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Summary
Insulin-like growth factors (IGF) are growth promoting peptides which act via cell

membrane receptors (Type I and Type 2 receptors). The two forms of IGF, IGF-I and

IGF-II, arc found in the ci¡culation associated with carrier proteins referred to as the insulin-

like growth factor binding proteins (IGFBP). IGFBP are found in two molecular weight

grcups, namely the large (¿lO-55 kDa) and the small (2+34 kDa) molecular weight binding

proteins. The large molecula¡ weight IGFBP (IGFBP-3) in association with an acid labile

subunit forms the main carrier of IGFs in the circulation. The role of the smaller IGFBPs is

not clear at this stage but they may act in the enhancement or inhibition of IGF action.

Four binding proteins available at the time of this study (IGFBP 1,2,3 and the

32kDaHet39ll IGFBP described below) were used in the classification of IGFBP into

three distinct groups according to their relative IGF-binding afhnities. The th¡ee binding

pattems were determined using competitive binding assays using purified IGFBPs and

IGFs, including IGF-I, IGF-II and a truncated form of IGF-I (des-(l-3)-IGF-I). Earlier

studies in the group determined that the IGF-I va¡iant has a 5-10 fold enhanced biological

activity over the full length IGF-I (Francis et. a1,,1988b). Classification of the binding

proteins into groups on their ability to bind the variant lead to a speculation of the possible

roles of the va¡ious binding proteins in the modulation of IGF action.

Further studies outlined in this thesis involved the cha¡acterization of binding

proteins produced by a human embryonic fibroblast cell line (Het39ll-). Techniques such as
'Western ligand bloning, immunoblotting and cha¡coal binding assays were used in the

comparison of IGFBP produced by this cell line with IGFBPs of other human fibroblasts.

Het3gll cells produced relatively low amounts of binding protein when compared

with celt lines used previously as a source of IGFBP purification (tlep G2 human hepatoma

cells, MDBK bovine kidney cells). A series of stimulation experiments revealed that

Het3gll binding protein production could be enhanced by co-incubation with IGF but not

other factors or hormones tested. This suggests a mechanism by which IGF controls the

levels of its own carrier.

Serum-free conditioned medium of He[39]L cells was identifred as a source for the

purification of novel binding proteins as it presented an unusual IcF-binding pattern. Two

novel binding proteins were isolated and purified using cation exchange chromatography,

affrnity chromatography and reverse phase high performance liquid chromatography. y'^25

amino acid N-terminal sequence was obtained for a32tr,DaHe[39]L binding protein using

the technique of elecüoblotting and the sequence differed from previously sequenced

IGFBPs. Analysis of the protein revealed a small molecular weight (32 liDa) binding protein
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with Nlinked glycosylation. The He[39]L binding protein was shown to be

immunologically unrelued to the bovine small molecular weight IGFBP-2.

T\e32 kDa He[39]L binding protein did not bind des-(l-3)-IGF-I, and IGF-tr

compered for the binding siæs on this protein better than IGF.I. This binding pattern

corresponds to that of bovine IGFBP-2 which belongs to one of the three IGFBP groups

described in this thesis.

A smaller 17-19 kDa binding protein was purified from He[39]L conditioned

medium and had an N-terminal sequence of 13 residues, also differing from previously

sequenced IGFBPs. This binding protein twas not further cha¡acterized.

Having isolated the32 kDa He[39]L binding protein with an N-terminal sequence

quite different to other IGFBP an attempt was made to isolate a cDNA clone encoding that

binding protein. Two approaches were taken. The frst involved screening a human

embryonic lung fib'roblast libnary made from the IMR 90 cell line. These cells secrete a

binding protein of the same size as the He[39]L binding protein. The library was probed

with a degenerate oligonucleotide made to the predicted DNA sequence conesponding to

amino actds 13-22. Three cDNA clones were isolated, all of which did not encode binding

proteins.

The second parallel approach involved the use of the polymerase chain reaction

(PCR) with the intention of amplifying He[39]L binding protein cDNA made from RNA of
those cells. ln a control reaction bovine IGFBP-2 sequences were amplified using the clone

isolated in our laboratory as a template. However, even with the system optimized for the

amplification of binding protein sequences no specific amplification of He[39]L oDNA was

achieved. Further control experiments suggested a possible RNA secondary structure

problem in the synttresis of cDNA used as a template in the He[39]L PCR.

