs to IGFBP-2 is required to induce a conformational change of IGFBP-2 that

exposes the heparin binding site (Arai et aI.,l996b). Similarly, IGF-enhanced binding

of IGFBP-2 to ECM was reported by Conover and Khosla (2003); the binding was

inhibited by heparin, heparan sulfate, but not chondroitin sulfate, and ECM-associated

IGFBP-2 had unchanged affinity for IGF-I and -II compared with soluble IGFBP-2

(Conover and Khosla,2003).In the presence of IGF-II, IGFBP-2 binds heparin, but not

collagen I, f,rbronectin, or laminin (Conover and Khosla,2003).

In contrast, Russo and co-workers found that IGFBP-2 binds to

glycosaminoglycans including heparin, keratan sulfate, chondroitin-4-sulfate, and
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low molecular weight heparin (b) binding at pH 6.0 are shown. (c) Schematic

representation of the proposed heparin binding site. Primary heparin binding residues
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(Mu|loy et al, !993) is shown as a stick model (gold). (d) Structures in (c), rotated by

90o about the vertical axis. Parts of the unstructured regions (residues 183-186 and 280-

289) are excluded for clarity. Figures have the same orientation as Figure 4.6 (b). These
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chondroitin-6-sulfate, and proteoglycan aggrecan, in the absence of IGFs; binding of

IGFBP-2 to chondrointin-6-sulfate decreased the IGF-I binding affinity of IGFBP-2

approximately three-fold (Russo et air, 1997). The binding appeared to be biologically

relevant, since IGFBP-2 binds to cell surface in the rat brain olfactory bulb (Russo et al.,

lggT), and IGFBP -2 and a !4-I<Da proteolytic fragment bind to the neuroblastoma cell

surface (Russo et aI.,1999). Recentþ, these authors proposed that the heparin binding

site of IGFBP-2 may be located in the linker-domain, because IGFBP-2 mutant of the

predicted heparin binding site in the linker domain had significant reduction (-70-80%)

in binding to ECM components including heparin, vitronectin, laminin, fibronectin, and

collagen IV (Russo et a1.,2005). Furthermore, IGFBP-2 enhanced proliferation and

metastasis of neuroblastoma cells and this function was dependent on the proposed

linker domain heparin binding site (Russo et al., 2005).

Nevertheless, the absence of heparin binding by IGFBP-2 either with or without

IGFs has also been described. Song and co-workers reported that neither IGFBP-2 nor

an chimeric IGFBP containing the N-domain of IGFBP-5 and the linker domain and C-

domain of IGFBP-2 bind heparin (Song et a1.,2001). In a recent paper, these authors

used IGFBP -2 as a negative control in the study of IGF and heparin binding of IGFBP-

3 and -5; no binding of IGFBP-2 to heparin was seen in heparin ligand blot or BIAcore

analysis, either in the absence or presence of IGF-I (Beattie et a1', 2005)'

Recentþ, the C-domain of IGFBP-4 (C-BP-4), which, like C-BP-2, lacks the basic

residue cluster, was unexpectedly found to bind heparin and acquire IGF binding ability

upon heparin binding (Fernandez-Tornero et aL,2005). The results presented here may

provide a plausible explanation for their observations (see below)'

The heparin binding by full-length IGFBP-2 was not studied in this thesis.

However, the heparin binding of the C-domain likely contributes to the heparin binding

by the full-length protein. A previously proposed heparin binding sequence

117ePKKLRP, in the linker domain) was not included in the C-BP-2 construct, and its

significance in heparin binding is to be analyzed in future. Furthermore, the effects of

heparin binding by c-BP-2 on its IGF binding are investigated in chapter 7.
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5.4.2 The heparin binding site on C-BP-2

In this Chapter, the heparin binding site of C-BP-2 was mapped onto its three-

dimensional structure using the chemical shift perlurbation method. Previously, the

heparin binding site on IGFBP-2 C-domain was unknown, although mutagenesis

studies have been used to probe the heparin and ECM binding sites on the C-domain of

IGFBP-S (Arai et aI., 1996b; Parker et al., 1998; Song et aL,2000; Allan et a1.,2006).

Those studies have targeted the 18-residue region that contains 10 basic residues. While

several basic residues were found to be important for heparin binding, there were

discrepancies among the results, and the contributions of other basic residues in the

region as well as the three-dimensional location of the binding site remain unclear.

Arai and co-workers found that IGFBP-5 residues Arg20I, Lys202, Lys206,

Lys208, and Arg2l4 (equivalent to IGFBP-2 Lys227, His228, Asn232, Lys234, and

Let240, respectively) are important for heparin binding, whereas Lys2ll, Lys2l7,

Arg2l8, and probably also Arg207 are not (Arai et ã1., 1996b). While the

Arg2}lLeulLys2}2GlulArg2l4Ãla mutant had reduced heparin binding (Song et al.,

2000), mut¿tion of Ãrg2l4 to Ala alone only slightly decreased heparin binding, and

Lys202Ãla/Arg208Ala mutant had a very sharp decrease in binding and the net

contribution of other basic residues was unclear (Allan et a1.,2006). Interestingly, a

heparin binding site (A19136 and Arg137) in the linker domain of IGFBP-5 that is

active only in the absence of the C-domain has also been proposed (Song et al., 2001).

Parker and co-workers reported that two basic regions of IGFBP-5, Ala131-

Thr141 and Arg201-4rg218, contribute to fibroblast ECM binding, and the 10 basic

residue region (Arg201-Arg2I8) has a greater contribution than the Ala131-Thr141

region that is located in the linker domain. The Lys202{snlLys206{snlArg207Ãla

IGFBP-5 mutant had a 79Yo reduction and multiple substitutions

(Lys21lAsn/Arg2l4{lalLys2lTAla/Arg2ISAsn) resulted in an 88% decrease in ECM

binding (Parker et aI., 1996). These authors subsequently showed that Arg207 and

Arg2l4 are the most important for ECM binding, whereas alterations of Lys211 and

Arg218 only had minimal effects (Parker et a1., 1998).

The heparin binding site of C-BP-2 identiflred in this thesis is a patch containing

the B-turn connecting the first and second strands, part of the third strand, and the

beginning of the C-terminal tail (Figure 5 .6). Ly s227, His228, Ãsn232, Leu233, Ly s23 4
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andhis2Tl are proposed to be the primary heparin binding residues, and the positive

charges of His228 and His271 seem to be required for the interaction. The sequence

alignments (Figure a.10 (e)) reveal interesting residue substitution patterns among

IGFBPs within equivalent regions of C-BP-2 Lys227-Lys234. Both IGFBP-3 and -5

have five basic residues, BBGXYBBB (B: basic residues; X: non-basic residues), while

other IGFBPs tend to have basic residues at the first and fifth B position, and histidine

and asparagine are frequent substitutions at other B positions. It is possible that

glycosaminoglycan binding to this site is a common function shared by IGFBP C-

domains. While occupation of all B positions by basic residues seems to provide strong

heparin binding ability, substitutions by histidines may confer weaker pH-dependent

binding. The structural requirement of the glycosaminoglycans for the binding was not

explicitly determined in this study. Whether the distinct residue substitutions in the

binding patches among IGFBPs also lead to different glycosaminoglycan preferences is

an interesting question that requires future investigation. Another histidine, His271, is

distant from these residues in the primary sequence, but is located within the heparin

binding site, a fact lhat could not be identified previously due to the lack of a three-

dimensional structure. Histidines are also found at equivalent positions in IGFBP-4 and

5, and mouse and rat IGFBP-I, but not in several non-IGFBP tþroglobulin type 1

domains (Figure a.10 (e)). Because C-BP-4 has a very similar patch including two basic

residues, two histidines and one asparagine, it is likely that its heparin binding at pH 6.0,

observed recently using anaþical ultracentrifugation (Fernandez-Tornero et al., 2005)

has a similar binding site to that found here for C-BP-2 by NMR.

It will be of great interest to study the heparin binding by other IGFBP C-domains

using NMR, especially the heparin binding by C-BP-3 and -5, which have the greatest

number (ten) of basic residues in the 18-residue region compared with other C-BPs, and

that of IGFBP-6, which has more basic residues than C-BP-2 but fewer than C-BP-3,

and -5. A comparison with the results presented here for C-BP-2 will reveal whether the

sequence differences, especially the basic residues in the loop II region in those C-

domains lead to different heparin binding properties and different orientations of the

heparin binding site on these domains.
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5.4.3 Implication for the role of C-BP-2 in cancer

IGFBP C-domain fragments are biologically active in their own right. For example,

C-BP-I stimulated cultured fibroblast migration (Sala et al., 2005), whereas C-BP-4

promoted bone formation in calvarial cultures (Fernandez-Tornero et al., 2005). This is

expected to be the case for the IGFBP-2 C-domain as well, and, while the RGD motif

points to one such function, pH-dependent heparin binding may be another. Histidine-

mediated pH-dependent heparin binding and its biological significance have been

demonstrated for granulocyte-macrophage colony-stimulating factor (Sebollela et al',

2005) and mast cell tryptase (Hallgren et a1.,2004). Several physiological and disease

states are known to have slightly acidic extracellular microenvironment, for example

cancer and inflammation. Tumours have acidic extracellular matrix pH values, resulting

from a constitutive increase in glycolysis (Gatenby and Gillies, 2004). When IGFBP-2

is over-expressed in some tumours, its C-domain might preferentially bind to

glycosaminoglycans in acidic tumour ECM, but not in neutral normal tissue ECM.

IGFBP-2 and/or IGFBP-2-IGF complexes and/or C-domain fragments may therefore be

concentrated in tumours and modulate IGF release from IGFBP-2-IGF complexes.

Subsequentþ, the accumulated IGFs and the RGD-containing IGFBP-2 C-domain, in

the fuIl-length protein or fragment forms, could exert their actions via IGF receptors

and integrins, resulting in cancer cell proliferation and migration.
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Chapter 6

NMR Spectroscopy of IGFs and IGFBP-2 N-

terminal Domain

6.1 Introduction

In previous Chapters, experimental conditions for NMR studies of C-BP-2 have

been optimised, and heparin binding by C-BP-2 was studied by monitoring its tH-ttN

HSQC spectra while titrating SOS or low molecular weight heparin into the sample. In

the next Chapter, molecular interactions among C-BP-2, N-BP-2, and IGFs will be

described in detail using the same chemical shift mapping approach, and titration

experiments performed using different orientations. Thus, ttN-labelled C-BP-},IGF-I,

IGF-II, and N-BP-2 werc monitored in separate experiments, while other unlabelled

interaction partner(s) were titrated into the samples. This Chapter is devoted to the

necessary optimisation of the experimental conditions for good quality lH-lsN HSQC

spectra of IGF-I, IGF-II, and N-BP-2, before carrying out those titration experiments.

Both IGF-I (Cooke et al.,l99l; Sato et a1.,1993; Jansson et al., 1998; Schaffer et

aL, 2003; Carrick et aI,2005) and IGF-II (Terasawa et al., 1994; Tones et a1., 1995;

Headey et a1., 2004b; Canick et a1.,2005) were known to give poor NMR spectra,

containing many broad peaks. This is thought to arise from a combination of

aggregation at the protein concentrations required for NMR experiments, together with

the internal dynamics of the molecules. These previous reports also suggested that the

peak linewidths are dependent on temperature, pH, and protein concentration. The

recent use of cryoprobes for signal detection in NMR spectrometers has significantly

increased the sensitivity, such that acquiring 2D lH-l5N HSQC spectra at protein (lsN-

labelled) concentrations down to 0.05-0.1 mM has become routinely praclical, whereas

without a cryoprobe it was necessary to have 0.2-1.0 mM protein. It was of interest to

test whether lowering protein concentration would improve the spectral quality of IGFs.

Thus, effects of protein concentration, pH, and temperature on the 1H-15N HSQC

spectra of IGF-I, IGF-II, and N-BP-2 were investigated in this Chapter.
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In addition, although the cross-peaks in the rH-15N HSQC spectra of IGF-I were

assigned by Dr Francine Carrick (The University of Adelaide) and Ms Christina Wang

(Walter andElizaHall Institute of Medical Research) (Carrick etaI.,2005), significant

difficulties were encountered, and thus there was a considerable number of missing

assignments. Here, 3D spectra of 15N/t3C-IGF-I under the optimised experimental

conditions were used to achieve a more complete set of assignments for the IGF-I 1H-

ttN HSqC spectra.

Having identified the heparin binding properly of C-BP-2 using NMR, it was

interest to determine whether N-BP-2 also bound heparin. Many growth factors and

chemokines afe heparin-binding proteins, and these heparin-protein interactions

modulate cell growth, differentiation, and inflammation (Capila and Linhardt,2002).

Heparin binding by IGF-I was not detected in one study (Fernandez-Tornero et a1.,

2005). In this Chapter, preliminary NMR chemical shift perturbation experiments were

performed to test the possibility of heparin binding by N-BP-2 or IGF-I. 1H-1sN HSQC

spectra in the absence and presence of heparin were also required for future

interpretation of the effects of heparin on the binary and ternary complexes of IGF-I, N-

BP-2, and C-BP-2.

6.2 Materials and Methods

6.2.1 Materials

tsN/'H-labelled IGF-I and lsN/2H-labelled IGF-II were kindly provided by Dr

Francine Carrick (The University of Adelaide) (Canick et a1., 2005). The percentage of

'H incorporation in these samples was about 50 %. ttN/t'C-labelled IGF-I was kindly

prepared by Ms Kerrie McNeil (The University of Adelaide). These isotope-labelled

IGF-I and IGF-II samples were prepared as described previously (King et al., 1992).

ttN-labelled 1-138IGFBP-2 
G\r-BP-2) was prepared by the author as described in Chapter

J.
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6.2.2 NMR experiments and assignments for IGF-I

lH-lsN HSQC spectra of a 0.07 mM l5N/2H-IGF-I sample in 95Yo H2ol5% 2li,'zo

containing 10 mM sodium acetate and0.02%o (w/v) sodium azide were acquired at298

K and pH 4.0, 5.0, 6.0 and 7 .0. The spectra were recorded with a data matrix size of

2048x128 and 128 scans per /r increment on a Bruker Avance 500 spectrometer

equipped with a cryoprobe. The spectral widths were 12.0 ppm for lH 
and 35.0 ppm for

lsN. Carrier frequencies were 4.7 ppm for lH and 117.5 ppm for lsN. The spectra were

processed as described in Chapter 3.

lH-lsN HSQC spectra of a 0.7 mM sample of 15N/13C-IGF-I were acquired at pH

6.0 and at298 K,303 K, 308 K,313 K, and 315 K at 500 MHz. The buffer condition

was the same as above. Four scans per /1 increment were used and t3C decoupling was

applied. HNCA and CBCA(CO)NH spectra were acquired on this sample at298 K and

315 K. HNCA experiments were recorded with a data matrix size of 2048x44x64 and

32 scans per /1 increment. The spectral widths were 11.5 ppm for 1H, 20.0 ppm for 15N,

and 35.0 ppm for 13C. Carrier frequencies were 4.7 ppm for tH, 118'0 ppm for rsN, and

53.0 ppm for 13C. CBCA(CO)NH experiments were recorded with a data matrix size of

2048x44x44 and64 scans per /1 increment. The spectral widths were 11.5 ppm for lH,

20.0 ppm for lsN, and 60.0 ppm for 13C. Carrier frequencies were 4.7 ppm for tH, 118.0

ppm for l5N, and 44.0 ppmfor 13C. H", N, Co, and CP chemical shifts of IGF-I at298K

and 315 K were obtained using the HNCA and CBCA(CO)NH spectraas described in

Chapter 4, andthe 1H-15N HSQC spectra were assigned.

rH-lsN HSeC spectra of 0.04 mM 15N/t3C-IGF-I in the absence and presence of

2.0 mM low molecular weight heparin were recorded, in95YolF..2)l5yo 2H2O containing

10 mM sodium acetate,150 mM NaCl, arrd 0.02%o (w/v) sodium azide at pH 6.0 and

298K. The number of scans per 11 increment was 128.

6.2.3 NMR experiments on IGF-II

tH-ttN HSQC spectra of a 0.05 mM sample of 15N/2H-IGF-II in 95% H2ol5%

2¡1zO containing 10 mM sodium acetate and0.02%o (wþ sodium azidewere acquired

at298 K and pH 4.0 and 5.0. 1D lH spectra were also recorded at pH 4.0 and at 293 K,

303 K, and 308 K, and u tH-ttN HSQC spectrum was also acquired at pH 4.0 and 308

K. 1H-15N HSQC spectrum was also recorded in the presence of 50 mM arginine plus

50 mM glutamate (Golovanov et aI.,2004) at pH 4.0 and 298 K. Spectra were recorded
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with a data matrix size of 2048x128 and 128 scans per /t increment on a Bruker Avance

500 spectrometer equipped with a cryoprobe. The spectral widths were 12.0 ppm for lH

and 35.0 ppm for lsN. Carrier frequencies were 4.7 ppm for lH and 117.5 ppm for r5N.

6.2.4 NMR experiments on N-BP-2

rH-lsN HSQC spectra of a0.07 mM sample of 15N-N-BP'2 in95%Hzol5Yo2Úzo

containing 10 mM sodium acetate and0.02Yo (wþ sodium azide were acquired at298

K and pH 7.0. The spectra were recorded with a dafa matrix size of 2048x128 and 128

scans per 11 increment on a Bruker Avance 500 spectrometer equipped with a cryoprobe.

The spectral widths were 12.0 ppm for lH and 35.0 ppm for lsN. Carrier frequencies

werc 4.7 ppm for lH and 118.0 ppm for lsN.

tH-ttN HSQC spectra of a 0.7 mM sample of l3clrsN-IGF-I in 95%Hzol5o/o2Þzo

containing 10 mM sodium acetate,150 mM NaCl and 0.02% (w/v) sodium azide atp}J

6.0 and 298K, in the absence and presence of 2.0 mM low molecular weight heparin

were recorded and compared. The number of scans per 11 increment was 128.

6.3 Results

6.3.1 NMR spectra of IGF-I

tg-ttN HSQC spectra of 0.07 mM 15N/2H-IGF-I at298 K and pH 4.0, 5.0, 6.0 and

7.0 are shown in Figure 6.1. Compared to the spectra previously recorded by Carrick

and co-workers on a 0.5 mM sample (Canick et a1.,2005), lowering the protein

concentration appeared to narrow the peak linewidths. In addition, it can be seen that

several peaks were visible at pH 6.0 that were too broad to see atp}J 4.0, whereas at pH

7.0 some peaks were weaker probably due to more rapid chemical exchange with HzO.

Peaks were of a more uniform linewidth at pH 6.0 than pH 4.0.
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6.3.2 Assignments of the lH-tsN HSQC spectra of IGF-I

Backbone lH-lsN correlation peaks on the HSQC spectrum were assigned using

3D HNCA and CBCA(CO)NH spectra acquired on a 0.7 mM r3CllsN-IGF-I sample at

pH 6.0. tH-tsN HSQC spectra of this sample at different temperatures are shown in

Figure 6.2. Interestingly, at 298 K, several weak peaks that were present in the 1H-15N

(Please turn to page 168)
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HSQC spectrum of the 0.07 mM t5N/'H-IGF-I sample (Figure 6.1) were invisible or

very weak in this spectrum (Figure 6.2 (a)). Corresponding peaks were also very broad

and weak in the HNCA and CBCA(CO)NH spectra at298 K, and assignments of these

peaks were therefore diffrcult to obtain. Nevertheless, these peaks were much sharper in

the lH-rsN HSQC spectra at 315 K (Figure 6.2 (b)), and their assignments were

obtained using the HNCA and CBCA(CO)NH spectra at 315 K. Assignments of the

315 K spectrumwere thenusedto confirm or facilitate the assignments of the 298 K

spectrum. In fact, backbone amide cross-peaks of Gly7, Ala8, Leu10, Vall1, Phe23,

Tyr24,Phe25, Cys47, and Cys48 had significantly improved signal to noise ratio at 315

K compared with 298 K, while several other resonances, in particular Ser33, Ser34, and

Ser35, were weaker or even disappeared at 315 K (Figure 6.2 (b)) compared with 298 K.

In general, peaks were of a more uniform linewidth at 315 K compared to 298 K.

Backbone HN and N assignments were obtained for 61 out of 64 residues (excluding the

first residue and five prolines). The assignments are summarized in Table 6.1.

6.3.3 Spectra of IGF-I in the absence and presence of heparin

An overlay of the tH-tsN HSQC spectra of 0.04 mM 13C/15N-IGF-I in the absence

and presence of 2.0 mM low molecular weight heparin, in buffer containing 150 mM

NaCl at pH 6.0, is shown in Figure 6.3 (a). Interestingly, while addition of heparin

caused significant chemical shift changes of the backbone amide cross-peaks for Ã1937

and Ala38, perturbations of other cross-peaks were very small. Although the backbone

amide cross-peak of A1936 did not change significantly, it is possible that the changes

of Arg37 and Ala38 cross-peaks were induced by the binding of A1936 and Arg37 to

heparin. This is because engagement of the sidechain in heparin binding may disrupt its

original packing with subsequent residues, resulting in larger chemical shift changes to

the backbone amide of subsequent residues than to the backbone amide of its own. A

similar phenomenon was also evident in C-BP-2 heparin binding experiments (Chapter

5). A1936, Arg37, and Ala38 belong to the C domain of IGF-I and are located in a

flexible loop (Figure 6.3 (b)). Whether the results represent a physiologically relevant

heparin binding by IGF-I is an interesting question that requires future investigation

(see below).
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Table 6.1 Backbone HN and N chemical shift assignments of IGF-I

Residue 298 K 315 K

H" (pp-) N (ppm) H" (pp*) N (ppm)

Glyl
Pro2

Glu3

Thr4
Leu5

Cys6

GlyT

AlaS

Glu9

Leul0
Val11

Aspl2
Ala13

Leul4
Glnl5
Phe16

YaIlT
Cys18

Gly19

Asp20

Arg2I
Gly22

Phe23

Tyr24

Phe25

Asn26

Lys27

Pro28

Thr29

Gly30

Tyr3l
Gly32
Ser33

Ser34

Ser35

Arg36
Arg37

8. 85

7.97
B. 35

9. 00

8. 05

8. 35

r20.7
113.8

r24.3

110.7

727.3

116.4

113. I
110.5

r20.2
111. 1

115.8

r17.2
tt7. 5

t22.3
12I.5

8. 70

8.72
B. 56

7.59
7.59
8. 06

t20.7
113.7

724. r

110.7

T26, B

116.8

tzt.5
117.8

119.3
7 .37
7 .99

B. 30

8.22
7. B1

B. 45

8. 67

7. 86

8. 87

8. 0B

7.32
7.64
8. 65

7 .9r
8.15
8. 48

8.24
8.31
8.15
8. 43

8.26
8.22
B. 43

8. 19

B.22

118.0

119.0

119.0

118.7

1.t9.4
118.3

115.5

109. 5

t24.9
ttg.2
103.2

113.7

119.3

116.4
119.1

1.23. r

B. 70

8.74
8.32

8. 33

8. 30

7 .92
B. 54

B. 76

7 .99
B. 89

8.21
7.56
7.76

8.72
B. 07

8.24
B. 58

8.32
8.31

118.7

118.7

119.3

118.3

115.6

109. 6

r24.5
118.3

103. 7

114.5

119.6

116.6

119.5

t23.5

122.3

r2t.5

8. 28

8. 40

8. 23

8. 51

8.31

113.7

110.5

720.2

111. 0

115. B
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Residue 298 K 315 K
H*(pp-) N ) H* (ppm) N (ppm)

Ala38

Pro39

cln40
Thr41

Gly42

Ile43
Val44

Asp45

Glu46

Cys47

Cys48

Phe49

Arg50

Ser5 1

Cys52

Asp53

Leu54
Arg55

Arg56
Leu57

Glu58

Met59

Tyr60

Cys6l
Ala62

Pro63

Leu64
Lys65

Pro66

AIa67

Lys68

Ser69

Ala70

B. 20 t26. I B. 30 126. I

8.52
8. 15

8. 65

7 .91
B. 01

7.84
8.20
8. 28

7.97
7. 85
nnD
l.lL)