The results presented in this thesis will be useful in the classificaúon of novel

binding proteins in the future. Further information is provided about the ever increasing

numbers of IGFBPs wirh the purification of two novel IGFBPs. Isolation of novel IGF

binding proteins and their characterization will ultimately be vital in elucidating the conrol

mechanisms regulating the action of IGFs.

ii



Statement

This thesis contains no material which has been accepted for the awa¡d of any other degree

or diploma in any University. To the best of my knowledge and belief it contains no material

that has been previously published by any other person except where due reference is made

in the text. The author consents to the thesis being made available for photocopying and

loan.

Briony E. Forbes

lll



Acknowledgments
I wish to thank Professon W. H. Elliot and G. E. Rogers for permission to undertake

this ¡esearch in the Department of Biochemis¡ry, University of Adelaide, South Australia. I

¿rm ex¡omely graæful to Dr. John Wallace for his continual encouragement, criticism and

total support. I also greatly appreciate the supervision and honest di¡ection given by Dr.

John Ballard. I acknowledge the financial support of the Univenity of Adelaide

Postgraduate Research Awa¡d.

I would like to rhank Dr. A. V. Sivaprasad and Ian Dodd for assistance with

computing and Dr. Rick Tearle for criticism and encouragement through writing. Bottr Geoff

Francis and Dr. Paul Walton are to be thanked for many useful discussions. Many thanks

also go to Dr. Helena Richardson, Dr. Jack Ohmdahl, Tim Cox and Paul Morretti for

suffering PCR with me.

I am very grateful to Dr. Jane Stanley and Dr. Henry Forbes who generously provided

me with the necessary equipment for writing. Barbara Magee and Paddy also had to forgo

Crystal for several weeks and I greatly appreciate that. Many thanks to Robyn Thomson for

proof-reading. I also acknowledge the assistance given by Marina Ross, Denise Turner and

Shuichi Saki.

I cannot thank Grant Booker enough for his apparently endless patience and

helpfulness, particularly in the last few months. I would also like to thank the other past and

present laboratory members including Fil Lim, Christopher Bagley, David Mottershead,

Michelle Walker, Helen Healey, Sharron Gargosky, Nick Kallincos, Neil Brewster, Dale

Val and Jill Simes for being a great crowd to work with. Laszlo Szabo, T.eeUpton and Sally

Aplin need a parricular mention for providing a refreshing angle to laboratory life which

always kept me going.

Melissa Brown and Jane Stanley have been two friends who have been through many

years of study and play with me and I truly appreciate their friendships. I also give many

thanks to my two new found sisters, Natalie Neville and Cathy Sage, and to l,ouise

O'Keefe, Phil Govey and the extended families who have lived through this PhD with me .

Particular appreciation goes to Rob King who has provided me with an endless source of

strength thrgughout my PhD and I am truly grateful for all the support and encouragement of

my parents and family.

iv



Publications arising from work
presented in this PhD thesis

Forbes, B., Szabo, L., Baxter, R. C., Balla¡d, F. J. and Wallace, J. C. (1988) Biochem.

Biophys. Res. Co¡rvn 157, 196-202, Classification of the insulin-like growth factor

binding proæins into three distinct binding categories according to their binding

specificities.

Forbes, 8., Szabo, L., Baxter, R. C., Wallace, J. C. and Balla¡d, F. J. (1988) A

comparative study of the binding proteins of the human 53k, 28k and the MDBK-cell

binding proreins using IGF-I, IGF-I variants and IGF-II. Abstract, IGF Symposium,

Adelaide.

Forbes, B., Balla¡d, F. J. and Wallace, J. C. (1989) Characteristics of a small molecular

weight binding protein isolated from a human lung fibroblast cell line GIe[39]L).

Abstract, 32nd Annual Meeting of the Endocrine Society of Ausralia

Forbes, B., Balla¡d, F. J. and Wallace, J. C. (1989) Characterization of an insulin-like

growth (IGF) factor binding protein from medium conditioned by human lung

frbroblasts GIet3glL). Abstract, 28th National Scientific Conference for the Australian

Society for Medical Research.