7. 90

9. 07

8.26
7. 68

8. 05

7.82
7.74
7. 55

8. 00

7.42
8.27

120. 0

1t4.1
111. 4

120. 8

t22.4
T2T.2

118.9

113.1

116.5

116.1

118. 4

11.2.4

T2I.9
I22.2
122.9

8. 58

8.22
8. 71

B. 02

8. 07

7.99
8. 18

8.41
8. 15

7 .99
7 .96
8. 05

9. 03

8. 37

7. 86

8. 07

7 .96
7 .92
7 .7L

8. 13

7. 67

8. 40

119.8

114.0

ttt.4
I20.5
t21.9
tzr.4
118.6

tt4. \
116.7

11.6.2

118.7

1t2.9
r22.2
t22.4
t22.7

8. 34

8. 43

8. 35

8.42

118. 9

tLg.2
115.5

116.6

tt7.4
115.9

127.0

t22.3
124. r

r24.9
t20.5
118.3

131. 4

119.0

tt8.2
116.3

116.8

tt7 .5
tt6.2
726.8

t22.0
r23.7

I24.7
t20.3
118.0

131. 4

8.42
B. 30

B. 37

B. 01

8. 46

8. 34

B.44

B. OB

Chemical shifts were of a}J mM 1sN/l3c-labelled IGF-I sample at pH 6.0.
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Figure 6.3 lH-ttN HSQC spectra of IGF-I in the absence and presence of heparin

(a) Overlay of the 1H-r5N HSQC spectra of 0.04 mM r3cllsN-labelled IGF-I in the absence (orange) and presence (green) of 2.0 mM low

molecular weight heparin. The buffer contained 150 mM NaCl and was at pH 6.0. Spectra were recorded at 500 MHz and 298 K. (b) Ribbon

view of IGF-I (PDB IPMX, (Schaffer et a1.,2003)) showing the sidechains of Arg3 6, Arg37, and Ala38.
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6.3.4 NMR spectra of IGF-II

The lH-lsN HSQC spectrum of a 0.05 mM 15N/2H-IGF-II sample at298 K and pH

4.0 is shown in Figure 6.4.It can be seen that the cross-peaks had very broad linewidths

and there was serious overlap. Compared to the spectra previously recorded by Headey

and co-workers on a 0.6 mM sample (Headey et al., 2004b), the linewidths were

narrower at lower protein concentration but the differences were relatively small.

The peak broadening was more serious at pH 5.0 (not shown), and when the pH

was further increased (-5.5), there was reversible precipitation in the sample despite the

relatively low concentration (for NMR studies). Unlike the 15N/13C-IGF-I sample,

increasing the temperature to 308 K did not significantly narrow the linewidths.

Furthermore, addition of 50 mM arginine plus 50 mM glutamate (Golovanov et al.,

2004) did not improve the spectrum. Assignments of IGF-II spectra have been

published by others (Torres et a1., 1995).

6.3.5 NMR spectra of N-BP-2

During preparation of the N-BP-2 fragment (Chapter 3), it was found that this

fragment was prone to precipitate at buffer pH of about 4.5-5.5, which was close to its

theoretical pI (a.S). Therefore, tH-ttN HSQC spectra of N-BP-2 were recorded at pH

7.0 (Figure 6.5 (a) to assist solubility and stability while avoiding chemical exchange

with HzO. The N-BP-2 ftagment. contained 140 residues. It can be seen that, while

some cross-peaks were well dispersed, indicating the corresponding residues were in

structured regions of the protein, there was a considerable number of cross-peaks

clustered within the random coil region in the centre of the spectrum, i.e., lH 
-8.0-8.5

ppm. The residues giving rise to those resonances are presumably located in disordered

regions of the protein.
rH-lsN HSQC spectra of N-BP-2 in the absence and presence of low molecular

heparin were comparcd at pH 7.0 (Figure 6.5 (a)) and pH 6.0 (not shown). Unlike C-

BP-2 and IGF-I, addition of heparin did not cause any significant chemical shift

perturbation to N-BP-2 rH-1sN HSQC cross-peaks at either pH 7.0 or pH 6.0.
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6.4 Discussion

6.4.L NMR spectroscopy of IGF-I and IGF-II at lower protein concentration

In this Chapter, experimental conditions for rH-15N HSQC spectra of IGF-I, IGF-II,

and N-BP-2 were established. These conditions were then used in titration experiments

described in the following Chapter. Compared to the conditions used by others in

analysing IGF-I (Jansson et al., 1998; Carrick et a1.,2005) and IGF-II (Headey etal.,

2004b; Carrick et aI.,2005) interactions using NMR, current conditions have gained the

advantage of a recent development in NMR spectrometry, i.e., the use of cryoprobes,

and have resulted in improved spectral quality.

Before the use of a cryoprobe, to record a 2D llF-.-lsN HSQC spectrum in a

reasonable time period often requires the protein concentration to as higher as 0.2-1.0

mM. As described in the Introduction, at these concentrations, both IGF-I and IGF-II

appearedto aggregate and give poor NMR spectra. In previous studies, low pH (-3-3.5)

conditions were often used to suppress the aggregation (Cooke et alr, l99I; Sato et a1.,

1993; Terasawa et al., t994; Torres et a1., 1995; Jansson et al., 1998 ; Headey et al,

2004b ). Although Carrick and co-workers found that the IGF'IGFBP-2 complex did

not dissociate at low pH down to 3.5 (Carrick eI a1.,2005), it is desirable to study the

interactions at a pH closer to the physiological pH. The use of a cryoprobe has provided

an opportunity to acquire lH-lsN HSQC spectra in a short period of time at protein

concentration down to -0.05-0.1 mM. Here, a 1H-15N HSQC spectrum with 128 scans

per 11 increment on protein samples of 0.04-0.07 mM took -6.5 h to record, using a

recycle time of 1.2 s, and generally had a satisfactory signal to noise ratio. Lower

protein concentrations of IGF-I and IGF-II do indeed reduce the aggregation and

improve the spectral quality at higher pH (see below).

6.4.2 NMR experimental conditions and assignments for IGF-I

The lH-lsN HSQC spectra of 15N/2H-IGF-I at 0.07 mM had significantly narrower

linewidths compared to those previously recorded by Carrick and co-workers on the

same sample at 0.5 mM (Carrick et a1.,2005). Interestingly, cross-peaks were of much

more uniform and slightly naffower linewidths at pH 6.0 and 7.0 than at pH 4.0.
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Therefore, subsequent titration experiments of labelled IGF-I were carried out at similar

concentration at pH 6.0 (Chapter 7).

To assign the lH-1sN HSQC spectra of IGF-I, a ttN/t3C-IGF-I ample was used to

acquire a 3D HNCA spectrum was acquired, which showed the sequential connectivity

of the C" cross-peaks. In addition, a 3D CBCA(CO)NH spectrum was used to provide

CP information. Although -0.05-0.1 mM protein was suff,rcient for 2D experiments, 3D

experiments have lower sensitivity and thus -0.5-1.0 mM protein was necessary even

using a cryoprobe. Therefore these 3D spectra were recorded on a 0.7 mM ttN/t'C-

IGF-I sample. Several cross-peaks were very broad or even invisible in the 1H-15N

HSQC spectrum of this sample at pH 6.0 at 298 K, and were therefore too weak to

establish connectivities in corresponding 3D spectra. This was likely to be due to the

enhancement of aggregation at higher concentration, together with a faster relaxation of

magnetization in the presence of 13C nuclei. Elevated temperature (315 K) and thus a

faster tumbling of the protein in solution was then found to significantþ narrow the

linewidths and permit assignments of most 1H-l5N cross-peaks. While elevated

temperature was used by others previously, its effect appeared to be more signif,rcant in

the current study. Schaffer and co-workers reported that lH-lsN HSQC spectra of 1.0

mM IGF-I at pH 5.0 and 40 "C contained only 18 intense and 15 broad and weak

backbone cross-peaks out of an expected total of 64 (Schaffer et aL,2003). Addition of

a phage-derived IGF-I binding peptide led to a dramatic improvement in the spectral

quality (Schaffer et a1', 2003).

6.4.3 NMR experimental conditions for IGF-II

Lowering the IGF-II concentration had less significant effects than IGF-L Most of

the previous studies were carried out at pH 3.0-3.5, which was the highest pH where

reasonable quality IGF-II spectra could be obtained (Terasawa et al., 1994; Torres et a1.,

1995; Headey et a1., 2004b). Here, 1H-I5N HSQC spectra of 0.05 mM IGF-II at pH 4.0

were comparable to those reported for 0.5-2.0 mM IGF-II at pH 3.0-3.5. However, at

higher pH (-5.0-5.5) the spectra were much worse and IGF-II still precipitated at this

concentration. Thus, lowering the protein concentration appeared to shift the

aggregation regime by -0.5-1.0 pH unit. Interestingly, the spectra were not significantly

improved either by higher temperature (308 K), or by the addition of 50 mM arginine
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plus 50 mM glutamate, a method reported recently for improving protein solubility in

NMR samples (Golovanov et aL.,2004). Previously, addition of acetic acid (-5 % (v/v))

was found to prevent aggregation of an IGF-II NMR sample in one study (Terasawa et

al.,1994),but was found to produce the opposite effect in another (Torres et a1., 1995).

6.4.4 NMR spectroscopy of N-BP-2

rH-lsN HSQC spectra of N-BP-2 were recorded at pH 7.0, a pH chosen to be

distant from its theoretical pl (a.8) while avoiding serious chemical exchange with HzO.

The presence of widely dispersed cross-peaks together with some sharp cross-peaks in

the random coil region strongly indicated that N-BP-2 contained structured regions as

well as a significant percentage of disordered region. Most of the sharp cross-peaks

overlapping in the centre of the spectra were believed to correspond to the -40 residues

belonging to the IGFBP-2 linker domain, and, are likely to be disordered. In addition,

the considerable number of cross-peaks clustering in the lower region of the spectra, i.e.,

tsN 
-125-130 ppm, is consistent with the fact that N-BP-2 contained 16 alanine

residues. In particular, the N-domain of IGFBP-2 has a unique -15-residue alanine-rich

(seven alanines) insertion that is not present in other IGFBPs. Some of the cross-peaks

in the t'N 
-125-130 ppm region were expected to correspond to these alanines, and,

because these cross-peaks were sharp and had naûow rH chemical shift dispersion,

these residues are likely to be in a region of flexible structure.

Usually 3D spectra using a ttN/t3c-labelled sample are required to assign the lH-

ttN HSqC spectrum of a protein of this size, especially when there is significant

overlap. ttN/t3c-labelled N-BP-2 was not prepared in this thesis, and hence

assignments of the 1H-15N HSQC spectra were not performed. Since many sharp cross-

peaks in the random coil region were not perturbed upon binary and temary complex

formation with IGF and C-BP-2 (Chapter 7), indicating these residues, very likely in

the linker domain, were not involved in the interactions, the linker domain region can

be removed from the N-BP-2 construct to simpli$r its spectra in the future.
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6.4.5 Effects of heparin on IGF-I and N-BP-2 spectra

In Chapter 5, it was showed that C-BP-2 bound heparin in a pH-dependent malìner

and the binding site was mapped. The effects of heparin on the binary and ternary

complexes are to be studied in future studies by the chemical shift perturbation method

using lsN-labelled C-BP-2,IGF-I, and N-BP-2 (Chapter 7). Before these experiments

are carried out, it was necessary to determine whether heparin binds to IGF-I or N-BP-2

alone. While no heparin binding of IGF-I was detected by others (Fernandez-Tornero et

al., 2005), some other growth factors, including fibroblast growth factor (FGF),

hepatocyte growth factor (HGF), vascular endothelial growth factor (VEGF), platelet

derived growth factor (PDGF), and transforming growth factor-Bl (TGF-81), and many

chemokines have been shown to be heparin-binding proteins, and these heparin-protein

interactions modulate cell growth, differentiation, and inflammation (Capila and

Linhardt,2002).

In this study, addition of low molecular weight heparin to IGF-I induced

significant chemical shift changes of two C domain residues located in a flexible loop,

but chemical shift changes of other resonances were very small. The results indicated

that A1936 and Arg37 may interact with the heparin molecules, but IGF-I does not have

a moderately large heparin binding interface as do C-BP-2, some heparin-binding

growth factors and chemokines (Capila and Linhardt, 2002). Whether such weak

heparin binding, as detected by NMR, is biologically relevant requires future

investigation. It will be also of interest to perform a similar experiment on IGF-II,

which has equivalent doublet of arginine residues in its C domain. On the other hand,

N-BP-2 did not bind heparin at either pH 7.0 or pH 6.0, and therefore, heparin binding

by IGFBP-2 is mediated by the C-domain and the linker domain.
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Chapter 7

Binding Sites and Cooperativity of IGFBP-2

N- and C-terminal Domains in IGF Binding

7.1 Introduction

As reviewed in Chapter 1, both the N- and C-domains of IGFBPs are required for

high-affrnity IGF binding. However, while the IGF binding sites on an N-domain

fragment (mini-N-BP-5) had been studied using NMR spectroscopy (Kalus et al., 1998)

and crystallography (Zeslawski et a1.,2001), there was limited structural information

regarding the IGF binding sites on IGFBP C-domains at the time this project

commenced. Some residues or regions in the C-domain were found to be important in

IGF binding in previous studies, by means of deletions (Brinkman et al., I99l; Forbes

et a1., 1998), site-directed mutagenesis (Bramani et a1.,1999; Song et a1.,2000; Shand

et al., 2003; Yan et al., 2004; Allan et al., 2006), antibody binding (Schuller et a1.,

1993), photoaffinity labelling (Horney et a1.,2001) and subsequent studies (Kibbey et

a1.,2006). Structural studies were required to reconcile these findings.

Only recently have structures of IGFBP C-domains (Headey et al.,2004a; Sala et

a1.,2005; Sitar et a1.,2006) and IGF'C-domain binding interfaces (Headey et a1.,2004a;

Headey et aI.,2004b; Sitar et a1.,2006) been reported. Headey and co-workers mapped

the IGF-II binding site on C-BP-6 and C-BP-6 binding site on IGF-II using NMR

spectroscopy (Headey et a1.., 2004a; Headey et al, 2004b). Because of the very low

affinity of C-BP-6 for IGF-I (Headey et alr, 2004c), interaction between C-BP-6 and

IGF-I was not studied by NMR.

C-BP-2 has similar affinities for IGF-I and IGF-II (Chapter 3). Therefore, it was of

interest to investigate both IGF-I and IGF-II binding of C-BP-2 using NMR

spectroscopy. The unlabelled and lsN-labelled C-BP-2 andN-BP-2 fragments prepared

in this thesis (Chapter 3), as well as the lsN-labelled IGF-I and IGF-II prepared

previously by Dr Francine Carrick and Ms Kerrie McNeil (The University of Adelaide),

enabled a detailed analysis of the molecular interactions among IGFBP-2 domains and

IGFs. Since the NMR assignments of C-BP-2 (Chapter 4) and IGF-I (Chapter 6), as
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well as the three-dimensional structures of C-BP-2 (Chapter 4) and IGFs were available,

their binding interfaces could be identified using the chemical shift perlurbation

mapping method as reviewed in Chapter 5. Although assignments for N-BP-2 were not

pursued in this study, the perturbations of 1sN-labelled N-BP-2 upon binding to

unlabelled IGFs or C-BP-2 were valuable to supplement the results of lsN-labelled C-

BP-2 and IGFs.

Using chemical shift perturbation mapping, one can not only identiSr residues that

directly contact the binding partner and/or undergo conformational changes upon

binding, but also estimate the strength of binding based on the changes in resonance

(Zuiderweg, 2002). As such, the titrations with NMR in this Chapter provided a third

measurement of the IGF binding by N-BP-2 and C-BP-2, in addition to the cross-

linking and BIAcore analysis in Chapter 3.

With both N-BP-2 and C-BP-2, it was also of interest to determine whether co-

incubation of these domain fragments would enhance their IGF binding affinities using

NMR. Previously, Payet and co-workers reported that cooperativity existed between the

IGFBP-3 N- and C-domain fragments (Payet et al., 2003), but others failed to detect

such enhancement using BIAcore (Carrick et al, 200I ; Headey et al., 2004c).

Carrick and co-workers studied IGF binding by full-length IGFBP-2 using 1sN-

labelled IGFs (Canick et a1.,2005), and more recently Sitar and co-workers solved the

crystal structure of the IGF-I'N-BP-4'C-BP-4 ternary complex (Sitar et a1.,2006). The

results presented in this Chapter, when taken together with other recent reports (Payet

et a1.,2003; Headey et a1.,2004a; Headey et a1.,2004b; Carrick et a1.,2005; Sitar et al.,

2006), provide valuable insights into the IGF-IGFBP binding interaction.

7.2 Materials and Methods

7.2.1 Materials

ttN/'H-1abe11ed IGF-I and lsN/2H-labelled IGF-II were kindly provided by Dr

Francine Carrick (The University of Adelaide) (Canick et a1.,2005¡. ttN/l3c-labelled

IGF-I was kindly prepared by Ms Kerrie McNeil (The University of Adelaide).

Unlabelled IGF-I was kindly provided by Dr Adam Denley (The University of
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Adelaide). Unlabelled IGF-II was purchased from GroPep (Adelaide, Australia). 1sN-

labelled C-BP-2 and N-BP-2, as well as unlabelled C-BP-2, N-BP-2, Large-C-BP-2

were prepared by the author as described in Chapter 3.

7.2,2 NMR experiments on lsN-labelled IGF-I and IGF-II

Unlabelled C-BP-2,N-BP-2, and Large-C-BP-2 were titrated into the l5N-labelled

115N/2H or ttN/t'C¡ IGF-I samples in separate experiments. Unlabelled C-BP-2 and

Large-C-BP -2 were then titrated into the t5N/'H-IGF-I + N-BP-2 (1:1.5) samples. lH-

ttN HSqC specha of IGF-I were recorded as described in 6.2.2 at particular protein

molar ratios. Details of experimental conditions are also given in figure captions in the

Results section. 3D HNCA and CBCA(CO)NH spectra were recofded on a ttN/t'C-

IGF-I (0.2 mM) + N-BP-2 (I:1.2) sample at298 K and 313 K. Experimental parameters

of the 3D spectra were similar to those used in 6.2.2

Similarþ, titration experiments were carried out using t5N/'H-IGF-II samples, and

lH-lsN HSQC spectra were recorded as describedin6.2.3.
lH-lsN HSQC spectra of IGF-I were also recorded on a t5N/'H-IGF-I (0.07 mM)

+ N-BP-2 + C-BP-2 (1:1.5:1.5) sample in a buffer containing 150 mM NaCl at pH 6.0,

and in the absence and presence of 2.0 mM low molecular weight heparin.

7.2.3 NMR experiments on lsN-labelled C-BP-2

Unlabelled IGF-I, IGF-II, and N-BP-2 were titrated into the lsN-labelled C-BP-2

samples in separate experiments. Unlabelled N-BP-2 was then titrated into the t'N-C-

BP-2 + IGF-I (1:1.5) or ttN-C-BP-2 + IGF-II (1:1.5) samples. tH-ttN HSQC spectra of

C-BP-2 were recorded as describedin4.2.2.

7.2.4 NMR experiments on lsN-labelled N-BP-2

Unlabelled IGF-I, or C-BP-2 were titrated into the 15N-1abe11ed C-BP-2 samples in

separate experiments. Unlabelled C-BP-2 and Large-C-BP-2 were then titrated into the

t,N-N-Bp-2 + IGF-I (1:1.5) samples. lH-rsN HSQC spectra of N-BP-2 were recorded

as describe d in 6.2.4.
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7.3 Results

7.3.1 Binding of C-BP-2 to IGFs

Binding interactions between C-BP-2 and IGFs wefe studied using two

orientations in separate experiments. In one set of experiments unlabelled C-BP-2 was

titrated into lsN-labelled IGF-I or ttN-labelled IGF-II, while in the other unlabelled

IGF-I and IGF-II were titrated into ttN-labelled C-BP-2.

rH-lsN HSQC spectra of free ttN/t3C-IGF-I and at IGF-I:C-BP-2 ratios of 1:0.5,

1:1, and 1:1.5 are shown in Figure 7.1. Titration of C-BP-2 into lsN-labelled IGF-I

caused gradual broadening of the IGF-I cross-peaks, indicating that the binding

interaction was in the intermediate exchange regime (described in Figure 5.2).

Additions of unlabelled C-BP-2 to r5N-labelled IGF-II caused a similar broadening of

specific IGF-II cross-peaks (not shown). In addition, titrations of Large-C-BP-2 into

ttN-labelled IGF-I and lsN-labelled IGF-II samples induced basically identical peak

broadening patterns compared to those induced by C-BP-2 (not shown).

lH-lsN HSQC spectra of free ttN-labelled C-BP-2 and at C-BP-2:IGF-I ratios of

1:0.5, 1:1, and 1:1.5 are shown in Figures 7.2 and,7.3, arrd those of ttN-C-BP-2 at C-

BP-2:IGF-II ratios of 1 :1.5 are shown in Figure 7 .3. It can be seen that IGF-I and IGF-

II induced very similar broadening of the C-BP-2 cross-peaks. C-BP-2 backbone amide

cross-peaks of His22l, Ãsn224, Cys225, Cys236, Lys237, Met238, Set239, Leu240,

Ãsn24l, and Gly242, and the sidechain amide cross-peak of Gln192 disappeared or

broadened signihcantly at C-BP-2:IGF-I or C-BP-2:IGF-II ratios of 1:1.5. The

locations of these residues on the C-BP-2 surface are discussedin7.4.4.

7.3.2 Binding of N-BP-2 to IGFs

lH-lsN HSQC spectra of free IGF-I and at IGF-I:N-BP-2 ratios of 1:0.5, 1:1, and

1:1.5 are shown in Figure 7.4.In contrast to the effects seen upon addition of C-BP-2,

titrations of N-BP-2 caused a gradual disappearance of the "free" set of IGF-I cross-

peaks and the simultaneous appearance of a "bound" set of cross-peaks. The results

indicated that the binding interaction between N-BP-2 and IGF-I was in the slow

exchange regime (described in Figure 5.2). Ãpart from the cross-peaks that did not shift
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upon binding to N-BP-2, chemical shift assignments of the "bound" set of cross-peaks

were not obtained using 3D HNCA and CBCA(CO)NH spectra recorded on a ttN/t'C-

IGF-I + N-BP-2 sample at 298 K and 313 Kbecause peaks were very broad or even

absent in the 3D spectra and connectivities could not be established. In the reverse

experiments, addition of unlabelled IGF-I into rsN-labelled N-BP-2 also resulted in

chemical shift changes (Figure 7.5 (left)).