Forbes, B., Balla¡d, F.J. and V/allace, J. C. (1990) J. Endocrínol.126,497-506, An

insulinlike growth factor-binding protein purified from medium conditioned by a

human lung fibroblast cell line (He[39]L) has a novel N-terminal sequence.

v



A bb rev iation s

In addition ro those accepted for the use in the Journal of Biological Chemistry, the

following abbreviations ate used in this thesis:

AI.AS

AIJ
BSA

cpm

CSF

C-terminus

EGF

FCS

FGF

IGF.I
ICF-N

IGFBP

bIGFBP

hIGFBP

mIGFBP

pIGFBP

TIGFBP

GH
MSA

Mr

NSILA

N-terminus

PCR

PDGF

PPI2

PTH.

PVDF

RI,A

RRA

TpHPLC

SDS

SDS.PAGE

taminolcvul inate sythetase

acid labile subunit

bovine serum albumin

counts per minute

cerebrospinal fluid

carboxy terminus

epidermal growth factor

feul calf serum

fibroblast growth factor

insulin-like growth factor I

insulin-like growth factor

insulin-like growth factor binding protein

bovine IGFBP

human IGFBP

mouse IGFBP

porcine ICFBP

rAI IGFBP
gowth hormone

multiplication -stimulating activiry

relative molecular mass

non-suppressible insulin-like activity
amino terminus

polymerase chai n reaction

platelet-derived growth factor

placental protein l2
phenylth io-hydantoin-

polyvinylidene difl uoride

radioimmunoassay

radioreceptor assay

reverse phase high performance liquid chromatography

sodium dodecyl sulphate

SDS polyacrylamide gel electrophoresis

vl



CHAPTER ONE

INTRODUCTION AND LITERATURE REVIEW



1.I INTRODUCTION AND LITERATURE REVIEW

l.l.l Insulin-like growth factors (IGFs)

Insulin-like growth factor binding proteins (IGFBPs) are directly involved in

modulating the actions of insulin-like growth factors (IGFs) and for this reason a brief

introduction into the IGFs will follow. The review of both IGFs and IGFBPs will

encompass the literature available until the end of December, 1990. The most recent

information relating to my PhD work will be included in the appropriate chapters.

It was about ten years after the identification of IGF activity that binding proteins

were first detected. In that time the action of IGFs was extensively defined: firstly as

sulphation activity (Salmon and Daughaday, 1957) stimulating sulphate incorporation by

carrilage; then as non-suppressible insulin-like activity (NSILA) where the identified factor

acted like insulin in adipose tissue, but this activity was not neutralized by an anti-insulin

antibody (Froesch et. a|.,1963); and finally as mulúplication-stimulating activity (MSA), a

factor produced by rat liver cells which could promote growth of cells dependent normally

on serum factors in culture medium (Dulak and Temin, 1973). Following purification and

characterization, these factors were given the common name of IGF in 1987 @aughaday ør.

at.1987), also avoiding confusion with the term "somatomedin" designated to the various

defined activities @aughaday et. al.,1972).

1.1.2 Primary Structure of IGFs

Two forms of IGF have been purified from many sources including mammalian and

non-mammalian species. IGF-I (70 amino acids) and IGF-II (67 amino acids) were fust

isolated from human plasma (Rinderkneckt and Humbel, 1976a; Rinderknecht and Humbel,

1976b; Rinderknecht and Humbel, 1978a: Rinderknecht and Humbel, 1978b). The

mammalian forms of IGF-I differ in only a few residues, human, bovine, and porcine IGF-I

being identical while ovine, rat and mouse differ from these by only 1, 3 and 4 residues,

respectively. The IGF-II molecules from the different mammalian species show a simila¡

degree of species diversity (see Figure 1.1 and reviewed by Humbel, 1990).

I



Greater differences are seen between avian and mammalian IGFs than between the

mammalian IGFs. Chicken IGF-I differs from human IGF-I by 8 rcsidues (Roberts et. al.,

1987; Dawe et. a1.,1988; Kajimoto and Rotwein, 1989; Ballard et. a1.,1990a) and there a¡e

significant differences between human and chicken IGF-tr in regions of the molecule

believed to play a role in receptor binding and binding to IGFBPs (Kallincos et. a|.,1990).

The sequences of salmon and Xenopus IGF-I have a similar degree of divergence from

human IGF-I as chicken IGF-I, with l0 and l3 different amino acids respectively (Cao et.

a1.,1989; Kajimoto and Rotwein, 1990).