7.3.3 Binding of C-BP-2 to the IGF'N-BP-2 binary complexes

When unlabelled C-BP-2 was titrated into the 15N/2H-IGF-I:N-BP-2 binary

complex described in7.3.2 (IGF-I:N-BP-2 1:1.5), some IGF-I cross-peaks underwent

further chemical shift changes in a slow exchange manner (Figure 7.6). Thus, the

results indicated that the binding afflrnity of C-BP-2 for the IGF-I'N-BP-2 binary

complex was higher than the binding affinity of C-BP-2 for IGF-I alone. Similar results

were also seen in the titrations of C-BP-2 to the IGF-II'N-BP-2 binary complex (not

shown).

A comparison of the 1H-lsN HSQC spectra of IGF-I in the IGF-I'N-BP-2 binary

complex and the IGF-I.N-BP-2'C-BP-2 ternary complex with that of IGF-I in the IGF-

I.IGFBP-2 complex (Figure 7.7) (Canick et al., 2005) showed that IGF-I resonances in

the IGF-I.N-BP-2.C-BP-2 temary complex had equivalent chemical shifts compared to

the IGF-I.IGFBP-2 complex. (Note that the spectra of IGFs in complex with IGFBP-2

were TROSY spectra (Carrick et a1.,2005), which have backbone amide chemical

shifts differences of approximately +0.7-0.8 ppm in the lsN dimension and -0.08 ppm

in the lH dimension compared to the conventional HSQC spectra used here (Pervushin

et aI., 1997). Small chemical shift differences also arose from slightly different

temperature and pH conditions.)

Titrations of Large-C-BP-2 into the IGF-I'N-BP-2 binary complex induced

essentially identical chemical shift changes in IGF-I compared with those caused by C-

BP-2 (not shown). The differences were that the peaks of IGF-I in the IGF-I'N-BP-

2.Large-C-BP-2 complex were broader than those in the IGF-I'N-BP-2'C-BP-2

complex, presumably because of the larger molecular size of the complex formed by

Larye-C-BP-2.
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The formation of ternary complexes was also monitored using ttN-labelled N-BP-

2. Addition of unlabelled C-BP-2 into the t5N-N-BP-2'IGF-I binary complex described

in 7 .3.2 induced chemical shift perturbations of several N-BP-2 cross-peaks (Figure 7.5

(right)). Addition of Large-C -BP-2 into the ttN-N-BP-2'IGF-I binary complex formed

in 7.3.2 induced essentially identical chemical shift changes compared with those

induced by C-BP-2 (not shown), indicating that in the ternary complex the additional

-40 residues (approximately the second half of the linker domain) in Large-C-BP-2 did

not make additional stable contacts with N-BP-2, which contained approximately the

first half of the linker domain.

The formation of the ternary complex was also monitored using lsN-labelled C-

BP-2.In separate experiments, unlabelled N-BP-2 was added into the t5N-C-BP-2'IGF

samples formed in 7 .3.1, whereas unlabelled IGFs were added into the ttN-C-BP-2'N-

BP-2 samples described, 1n 7.3.4 (see below). ttN-C-BP-2 in the ternary complexes

gave very broad cross-peaks that were beyond the point of detection using the

experimental parameters employed for its free form and binary complexes.

Nevertheless, tH-ttN HSQC spectra were recorded using a significantþ increased

number of scans per increment (Figure 7.8). Superposition of the lH-lsN HSQC spectra

of free C-BP-2 and in the IGF-I'N-BP-2'C-BP-2 tenary complex (Figure 7.8 (left))

showed that most of C-BP-2 backbone amide cross-peaks, except 41a187 at the N-

terminus and those at the C-terminus beyond Gln278, shifted to new chemical shift

positions or disappeared. Furthermore, the majority of C-BP-2 cross-peaks had the

same chemical shifts in the ternary complexes containing either IGF-I or IGF-II,

although several cross-peaks had slightly different chemical shifts in these two ternary

complexes (Figure 7.8 (right)).

7.3.4 Interaction between N-BP-2 and C-BP-2 in the absence of IGFs

Interaction between N-BP-2 and C-BP-2 in the absence of IGFs was investigated

using both ttN-labelled C-BP-2 and lsN-labelled N-BP -2. Titration of unlabelled N-BP-

2 into ttN-labelled C-BP-2 sample caused significant broadening of many cross-peaks

(Figure 7.9). Some cross-peaks disappeared at C-BP-2:N-BP-2 ratio of 1:0.5, and more

cross-peaks were invisible at a molar ratio of 1:1, although small chemical shift

changes for some cross-peaks were also evident (Figure 7.9). The locations of the most
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affected residues on C-BP-2 surface are discussedinT.4.4.Interestingly, although more

C-BP-2 cross-peaks were broadened upon binding to N-BP-2 compared with the

changes induced by IGFs (Figure 7.3), and some cross-peaks were broadened in both

interactions (see below), the broadening patterns were different, which indicated some

specificity. For example, while backbone amide cross-peaks of Cys225 and Cys236 of

C-BP-2 were among the most affected residues in IGF interactions (Figure 7.3), they

were less affected compared to other residues in N-BP-2 interaction (Figure 7.9).

Addition of unlabelled C-BP-2 into lsN-labelled N-BP-2 induced chemical shift

changes and peak broadening of some cross-peaks (Figure 7.10), which further

confirmed the existence of an interaction between N-BP-2 and C-BP-2 even in the

absence of IGFs.

7.3.5 Effects of heparin binding on IGF binding by N- and C-BP-2

Addition of low molecular weight heparin into the ttN/'H-IGF-I'N-BP-2'C-BP-2

ternary complex (section 7.3.I) at pH 6.0 caused significant broadening or even

disappearance of IGF-I cross-peaks (Figure 7.lI). Nevertheless, several remaining

cross-peaks had chemical shifts representing IGF-I in the IGF-I'N-BP-2'C-BP-2 temary

complex, but not in the IGF-I'N-BP-2binary complex or in the free form (Figure 7.lI).

When the sample pH was decreased to 5.5, more cross-peaks disappeared and only a

few cross-peaks for residues in the flexible regions remained in the spectra. Thus, the

results suggested that the IGF-I'N-BP-2'C-BP-2 temary complex can bind heparin,

probably mediated by the C-BP-2 heparin binding site (Chapter 5), and binding to

heparin did not signif,rcantly dissociate the ternary complex.
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6.0. The sample with LMW heparin also contained 150 mM NaCl. Spectra were

recorded at 500 MHz and 298K.
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7.4 Discussion

7.4.1 Cooperativity between N- and C-BP-2 in IGF binding

In this Chapter, the NMR chemical shift perlurbation mapping was used to analyse

the molecular interactions among N-BP-2, C-BP-2, and IGFs. Whilst others have

carried out similar investigations on IGF binding by mini-N-BP-5 (Kalus et a1., 1998),

C-BP-6 (Headey et a1.,2004a; Headey et aL,2004b) and full-length IGFBP-2 (Canick

et a1., 2005), the availability of unlabelled and ttN-labelled N- and C-domain fragments

and IGF ligands in this thesis enabled a more comprehensive study, and indeed

provided some novel information.

In addition to the identification of residues involved in binding interactions,

titration with NMR provides an estimation of the binding affinity (Zuiderweg, 2002).

As reviewed in Chapter 5, based on how the resonances change the interaction can be

referred to as being in slow, intermediate, or fast chemical exchange (from high affinity

to low affinity). Therefore, the results in this Chapter provided a third measurement of

IGF binding by N-BP-2 and C-BP-2, in addition to the cross-linking and BIAcore

analyses described in Chapter 3. This was particularly valuable, because there were

some discrepancies between the cross-linking and BIAcore results (Chapter 3). The

cross-linking results indicated the IGF-II binding affinity of C-BP-2 was significantly

lower (> lO-fold) than that of N-BP-2, and much lower (> 1000-fold) than that of

IGFBP-2. In contrast, the IGF-II binding affinity of C-BP-2 derived from BIAcore data

was close to that of N-BP-2, whereas its IGF-I binding affinity was higher than that of

N-BP-2. As discussed in 3.5.3, technical differences might have also contributed to a

similar discrepancy in the literature. IGFBP C-domain fragments were reported to have

as little as lO-fold to as large as 2000-fold lower IGF binding affinity compared to their

full-length counterparts (Ho and Baxter, 1997; Carrick et a1.,2001:' Vorwerk et al.,

2002; Payet et al, 2003; Headey et al., 2004c; Mark et al., 2005). Noticeably, in some

reports the IGF binding affinity of C-domains was not detectable (Kalus eI al., L998;

Qin et aI., 1998; Fernandez-Tornero et a1.,2005; Siwanowicz et a1', 2005).

Titrations monitored by NMR showed that the binding of C-BP-2 or Large-C-BP-

2 to both IGF-I and IGF-II was in intermediate exchange, and was weaker than the

binding of N-BP-2 to IGFs, which was in slow exchange. Experiments using both 1sN-
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labelled C-BP-2 and lsN-labelled IGFs supported this conclusion. The results appeared

to be more consistent with the cross-linking (Chapter 3), and were very similar to the

IGF-II.C-BP-6 interaction reported by Headey and co-workers (Headey et a1.,2004a).

Therefore, C-domain fragments appear to bind IGFs to a limited extent. An interesting

question then arises: given that C-domain fragments have very weak IGF binding, why

does loss of the C-domain cause a dramatic reduction in IGF binding by N-domain

fragments? The results in this Chapter provide a possible answer to this question as

follows: because the binding of C-BP-2 to the IGF'N-BP-2 binary complexes is

significantly stronger than its binding to free IGF, there is cooperativity bet'ween N-BP-

2andC-BP-2,andthereforethe "true" IGFbindingcapacity of theC-domaininafull-

length protein may not be fully revealed by studying the IGF binding of the C-domain

alone.

Previous studies of whether there is cooperativity between the N- and C-domains

of IGFBPs in IGF binding were limited and controversial (Bach et al., 2005). Payet and

co-workers demonstrated that co-incubation of the IGFBP-3 N- and C-domain

fragments resulted in high IGF binding affinities that were only 4-fold (for IGF-II) and

13-fold (for IGF-I) lower than that of full-length IGFBP-3 (Payet et a1.,2003). Since in

that study the N-BP-3 fragment bound IGFs poorly and the C-BP-3 fragment had 100-

fold (IGF-I) and 5O-fold (IGF-II) lower affinities than IGFBP-3, the high affinities of

the (N-BP-3 + C-BP-3) clearly indicated a strong cooperative effect of the two

fragments in IGF binding (Payet et al, 2003). Furthermore, (N-BP-3 + C-BP-3)

inhibited lGF-stimulated DNA synthesis and IGF-II binding to IGF-2R far more

effectively than individual fragments (Payet et a1.,2003). Interestingly, no interaction

between N-BP-3 and C-BP-3 was detected unless IGF was also present (Payet et al.,

2003). A similar synergistic effect was also seen in a study of N- and C-domain

fragments of IGFBP-4 (Siwanowicz et aL,2005). In that case, C-BP-4 binding to IGF-I

was not detectable using isothermal titration calorimetry (ITC) or NMR, but its

presence increased the affinities of N-BP-4 to IGF-I by ITC experiments (Siwanowicz

et a1.,2005). On the other hand, BIAcore analysis did not detect enhancement of IGF

binding by co-incubation of the N- and C-domains of IGFBP-2 (Carrick et a1., 2001) or

those of IGFBP-6 (Headey et a1., 2004c), and enhanced inhibition of IGF action was

not seen in the latter study (Headey et a1.,2004c).

Here, such cooperativity was clearly evident. Based on the NMR data, it appeared

that the presence of the N- or C-domain increased the IGF binding by the other domain
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through a conformational change of the IGF molecule, whereas direct interaction

between N- and C-domains may further enhance the interaction (see below). IGF

residues had essentially identical chemical environments in the IGF'N-BP-2'C-BP-2

ternary complexes and in the IGF'IGFBP-2 complexes as seen when comparing the

spectra of IGFs in the presence of both individual domains with the IGF spectra when

complexed with intact IGFBP-2 (Carrick et a1., 2005). The NMR data showed that both

IGFBP-2 and (N-BP-2 + C-BP-2) bound IGFs with high aff,rnities that were in the slow

exchange regime. However, the binding constants of these strong interactions could not

be determined in a quantitative way by NMR (hiderweg, 2002), because, while

quantitative measures can be obtained if the Kd is within an order of magnitude of the

concentration of the studied species, the protein concentrations required for the

experiments often exceed this range (Zuiderweg, 2002). It is generally believed that

covalently linking the N- and C-domain binding sites generates higher IGF binding

affinity of IGFBPs than (N-BP + C-BP), whereas limited proteolytic cleavages in the

linker domain reduce binding affinity and release bound IGFs. While the IGF binding

affinity difference between IGFBP-2 and N-BP-2 + C-BP-2 could not be measured in

the current NMR experiments, Payet and co-workers showed that N-BP-3 + C-BP-3

bound IGFs with high affrnities, which were 4- and 13-fold lower than those of IGFBP-

3 for IGF-I and IGF-II, respectively, and retained the ability to block IGF'IGF-IR

interactions (Payet et alr, 2003).

7.4.2 Conformational change of IGF-I

One possible mechanism underlying the cooperativity is that the IGF molecules

andlor the N-and C-domains may undergo conformational changes upon binding to one

partner and adopt a higher affinity conformation for the other partner. The NMR data

presented here, in conjunction with the crystal structures of IGF-I'mini-N-BP-5

(Zeslawski et al., 2001),IGF-I'N-BP-4 (Siwanowicz et a1.,2005), and IGF-I'N-BP-4'C-

BP-4 (Sitar et a1., 2006) complexes published recently, provide evidence for such

conformational changes.

In chemical shift perturbation mapping, both a direct contact with the binding

partner and a conformational change induced by the binding can cause perturbation of

the resonances (Zuiderweg, 2002). When unlabelled N-BP-2 was titrated into rsN-
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labelled IGF-I, it caused chemical shift changes of a large number of IGF-I cross-peaks

(Figure 7.4). Although the chemical shifts of IGF-I in the IGF-I'N-BP-2 complex form

could not be completely assigned because of the very broad resonances in 3D NHCA

spectra on the 15N/t'C-IGF-I.N-BP-2 sample, it was clear that cross-peaks that did not

change were Gly30-Arg36 and Lys65- Ala70, which are located in either the C or D

domain flexible regions. It was also evident that cross-peaks of some residues in the A1

helix (G1y42-Phe49) were perturbed significantly. This was interesting, because in the

IGF-I.N-BP structures (Zeslawski eI al, 200I; Siwanowicz et aL,2005; Sitar et al.,

2006) IGF-I residues Gly42-Phe49 were not close to the IGF-I'N-BP binding interfaces.

In Figure 7.12, cryslal structures of IGF-I in the "free" forms (bound to detergent

molecules) (Vajdos et al., 2001 Btzozowski et al., 2002), and in the IGF-I'N-BP

complexes (Zeslawski et al., 2001; Siwanowicz et a1.,2005) are superimposed over

backbone heavy atoms in three helices. It can be seen that the spatial organization of

the helices and the structure of residues Gly42-Glu46 did not significantly change upon

binding to N-BP-4. However, IGF-I residues Phe49-Leu54 as well as the Phe49

aromatic ring adopted a signifrcantly different conformation in the IGF-I'N-BP-4 and

IGF-1.N-Bp-5 complexes compared to that in the free form. We could therefore speculate

that the conformational changes in this region might be induced by the binding of the

Leu54 sidechain into a hydrophobic pocket of the N-BPs (Zeslawski et al., 2001;

Siwanowicz et al., 2005), leading to a conformational change in the neighbouring

Phe49 sidechain.

It is possible that the significant chemical shift perturbations of IGF-I residues

Gly42-GIu46 upon binding to N-BP-2 were caused by the conformational change of the

Phe49 aromatic ring through the so-called "ring current effect" (Haigh and Mallion,

1930). An aromatic ring produces a small magnetic f,reld and thus affects the atoms

close to it. It will "shield" the atoms from the outside magnetic field if the atoms are

above or below the ring, resulting in upf,reld chemical shifts, and will "de-shield" the

atoms if they are within the ring plane, resulting in downfield chemical shifts (Haigh

and Mallion, 1980). Therefore, residues can have significant chemical shift

perturbations if a nearby aromatic ring changes its orientation. Previous NMR studies

have shown significant internal flexibility of IGF-I (Cooke eI"al.,l99l; Sato et aL,1993;

Laajoki et al,2000) and IGF-II (Terasawa et al., 1994; Tones et a1', 1995)' The

conformations of Phe49-Leu54 and the Phe49 sidechain in IGF-I, as well as the

equivalent residues in IGF-II in these NMR structures were not well defined, probably
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L54

F49

Figure 7.12 Superimposition of IGF-I crystal structures showing

conformational changes upon binding to N-domain

Crystal structures of IGF-I in the "free" form (bound to detergent molecules, PDB

tCZn @lue) (Brzozowski et a1., 2002) and PDB 1IMX (green) (Vajdos et a1., 2001)),

and in the IGF-I'mini-N-BP-5 complex (PDB 1H59 (orange) (Zeslawski et a1., 2001)),

and in the IGF-I'N-BP-4 complex (PDB 1WQJ (pink) (Siwanowicz et al',2005)) are

superimposed over backbone heavy atoms in three helices (41a8-Cys18, Gly42-Cys48,

Leu54-Cys61). Sidechains of Phe49 andleu54 are shown. Using the IGF-I structure in
the IGF-I.N-BP-4'C-BP-4 complex (Sitar et aI., 2006) produced similar results (not

shown).
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resulting from flexibility in this region together with low NMR spectral quality due to

aggregation. In NMR binding experiments, the "free" set and "bound" set of cross-

peaks represented the average conformations of these two states in solution. Thus, the

NMR data suggest that the conformational differences around Phe49-Leu45 between

free and N-BP-bound IGF-I seen in the crystal structures may exist in solution.

If IGF-I has multiple interconverting conformations in solution, and the most

favourable or average conformation around residues Phe49-Leu54 in the free form

differs significantþ from that in the IGFBP-bound form, this would be energetically

unfavourable for the free IGF-I. The binding interaction between IGFBP N-domain and

IGF-I is strong, and is sufficient to either induce a conformational change of IGF-I or

selectively slabllizethe IGF-I in the bound conformation. On the other hand, interaction

between IGFBP C-domain and the free IGF-I is weak, which might be due to low

complementarity between the free form of Phe49 sitechain and the IGF binding site on

the C-domain. It is known that IGF-I residue Phe49 and the IGF-II equivalent Phe48

afo very important for IGFBP binding (Clemmons et aI.,1992; Bach et al., 1993; Oh et

al, 1993; Dubaquie and Lowman, 1999). Thus, IGF'C-BP interactions may be too

weak to either induce the conformational change or stabilize the IGF in the bound

conformation. When IGF-I is bound to the N-domain, its C-domain binding site, and

especially the Phe49 sidechain, is stabilized in a conformation that binds C-domain

with high affinity. In return, binding of C-domain to this site may further stabilize the

bound conformation of IGF-I and thus reciprocally enhance the interaction between

IGF-I and the N-domain. Interestingly, it seems that the Phe49-Leu54 region of IGF-I

mediates the cooperativity between the N- and C-domains, with the N-domain

interacting at the Leu54 end while the C-domain interacting at the Phe49 end. This may

also apply to IGF-II, since similar NMR results were observed.

7.4.3 Inter-domain interaction between N-BP-2 and C-BP-2

If C-BP-2 binds N-BP-2, this interaction could also contribute to the observed

higher binding affrnity of C-BP-2 for IGF'N-BP-2 complex than that for IGFs alone.

While N-BP-2 and C-BP-2 may undergo local conformational change upon binding to

IGF that enhance their binding to one another, the NMR results using both ttN-labelled

C-Bp-2 and lsN-labelled N-BP-2 indicated that N-BP-2 and C-BP-2 interact with each
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other in the absence of IGFs. The inter-domain interaction between IGFBP N- and C-

domains in the absence of IGF has not been detected previously.

Addition of unlabelled N-BP-2 caused broadening of a considerable number of C-

BP-2 lH-lsN cross-peaks. The most affected residues are located in the end of the helix

(A19206), loop I (GIy2l2, His216), the second strand (Lys234,Lys237, Met238), and

the second half of loop II (L240-Gly2al (Figure 7.13 (b)). The N-BP-2 binding site on

C-BP-2 identified by NMR largely correlated with the C-BP-4 surface contacting N-

BP-4 in the IGF-I. N-BP-4.C-BP-4 ternary complex structure reported recently (Sitar et

a1.,2006) (Figure 7.13 (c)). In this structure, N-BP-4 interacts with the loop I and loop

II regions of C-BP-4 (Sitar et alr,2006). Therefore, the direct interaction between N-

BP-2 and C-BP-2, as well as the N-BP-2 binding site on C-BP-2 revealed in this thesis

ùppear to be biologically relevant.

While previous studies suggested that the N- and C-domains were close to or each

other or even in contact in the IGF'IGFBP complex as the N- and C-domain binding

sites on IGF-II are adjacent (Headey et a1.,2004b), and this was supported by the recent

ternary complex structure (Siwanowicz el a1^,2005; Sitar et aI,2006),little was known

regarding the spatial organization of the N- and C-domains in the free form of IGFBPs.

Since inter-domain interaction was detected in the absence of IGFs, the N- and C-

domains may be contacting each other in the free IGFBP-2 form, rather than being

loosely connected merely by the linker domain. However, this interaction does not

seem to be strong or stable, as was not detected in other assays (Payet et al., 2003), and

would be unlikely to hinder IGFs access to both the N- and C-domain binding sites.