More interestingly from the evolutionary viewpoint, the sequence of Atlantic hagfish

IGF represents an intermediate between IGF-I and IGF-II (see Figure 1.1), particularly in

the A and B domains (Nagamatsu et. a|.,1991). Agnatha to which the Atlantic hagfish

belongs, is a class of chordates that diverged from the main line of ve¡tebrates 550 million

years ago. Therefore, the IGFs represent a family of slowly diverging, structurally and

functionally - related peptides, and a¡e probably present in all vertebrates.

1.1.3 Similarities Between IGFs and Insulin

Not only do the different IGFs show similarity to each other but they are related to

insulin on both the amino acid and structural levels. IGF-I and IGF-II are 627o simila¡

(Rinderknecht and Humbel, 1978b). Both have a simila¡ domain structure to insulin with

IGF-I sharing 25151amino acid residues with insulin, the main differences being on the

surface of the IGF molecule. Two differences in structure between IGFs and insulin are the

prcsence of a connecting C domain, normally cleaved from the proinsulin on secretion, and a

carboxy-terminal extension, or D domain, in IGFs not found in proinsulin.

The similarity in structure of IGF to proinsulin suggests a coÍrmon ancestral gene,

with proinsulin probably the more recent product of evolution as it is proteolytically cleaved

to form the dimeric molecule (Rinderknecht and Humbel, 1978b). A model of the tertiary

structure of the IGFs has been proposed on the basis of the known structure of insulin

(Blundell, Bedarkar and Humbel, 1983).

The degree of conservation of the members of the family of peptides including both

IGFs and insulin suggests a elemenury role of the peptides in the function of all vertebrates.
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Figure 1.1: Sequence comparison of insulin and insulin-like
growth factor (IGF)-related proteins

Those residues conserved in IGF-I or IGF-II are boxed and those residr¡es

also conserved in the insulin sequence are highlighted in black. The

references from which these sequences are obtained are as follows:
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The importance of IGFs as well as insulin in growth and development is emphasized by the

fact that IGF-II is detected in preimplantation mouse embryos and IGF-I is detected in

unfertilized chicken eggs. Both forms are also detected in the early stages (fust days) of

embryogenesis of those species (Fleyner et. a|.,1989; De Pablo et. a1.,1990).

1.1.4 Serum Levels of IGFs and Factors Affecting IGF Levels

The normal serum level of IGF-I in adult humans is approximately 200 ng/ml and

IGF-II is about 600 ng/ml (Zapf et. al. 1981). Some difficulty in interpretation of

radioimmunoassays developed for the estimation of IGF levels has arisen due to the

interference of binding proteins. The assays using separation by acid gel chromatography are

the most appropriate as this method allows elimination of all binding proteins in the sample

to be measured (Mesiano et. ø/., 1988).

The serum levels of IGF-I and IGF-II in humans vary during prenatal to postnatal

development and during puberty to adult maturity. Initially, IGF-I levels do not appea¡ to

vary in the first 9-19 weeks of gestation of the human fetus. During that period the levels in

the lung, kidney and intestine are higher than the liver suggesting that the liver may not be

the major source of circulating IGF-I as is believed for the adult (D'Ercole et. a|.,1986).

The cord blood and newborn serum levels are much lower than adult levels but there is a

surge in the first 10-15 days after birth (Lineham et. al., 1986). Thereafter serum IGF-I

levels continue to increase reaching a peak during puberty (Zapf et. al.198l). After puberty

the levels drop and remain constant till old age (>65 years) when they are again reduced

@onahue et.a|.,1990).

Human IGF-tr levels are low in the term infant (282 ng/ml, Bennet et. a1.,1983) but

increase after birth and reach a steady level after one year (Rosenfeld et. a1.,1986). The level

of IGF-II in the developing fetus conelates with fetal gestational age (Bennet et. a1.,1983).