The signifrcant flexibility in the inter-domain binding sites, especially loop I and loop II

of the C-domain, would enable large conformational changes and domain movements

upon IGF binding. Future structural and biophysical studies will be very valuable.
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Figure 7.13 IGF and N-BP-2 binding sites on C-BP-2

(a) and (b) Transparent surface models of C-BP-2 showing IGF (a) or N-BP-2 (b)

binding sites, and with ribbon representation (blue) inside. Residues most affected upon

titration of IGF-I or IGF-II (Figure 7.3) arc coloured pink (a). Residues most affected

upon titration of N-BP-2 (Figure 7.9) are coloured orange (b). farts of the unstructured

regions (residues 183-186 and,280-289) are excluded for clarity. (c) Crystal structure of IGF-

I.N-BP-4.C-BP-4 ternary complex (PDB 2DSR) (Sitar et a1.,2006). C-BP-4 is shown as

fiansparent surface model with ribbon representation (blue) inside. N-BP-4 þink) and

IGF-I (green) are shown as ribbon models. This figure was prepared using PyMOL (Delano

Scientific). C-BP-2 and C-BP-4 structures are shown in equivalent orientations.
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7.4.4 Binding sites and effect of heparin binding

In addition to the N-BP-2 binding site, the IGF binding sites on C-BP-2 were

identified in this Chapter. In the absence of N-BP-2, addition of IGF-I and IGF-II

induced very similar peak broadening of ttN-labelled C-BP-2 (Figure 7.3¡. lH-lsN

cross-peaks of C-BP-2 residues that disappeared or were significantly broadened at C-

BP-2:IGF-I or C-BP-2:IGF-II ratios of 1:1.5 are mapped onto C-BP-2 surface in Figure

7.13 (a). These residues are located in the helix (Gln192),the first (His22l, Asn224,

Cys225), and the second (Cys236-Met238) strands, and the first half of loop II (Ser239-

Gly2a\ @igure 7.13 (a)). Indeed, these residues correlated very well with the C-BP-6

residues that disappeared upon binding to IGF-II (Headey et aL,2004a), although NMR

experiments for the IGF-I.C-BP-6 interaction were not carried out because the binding

was too weak. Using mutagenesis, Headey and co-workers confirmed that IGFBP-6

Asn163 (equivalent to C-BP-2 Ãsn224) contributes to both IGF-I and IGF-II binding,

whereas Ser176, Seú77, and Gln178 (equivalent to C-BP-2 Met238-Leu40) contribute

to the IGF-II binding preference (Headey et aI., 2004a). Previously, progressive

deletions by Forbes and co-workers highlighted the importance of bovine IGFBP-2

residues Lys220-Asn236 (equivalent to C-BP-2 Lys227-Asn24I) in IGF binding

(Forbes et a1., 1998), which was consistent with the NMR results. Several mutagenesis

studies have reported that IGFBP-3 and IGFBP-S residues equivalent to C-BP-2

Gly229 and Gln235 are important in IGF binding (Bramani et al., 1999; Song et al.,

2000; Shand et a1.,2003;Yan et a1.,2004; Allan et a1., 2006). However, since the cross-

peaks of GIy229 and Gln235 were not significantly broadened upon binding to IGFs,

and the sidechain of Gln23 5 is on the opposite face of C-BP-2 to the IGF binding site, it

appears that moderate reductions in IGF binding by these mutations might have been

due to structural perturbations. In the IGF-I'N-BP-4'C-BP-4 ternary complex structure

(Sitar et al., 2006),IGF-I bound to a C-BP-4 surface formed by one face of the first

helix, loop I, the second helix (equivalent to a region of loop I in C-BP-2), the second

strand, and first half of the loop II, which was thus consistent with the NMR data

(Figure 7.X (c)).

Binding of IGF.N-Bp-2 binary complexes to lsN-labelled C-BP-2 had very

profound effects on its lH-lsN HSQC spectra, as cross-peaks of most C-BP-2 residues

except the N- and C-termini shifted to some extent. These results also suggested that C-
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BP-2 has very similar structure and chemical environments in both the IGF-I'N-BP-

2'C-BP-2 and IGF-II'N-BP-2'C-BP-2 temary complexes. However, a detailed analysis

of the chemical shift changes was hampered because C-BP-2 in the ternary complexes

gave very broad 1H-15N cross-peaks and resonances could not be assigned. Likewise,

while the lsN-labelled IGF experiments revealed the cooperativity between N- and C-

domains and suggested a conformational change of IGF, future work is required to

completely assign the chemical shift changes, and thereby to further analyse the binding

events, as well as to identiû/ IGF residues that were perturbed upon binding of the

IGF.N-BP-2 binary complexes to C-BP-2. Furthermore, in the NMR experiments

Large-C-BP-2 fragment did not show any extra interaction compared to C-BP-2,

indicating the lack of stable structure formed by the additional linker domain region.

Having established that (ltt-BP-2 + C-BP-2) mimicked IGFBP-2 in IGF binding, it

was of interest to study the effect of heparin binding on IGF'IGFBP interaction using

these domain fragments. Preliminary results indicated that the IGF-I'N-BP-2'C-BP-2

ternary complex bound to low molecular weight heparin, and the interaction appeared

to result in the formation of larger complexes rather than dissociation of the IGF-I'N-

BP-2.C-BP-2 complex, as IGF-I 1H-15N cross-peaks were significantly broadened but

yet still represented the ternary complex form. Since the peak broadening was more

serious at pH 5.5 than 6.0, it is likely that heparin bound to the pH-dependent heparin

binding site on C-BP-2 identified in Chapter 5. Based on the locations of IGF and N-

BP-2 binding sites and the IGF-I'N-BP-4'C-BP-C structure (Sitar et aI., 2006), the C-

BP-2 heparin binding site is likely accessible in the IGF-I'N-BP-2'C-BP-2 ternary

complex, and heparin binding to this site may not significantþ interfere with IGF

binding. As reviewed in Chapter 5, previous data regarding the heparin binding by

IGFBP-2 and its effect on IGF binding were controversial. Arai and co-workers

reported that heparin did not inhibit IGF'IGFBP-2 binding (Arai et al.,I994b), rather,

heparin only bound IGFBP-2 when it was in IGF'IGFBP-2 complex form (Arai et al.,

1996a), whereas Russo and co-workers reported that binding of IGFBP-2 to

chondroitin-6-sulfate decreased the binding affinity of IGFBP-2 for IGF-I

approximately three-fold (Russo et al, 1997). It is worth noting that small to moderate

change in binding constants may not be detected in the current NMR experiments, if the

binding interaction remained in the same chemical exchange regime. More

investigations are warranted to establish whether IGF binding and heparin binding by

IGFBP-2 enhance or (slightly) compete with each other. In Chapter 5, it was suggested

206



that IGFBP-2 or IGF'IGFBP-2 complexes might preferentially bind to

glycosaminoglycans in acidic tumour ECM, but not in neutral, normal tissue ECM.

Results in this Chapter suggest that binding of IGF'IGFBP-2 complexes to

glycosaminoglycans may not automatically result in IGF release. Nevertheless, many

tumours overexpress IGFBP-cleaving proteases (Bunn and Fowlkes, 2003), thus

unbound IGFs and RGD-containing IGFBP-2 C-domain fragments may be accumulated

in tumour ECM by enhanced glycosaminoglycans binding and limited proteolysis. In

contrast, heparin binding by IGFBP-S reduced its IGF-I binding by l7-fold (Arai et al.,

I994b), and strong competition between IGF binding and heparin binding by IGFBP-3

and -5 were demonstrated by both BIAcore and solution binding assays (Beattie et a1.,

2005). It will be of interest to further study the heparin binding using lsN-labelled C-

BP-2 and N-BP-2, as well as to compare the heparin binding by different IGFBPs using

NMR.
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Chapter 8

Final Discussion

8.1 Summary of Findings

As discussed in Chapter 1, IGFBPs play important roles in regulating IGF actions,

as well as having IGF-independent functions. The C-domains of IGFBPs are

indispensable for high aff,rnity IGF binding, and are responsible for a wide range of

other molecular interactions. HoweveÍ, at the commencement of this study there was

limited structural and functional information on these important domains.

The first goal of this thesis was to prepare unlabelled and isotope-labelled IGFBP-

2 N- and C-domain fragments in sufficient amounts (-10 mg) and of sufficient purity

(>95 %) to be used in NMR studies and other analyses. In Chapter 2, expression vectors

were generated for the production of full-length IGFBP-2 and its N- and C-domain

fragments in E coli ceIIs. 3C protease and TEV protease cleavage sites were

incorporated into these constructs so that these proteases could be used in the fusion tag

removal step. In Chapter 3, unlabelled, 1sN-labelled and ttN/t3c-labelled I83-28eIGFBP-

2 (C-BP-2) fragments, unlabelled tot-"eIGFBP-2 (Large-C-BP-2) fragment, and

unlabelled and lsN-labelled 1-r38IGFBP-2 (N-BP-2) fragments were prepared. 3C

protease and TEV protease were used to remove the thioredoxin-Hiso tag fusion partner.

Unlike the enterokinase used previously (Carrick, 2002,PhD thesis, The University of

Adelaide), 3C protease and TEV protease cleavages were highly specific, and therefore

the loss of recombinant protein due to non-specific proteolytic degradation was avoided.

However, the requirement for the reducing agent DTT to ensure high activities may

compromise the future use of 3C and TEV proteases in large-scaIe preparation of

recombinant IGFBP-2, which has some disulfide bonds that are sensitive to DTT. Mass

spectroscopy and N-terminal sequencing data confirmed the identity and integrity of

these fragments.

High-resolution three-dimensional structures of either a full-length IGFBP or an

IGFBP C-domain had not been determined previously. In Chapter 4, the solution

structure of C-BP-2 was determined using heteronuclear multidimensional NMR

spectroscopy. C-BP-2 is the largest tþroglobulin type 1 structure determined so fat,
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consisting of an cr,-helix, a three-stranded anti-parallel B-sheet and three flexible loops.

Compared with other IGFBP C-domain structures (C-BP-6 (Headey et al., 2004a), C-

BP-l (Sala et a1.,2005), and C-BP-4 (Sitar et a1.,2006)) reported during the course of

this thesis, differences that may affect IGF binding and underlie other functional

differences were found. C-BP-2 has a longer disordered loop I, and an extended C-

terminal tail, which is unstructured and very mobile. The length of the helix is identical

to that of C-BP-6 but shorter than that of C-BP-I. On the other hand, the length of loop

II and the dynamic properties of C-BP-2 are similar to those of C-BP-6, although their

compositions are rather different. The considerable flexibility of loop II may be

required for high-affinity IGF binding. The variety and flexibility of loop II and its

flanking residues seem to influence the IGF-binding affinities of the six IGFBPs, and

also bestow other molecular interaction abilities on tþroglobulin type 1 domains. An

RGD motif is located in a solvent-exposed turn in the loop III and has considerable

mobility, as revealed by backbone amide dynamic measurements. Its structure and

dynamic properties are thus consistent with functional RGD motifs in many other

proteins.

There has been increasing evidence that protein dynamics in solution may be

related to protein function, especially protein-protein interactions. In Chapter 4, the

backbone d5mamics of C-BP-2 were analysed based otr ttN relaxation parameters (,R1,

Rz and steady-state ttN-{ttt} NOE). C-BP-2 has considerably higher backbone ttN R,

values than C-BP-6 (Yao et al., 2004), and flrtting 1sN relaxation parameters to an

axially symmetric rot¿tional diffusion tensor model was unsuccessful. Thus, a full

analysis using the conventional. Modelfree approach was hampered. Current 1sN

relaxation and translational diffusion data of C-BP-2 at different concentrations

indicated that self-association under the experimental conditions is unlikely. The

anomalously higher R2 values and the failure in fitting the relaxation parameters are

probably a consequence of motions of the core of C-BP-2 that cannot be described by a

simple anisotropic tumbling model with a unique diffusion tensor, as a result of the

presence of a longer and very flexible C-terminal tail together with a longer disordered

loop compared to C-BP-6. Reduced spectral density mapping analysis showed that C-

BP-2 possesses significant rapid motion in the loops and termini, and may also undergo

slower conformational or chemical exchange in the structured core and loop II.

The IGF binding abilities of the N- and C-domain fragments were investigated

using different methods. In Chapter 3, BIAcore and cross-linking experiments were
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carried out. N-BP-2 has a lower IGF binding affinity than full-length IGFBP-2,

resulting from a significantly faster dissociation rate, which was consistent with

previous findings (Carrick et a1.,2001).Whi1e both cross-linking and BIAcore results

indicated that the isolated C-BP-2 binds IGFs to only a limited degree, the differences

in IGF binding affinities between C-BP-2 and N-BP-2 or full-length IGFBP-2 appeared

to be larger in the cross-linking results than in the BIAcore results. On the other hand,

Large-C-BP-2 had a significantly higher BIAcore response than C-BP-2, and its IGF

binding affinities derived from BIAcore datawere higher than N-BP-2 and C-BP-2.