This is in contrast to development in tl¡e rat where IGF-tr levels are much higher in fetal than

adult serum (Daughaday et. al.,l982a). Also, IGF-II levels are higher than IGF-I in the

developing fetus and IGF-tr is believed to play a prominent role in organogenesis and the

development of neural tissue and vasculature as well as in muscle and cartilage @ondy er.

a1.,1990). The significance of the differences in IGF levels between the human and rat is

not as yet undentood. However, the situation in the rat is also observed in fetal lamb serum

(Gluckman and Butler, 1983).
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Originally it was believed that all IGFs were regulated by growth hormone (GH),

hence the term somatomedin @aughaday et. a1.,1972). The somatomedin hypothesis was

proposed after the observation that sulphate incorporation into cartilage of

hypophysectomized rats could be stimulated by the administration of GH. IGF-I levels in

human and rat sera are affected by GH. GH-deficiency can lead to lower IGF-I levels and

correspondingly smaller stature in humans (Rosenfeld et. al., 1986), whereas

overexpression of GH results in acromegaly, associated with high IGF-I levels (Clemmons

et. al.,1979).

Contrary to the somatomedin hypothesis, it has been shown that IGF-II is only

weakly GH regulated, if at all (Baxter, 1986). Serum IGF-II levels remain unchanged in

acromegaly but are reduced in cases of GH deficiency and also in hypophysectomized rats;

hence the reference to weak GH regulation (Zapf et. a1.,1981; D'Ercole et. aL,1984).

1.1.5 IGF-I and IGF-II cDNAs and Genes

Several cDNA clones have been isolated for both human and rat IGF-I and IGF-II

and the genes encoding these peptides have also been identified (reviewed by Sussenbach,

1989). IGF-I cDNA clones have also been isolated from several other species (Bell et. al.,

1986; Travakkol, et. ¿1., 1988; Kajimoto and Rotwein, 1989). Jansen et. al. (1983) were the

first to isolate an IGF cDNA clone for human IGF-I. They revealed that the IGF-I

messenger RNA (mRNA) gives rise to a precursor peptide which is proteolytically cleaved

to form the native peptide. In fact two different mRNAs are formed from the IGF-I gene and

these a¡ise by alternative splicing of the 3' untranslated region (Rotwein et. a|.,1986). The

prepro mRNAs are referred to as IGF-Ia and IGF-Ib. In rat and man these two mRNAs arise

by different means (Roberts et. a1.,1987). Indeed, there a¡e many mRNA lengths present

when tissues from both species are probed by Northern analysis. The different mRNAs a¡ise

due to alternative splicing from the primary transcript of exons 5 and 6 as well as multiple

polyadenylation sites at the 3' end of exon 5 (Sussenbach, 1989). Further heterogeneity of
rat IGF-I mRNA also arises due to alternative splicing of the 5' untranslated region.

Human IGF-I and IGF-II are encoded by single genes on chromosome 12 and 11

respectively (Brissenden, Ullrich and Francke, 1984; Tricoli et. a1.,1984). Three mRNA

species arise from the human IGF-II gene and theses are a result of the presence of four I

promotors and two polyadenylation sites. 1 a



promoters. The rat IGF-II gene also has the same three promoters but multiple mRNAs a¡e

generated from rhis gene. This is most likely due to variable RNA processing or

polyadenylation sites @aughaday and Rotwein, 1989).

A number of variant IGF-I and IGF-II peptides have been purified from human

serum, cerebrospinal fluid (CSF) and the brain. Most of these are believed to be a result of

incorrect processing of the propeptides into the native IGF. A variant of IGF-II lacks the

amino terminal alanine and represents 25Vo of the total serum IGF-II (Rinderknecht and

Humbel, 1978b). Alternative processing is the likely origin of a peptide representing the

carboxy terminal exrension of the propeptide of IGF-II. The fust amino acid of the va¡iant

lies two residues downstream of a potential prohormone processing site (Hykla et. al.,

1985). Two other variants of human IGF-tr have insertions at positions 29 and 33, the laner

having also a carboxy terminal 21 amino acid extension which is derived from the propeptide

E domain (Hampton et. a1.,1989; Zumstein et. a1.,1985). Six other va¡iants of IGF-I and

IGF-II separated on the basis of isoelectric point have been isolated from human plasma

(Blum et. a1.,1936). CSF contains mature and "big" IGF-II (approximately 7 kDa and

9 kDa respectively; Haselbacher and Humbel, 1982). The biological significance of these

variants is unknown but all are biologically active in vitro.

A truncated va¡iant of IGF-I has attracted substantial anention as it more biologically

active than IGF-I. It has been purified from bovine colostrum (Francis et. a|.,1986),

human brain (Carlsson-skwirut et. aL,1986; Sara et. al., 1986), porcine uterus (Ogasawara

et. ø1., 1989) and human platelets (Karey et. al., 1989). The truncated IGF,

des-(l-3)-IGF-I, has the first th¡ee amino acids deleted. In protein synthesis and degradation

assays des-(1-3)-IGF-I has an approximately ten fold gleater potency than IGF-I. This

phenomenon is due to a lack of interaction with certain IGFBPs (Szabo et. a1.,1988; Bagley

et. a1.,1939) and will be discussed later.

1.1.6 Regulation of IGF Expression

Since the isolation of both IGF-I and IGF-II cDNAs from various species and

subsequent isolation of the genes encoding those peptides a great deal of information on the

expression of IGFs has been acquired (Sussenbach, 1989). It has been revealed that

developmental and tissue specific factors regulate IGF expression in the fetus and adult. [n

the human fetus IGF-I is present in all tissues in the form of different sized transcripts (Han
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et. a\.,1988). The transcripts are expressed preferentially in specific tissues and in the rat

have been shown to represent mRNAs with different 3'and 5' untranslated regions (Hoyt et.

¿1., 1988). The longer 3' untranslated regions may confer stability to the larger mRNAs and

in some way be used in tissue specifîc expression (Hepler et. a|.,1990)-

IGF-tr is also expressed in a tissue specif,rc manner, being present in all human fetal

tissues except the cerebral cortex and hypothalamus. Messenger RNAs with different 5'

unganslated regions arising from three promoters are preferenúally expressed in va¡ious

tissues (Sussenbach, 1989).In general IGF-II is at higher levels than IGF-I (Han er.

ø/.,1988). In the adult rat IGF-II mRNA is expressed in the brain, uterus, kidney and heart

and barely detectable in the liver whereas IGF-I mRNA is present in all tissues (Murphy el.

al.,1987a).

Developmental control is also affected with the onset of pubeny when there is an

increase in IGF-I levels as mentioned above. This increase appeÍìrs to be earlier in girls than

boys and the ea¡lier gowth and maturation of girls may be partly a reflection of the IGF-I

levels. Therefore gender and sex hormones also seem to be factors affecting IGF expression

(Zapf et. a1.,1981).

As mentioned, regulation of IGF expression by hormonal control is not only

observed in response to GH but also with a number of other hormones and growth factors.

In particular, IGF-I levels are locally increased in the uterus of immature rats in response to

administration of estrogen (Murphy et. al.,l987b) and may be important in the gÌowth and

development of the uterus. In fact, pregnancy in humans results in increased maternal IGF-I

serum levels (Bala er. al., L98I;Hall et. al.,1984). Placental lactogen can also stimulate the

production of IGF-I and IGF-II in vitro (Adams et. al., 1983). In addition, fibroblast

growth factor , angiotensin II and acute corticotropin (ACTH) stimulate the secretion of

IGF-I by bovine adrenal cells (Penhoat, et. al.,1989).

Another factor affecting the expression of IGFs is the nutritional status of the

individual. Studies using nutritionally deprived rats have measured both decreased serum

IGF-I levels and decreased expression of IGF-I mRNA transcripts in various tissues (Emler

and Schalch, 1987; Maiter et. a1.,1989; Bornfeldt et. a1.,1989). Similar reduction in serum

levels of IGFs was observed in fasting humans (Clemmons et. a1.,1981a; Merimee et. al.,

1982).In the liver there is selective reduction in expression of particular IGF-II mRNAs,
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again demonstrating the control of IGF expression at the level of mRNA as observed in

tissue specific control of IGF expression (Straus et. al., 1988).

1.1.7 IGF Cellular RecePtors

There ate two membrane bound IGF receptors. Both, or usually at least one, are

expressed on the surface of most cells. The type I IGF receptor is a heterotetramer

consisring of two o (135 kDa) and fwo P (95 kDa) subunits linked by disulphide bonds

(Rechler and Nissley, 1985). The Ê subunits of the type I receptor represent the intracellula¡

domain. Each cr and p subunit arises from a single propeptide which is postranslationally

cleaved to form the dimeric structure (Ullrich et. a1.,1986). A cDNA clone has been isolated

encoding the type 1 receptor and the sequence reveals a significant homology to the insulin

receptor (Ullrich et. a1.,1986). The insulin receptor is also a heterotetramer. Both receptors

have intracellular tyrosine kinase sites (Jacobs et. a|.,1983) and in fact the domains in each

receptor containing these sites show 847o similarity.