Molecular interactions among N- and C-domains and IGF, as well as heparin

binding by C-BP-2, were analysed in detail using NMR chemical shift perturbation

mapping. The resonance assignments and the solution structure of C-BP-2 described in

Chapter 4 provided the basis for analysis of its interactions using lsN-labelled C-BP-2,

whereas in Chapter 6, experimental conditions for ttN-labelled IGF-I, IGF-II, and N-

BP-2 were optimised. Acquiring 2D rH-lsN HSQC spectra at lower protein

concentration reduced the aggregation of IGF-I, and to a lesser extent, of IGF-II, and

thus improved the spectral quality at pH conditions closer to physiological pH. A more

complete set of assignments for IGF-I lH-lsN HSQC spectra was thus obtained.

In Chapter 7, titrations with NMR showed that binding of C-BP-2 or Large-C-BP-

2 to IGFs was in the intermediate exchange regime and was of lower afhnity than the

binding of N-BP-2 to IGFs, which was in the slow exchange regime. The NMR results

were more consistent with the cross-linking results than the BIAcore results. NMR

experiments did not detect extra interactions by Large-C-BP-2 compared with C-BP-2

that would be contributed by the additional linker domain region. Therefore, the

discrepancy between the BIAcore and cross-linking or NMR results, and that between

two binding orientations in BIAcore experiments, suggested that other factors

contributed to the apparent results, and the kinetic data derived using current models

may not be able to accurately describe the interactions between the IGFBP-2 C-domain

and IGFs.

Binding of C-BP-2 or Large-C-BP-2 to the IGF'N-BP-2 binary complexes was

significantly stronger than the binding of C-BP-2 to IGFs alone, switching from

intermediate exchange to slow exchange, indicating that there is cooperativity between

N-BP-2 andC-BP-2 in IGF binding. A comparison with the spectra of IGFs in complex

with IGFBP-2 (Carnck et a1.,2005) showed that IGF residues had essentially identical

chemical environments in IGF'N-BP-2'C-BP-2 temary complexes compared to the
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IGF.IGFBP-2 complexes. Moreover, two possible mechanisms underlying the

cooperativity between the N- and C-domains were identified. The NMR data, in

conjunction with the recently reported crystal structures (Zeslawski et al, 200I;

Siwanowicz et al., 2005; Sitar et al, 2006) suggested that a significant conformational

change of the Phe49-Leu54 region and the sidechain aromatic ring of Phe49 in IGF-I

exists in solution upon its binding to the N-domain, which may increase the binding of

this surface to the C-domain IGF binding site. The binding of C-domain to this site may

then further stabilize the bound conformation of IGF-I and thus may enhance the

interaction between IGF-I and the N-domain. Furthermore, the NMR results using both
ttN-labelled C-BP-2 and 1sN-labelled N-BP-2 provided evidence for a direct interaction

between N-BP-2 and C-BP-2 in the absence of IGFs, which has not been detected

previously. Such inter-domain interaction may further enhance the IGF binding bV N-
BP-2 + C-BP-2) compared with that by N-BP-2 or C-BP-2 alone.

The IGF and N-BP-2 binding sites on C-BP-2 were identified. The most affected

C-BP-2 residues upon binding to IGFs were located in the helix (Gln192), the first

(His22I, Asn224, Cys225), and the second (Cys236-MeA38) strands, and the f,rrst half

of loop II (Ser239-GIy2a\. No significant difference was observed between the IGF-I

and IGF-II binding sites on C-BP-2. The most affected C-BP-2 residues upon binding

to N-BP-2 were located in the end of the helix (A19206),loop I (Gly2l2, His216), the

second strand (Lys234,Lys237, Met238), and the second half of loop II (L240-GIy245)

These results were consistent with the IGF-II binding site on C-BP-6 (Headey et al.,

2004a) and the recent IGF-I'N-BP-4'C-BP-4 complex structure (Sitar et aI.,2006).

Binding of IGFBPs to glycosaminoglycans and other ECM components is

believed to be important in modulation of IGF actions, but previous data regarding the

glycosaminoglycan binding of IGFBP-2 were contradictory. In Chapter 5, a heparin

binding site of C-BP-2 was identified by NMR. The heparin binding site is a patch

containing the B-turn connecting the first and second strands, part of the third strand,

and the beginning of the C-terminal ta|LLys227,His228, Asn232,Leu233,Lys234 and

His27l are proposed to be the primary heparin binding residues. Protonation of His271

and His228 seems to be important for the binding, which occurs at slightly acidic pH

(6.0) and is more significant at pH 5.5, but is largely suppressed at pH 7.4. Possible

preferential binding of IGFBP-2 and its C-domain fragments to glycosaminoglycans in

the acidic extracellular matrix of tumours may be related to their roles in cancer.

Similar experiments were carried out in Chapter 7 to check whether IGF-I and N-BP-2
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interact with heparin. IGF-I might bind to heparin via two arginine residues (A1936 and

kg37) in its flexible C-domain loop, but N-BP-2 did not bind heparin. A preliminary

investigation of the effect of heparin binding on IGF binding was described in Chapter

7. Consistent with the locations of the heparin, IGF and N-BP-2 binding sites on C-BP-

2,heparinbound to the IGF-I.N-BP -2'C-BP-2 tenary complex, and heparin binding did

not significantly reduce IGF binding. These results provided a valuable basis on which

to reconcile some of the discrepancies in the literature.

8.2 Future Directions

More IGF.IGFBP (domain) complex structures are to be solved by crystallography

or by NMR. The recent IGF-I'N-BP-4'C-BP-4 crystal structure (Sitar et al., 2006),

together with a series of NMR studies on C-BP-6 (Headey et a1.,2004a; Headey et a1.,

2004b; Yao et aI.,2004) and C-BP-2 (this thesis), as well as the C-BP-I structure (Sala

et aI.,2005), have greatly advanced our knowledge on the structure and function of

IGFBP C-domains. This new information, when combined with the earlier findings on

the IGFBP N-domains (Kalus et a1., 1998; Zeslawski et a1., 2001; Canick et a1.,2005;

Siwanowicz et a1., 2005), provides a more detailed picture of IGF'IGFBP interactions

that was unavailable a few years ago. In particular, the relationship between the N- and

C-domains in IGF binding has become clearer on the basis of results in this thesis and

those of others (Payet et al., 2003). However, crystal or solution structures of the

remaining IGFBP domains, especially in the lGF-complexed form, will be of great

value for further understanding the structural and IGF binding differences among

IGFBPs. One example is IGFBP-6, which has a marked IGF-II binding preference

compared to other IGFBPs. To date, no three-dimensional structure of a full-length

IGFBP either in the free form or in complex with IGFs has been reported. The expected

disordered nature of the linker domains might have made crystallization of a full-length

IGFBP diffrcult. While the long flexible regions may also be disadvantageous for NMR

studies, IGFBPs, even in the lGF-complexed form, ate of a size amenable to structure

determination using state-of-the-art heteronuclear multidimensional NMR techniques.

Nevertheless, since the results in this thesis did not suggest additional stable structure

or interactions formed by the linker domain regions in N-BP-2 and C-BP-2 even in the
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ternary complex form, future crystallography or NMR studies may be carried out using

IGFBPs with shorter linker domains or even using separate N- and C-domain fragments

without the linker regions. Importantly, the significant affinity differences of C-BP-2

for IGFs alone or for IGF'N-BP-2 binary complex may explain why successful

crystallization of a IGF'C-BP binary complex has not been reported. IGF'C-BP binary

complex structures will probably not be solved by NMR either, because the resonance

of the interacting residues disappear form the spectra as a result of intermediate

chemical exchange. However, the more stable ternary complexes are clearly suitable for

NMR structure determination. Exclusions of the C-terminal tail from the C-BP-2

construct and the linker domain region from the N-BP-2 construct will significantly

simpliff their NMR spectra, and improve spectral quality by decreasing their tumbling

correlation time in solution, resulting in sharper and stronger NMR peaks. The IGF'N-

BP-2.C-BP -2 ternary complex would then be ready to solve. Nevertheless, IGFBP

linker domains are involved in interactions with other proteins. For example, the linker

domain of IGFBP-5 contains an ALS binding site (Twigg et al, 2000; Firth et al., 200t),

in addition to the ALS binding site in the C-domain (Firth et a1., 1998; Firth et aI.,

2001). In this case, co-crystallization of IGF + IGFBP-3 (or IGFBP-5) + ALS may

stabilize the linker domain and yield a -150 kDa IGF'IGFBP-3/5'ALS ternary complex

that is present in vivo.

The binding interaction between IGFs and IGFBPs should also be analysed further.

Whilst residues in the IGF'IGFBP binding sites are revealed by the recent complex

structures and the NMR studies, more mutagenesis studies are needed to identiff the

residues lhat are most important for the binding. Since the results in this thesis suggest

that the IGF interacting residues and the N-domain interacting residues on C-BP-2 both

contribute to the IGF binding of fuIl-length IGFBP-2, residues within both binding sites

are to be analysed. On the basis of this thesis, IGFBP-2 residues suggested for site-

directed mutagenesis are Glnl92, Tltr204-Ar9206, His216, His220-Cys225, Lys234-

GIu246, and adjacent residues. Alternatively, a phage-display àpproach that was

previously carried out by Lucic and co-workers on IGFBP-2 (Lucic et a1., 1998) can be

applied to these regions. In addition to providing conclusive evidence for contributions

of these residues, the mutagenesis studies may generate mutant IGFBP molecules that

have increased IGF binding affinities. Structure-guided deletion studies can be

conducted to obtain a smaller IGFBP molecule that retains high IGF binding affinity.

Such modified IGFBP molecules are potentially very valuable for pharmaceutical
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purposes. As discussed in Chapter 1, recombinant IGFBP proteins can be developed to

block IGF'IGF-1R interactions in cancer therapy.

The cooperativity between IGFBP N- and C-domains in IGF binding is clearþ

worthy of future investigation. Experiments are to be performed to see whether the

conformational change of IGF molecules or the interaction between N- and C-domains

is a major contributor to this cooperativity. Because the ternary complex structure

showed that the C-domain mainly interacts with the N-terminal " h'lmb" region of the

N-domain (Sitar et a1.,2006), using a smaller N-domain fragment equivalent to mini-N-

BP-5 in NMR studies similar to this thesis might be able to dissect the contributions of

these two mechanisms. Importantly, many protein-protein interactions are mediated by

two or more domains in one protein. In particular, insulin and IGFs have multiple

binding sites on different domains of their receptors. Therefore, future structural and

biophysical studies on how IGFs bind to IGFBP N- and C-domains, which are smaller

and easier to study compared to domains of insulin/IGF receptors, will assist in

understanding other similar molecular interactions. Interestingly, conformational

changes of the insulin molecule upon binding to its receptor have been reported (Hua

and Weiss, 1991; Dong et aI., 2003; Hua et a1.,2006). Future analysis of the protein

d¡mamics of IGF and IGFBP molecules and their functional relevance will be very

valuable.

Finally, as described in Chapter 1, IGFBPs have been found recently to interact

with many other molecules in addition to IGFs, and these interactions modulate IGF

binding and/or confer IGF-independent actions. Most of these interactions are mediated

by the C-domain of IGFBPs (Firth and Baxter,2002; Bach et a1., 2005). While others

have used NMR spectroscopy to investigate the IGF'IGFBP interactions before or

during the period in which the work described in this thesis was undertaken, the use of

NMR to study other molecular interactions of IGFBPs and their effects on IGF binding

has not been reported. The results presented here highlight its successful applications,

and therefore this approach will be of great value for studying yet other interactions of

IGFBP C-domains in the dramatically expanding list.

In conclusion, the findings described in this thesis make a substantial contribution

to better understanding the structure and function of IGFBP-2 C-domain, and provide a

valuable insight into the roles of IGFBP C-domains in both IGF binding and IGF-

independent actions.
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