The type 2 IGF receptor is a single peptide containing no intermolecular disulphide

bonds. It has a short innacellular domain and an extracellular domain consisting of l5

cysteine rich repeats (Morgan et. a1.,1987). The cDNA sequence encoding the type 2

receptor revealed sufficient similarity with the bovine cation-independent mannose

$-phosphate receptor that they are no\¡/ considered identical proteins (Lobel et. a1.,1988).

Hence the receptor can bind not only IGF-II but also proteins containing mannose

6-phosphate moieties. A soluble form of the type 2 receptor exüacellula¡ domain is found in

blood, but its role in IGF binding is not understood.

The three receptors are encoded by single genes located on separate chromosomes.

The insulin receptor is on the short arm of chromosome 19 (Yang-Fen g et. al., 1985), the

type 1 receptor is on the long arm of chromosome 15 (Ullrich et. al., 1986) and the type 2

receptor is located on the long arm of chromosome 6 (Laureys et. a1.,1988).

There is avery limited structural similarity between the type 2re*eptor and the type 1

and insulin receptors (Morgan et. a1.,1987). This is reflected in the relative abilities of the

receptors to bind the various peptides. V/ith the advent of production of both IGF-I and

IGF-tr by recombinant technology techniques pure sources were available to test the relative

binding by the two receptors. The type 1 receptor not only binds IGF-I but also binds
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IGF-II to only a slightly lesser extent and binds insulin weakly. The type 2 receptor on the

other hand has grcatest affinity for IGF-II and binds IGF-I at a very much lower affinity but

does not bind insulin @oth, 1988). Previously, using preparations of IGF-I containing trace

contaminations of IGF-II, a less ma¡ked difference was noted in type 2 ræ,eptor binding

studies (Rechler and Nissley, 1985). Although the type I and type 2 receptors are so

different in their primary structure, obviously they must sha¡e some conformational

similarity in their IGF binding domains.

There is considerable evidence demonstrating that IGF-tr elicits most of is insulin-

like activities through the type I receptor rather than the Wpe 2 receptor (Mottola and Czech,

1984; Ewton et. al., 1987). Possibly the mannose-6-phosphate/type 2 receptor acts to

recirculate IGF-tr and type 2 receptors (Czech, 1989).

A great deal of effort has been concentrated on the analysis of the receptor binding of

IGFs. Systematic site-directed mutagenesis of IGF-I followed by receptor binding studies

has been the approach to determine the residues on the peptides involved in the interaction

with receptors. The structures of IGF-I, IGF-II and insulin are represented in Figure 1.2.

The different domains and some specific residues which interact with receptors are

hightighted. Residue 24 of IGF-I and the C domain are important for IGF-I binding to rype

1 receptors (see Figure 1.2; Cascien et. al.,l988a; Bayne et. al., 1989). Changing the

amino acids of the B and A domains to residues found in insulin in the corresponding

positions significantly reduces the IGF-I binding affinity to type 2 recepton (see Figure 1.2;

Bayne et. a|.,1988). These experiments demonsfrate that there a¡e two different receptor

binding sites on IGF-I for the different IGF receptors. Also, each receptor recognises a

different structural determinant on the va¡ious IGF peptides. ln fact, the IGF determinants

recognised by IGFBPs are also unique and will be discussed in more detail in section

t.2.t7.

1.1.8 Biological Effects of IGFs

IGFs a¡e found in serum and other body fluids including CSF (Haselbacher and

Humbel et. al.,1982), amniotic fluid (Merimee et. al., L984) and saliva (Costigan et. al. ,

1988). They are also secreted by a range of different cell lines including human fibroblass

(Clemmons and Shaw, 1986), rat liver cells (Marquardt et. al.,l98l), fetal rat calvariae

(Canalis et. al., 1988), Sertoli cells (Smith et. al., 1987) and adrenal cells (Penhoat et. al.,
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Figure l.2z Insulin-like growth factor (IGF) receptor binding
domains in the IGF-I, IGF-II and insulin structures

Three dimensional models of IGF-I, IGF-tr and insulin were generated

using the Insight II program (Biosym Technologies Inc., San Diego, cA,
USA, 1990) with coordinates obtained from the Protein databank,

Brookhaven National Laboratory, Upton, l{Y, U.S.A. IGF coordinates

were determined by comparison with the insulin structure and predictions

made by Blundell et. al., (1983). The models highlight the similarity in

tertiary structure sha¡ed between the three proteins. The domains afe shown

in different colours as follows:

A domain, IGF-I,
A domain,IGF-[,
A domain,Insulin,
B domain,

C domain,

green

yellow
pale blue

blue

red

Residues of IGF-I involved in Type 2 receptor binding (determined by site-

directed mutagenesis) are highlighted. They a¡e Phe49, Atgs, Ser5l, Arg55

and Args of the A domain (Bayne et. a1.,1988). The corresponding

residues of IGF-II (Phe4g, At#9' Ser50, Ala54, Lys55¡ and insulin (ThrRg,

SerA9, ¡rAl0, TyrAl+,66415¡ a¡e also indicated. Mutation of the C

domain of IGF-I has determined its importance in Type I receptor binding

(Cascieri et. a1.,1988a; Bayne et. al., 1989)'





19S9). Also, IGF mRNA is found in most tissues of the body as described above. These

observations support the theory that IGFs not only function in an endocrine fashion being

secreted by the liver and distributed to target tissues via the serum, but also may exert their

effects in a paracrine and/or autocrine manner when produced locally.

In vivo studies provide evidence to support the somatomedin hypothesis and an

endocrine action of IGF in that IGF can replace some of the functions of GH in

hypophysectomized rats. With the lack of GH these rats arc growth reta¡ded. Subcutaneous

infusion of IGF-I (103 pgl100 g ratVday) into hypophysecomized rats results in an increase

in body weight (Schoenle et. a1.,1985). Similar results were seen with normal neonatal rats.

Their $owth rate and certain organ sizes were greater than litter mates not receiving IGF-I

and an accelerated eye opening associated with a faster epithelial cell differentiation was

observed. An effect on differentiation of erythroid progenitor cells was noted in that model

and also reported by Kurtz et. al., (1988), who infused 120 pg IGF-I/day into

hypophysectomized rats and measured an increase in 59Fe incorporation into erythrocytes

and an increase in the number of reticulocytes.

Infusion of 20 pg IGF-I/kg body weight/hour was performed on normal adult

humans (Guler et. al., 1989). The result of the infusion over six days was to reduce

circulating GH and IGF-II levels presumably by negative feedback regulation of GH

secretion and displacement of IGF-II from IGFBPs. The lack of effect on nitrogen balance

in the normal subjects may indicate the need for damage or body stress to see a positive

effect induced by IGF-I.

Many studies have looked at the effects of IGFs in vitro using cultured cells and

tissue explants. The earlier studies with tissue explants demonstrated the NSILA and

sulphation activities as described ea¡lier (Salmon and Daughaday,1957; Froesch et. al.,

1963), whereas the cell culture experiments revealed more specifrcally the abilities to act as

mitogens and to stimulate differentiation. IGF stimulates growth of chicken embryo

fibroblass measured by an increase in thymidine incorporation (Moses et. al.,1978).IGF-I

and IGF-tr promote the differentiation of chicken myoblasts to mature muscle cells in

primary culture as measured by an increase in acetylcholinesterase activity (Schmid et. aI.,

1983). Similar experiments using alkaline phosphatase as a ma¡ker of differentiation show

stimulation of differentiation by IGF-I and IGF-II of cultured osteoblasts resulting in

collagen synthesis (Schmid et. al., 1984). IGF can also stimulate differentiation of
9



oligodendrocytes (McMorris et. a1.,1986), erythroid cells (Kurtz et. a1.,1985) and ovarian

cells (Veldhuis and Demers, 1985), and so appeÍus to have a broad spectrum of target

tissues in which it can elicit its effects.

r.2 IGF BINDING PROTEINS (IGFBPS)

1.2.1 Identification of IGF Carrier Proteins

For a long time it has been reco gnized that IGF is found in serum in a large

molecula¡ weight form. Under neutral gel filtration conditions the insulin-like activity was

identilred in a 70-150 kDa complex (Bürgi et. a1.,1966; Jakob et. a1.,1968), which after

acidification appeared as a 6-10 kDa active species. Zapf et. al. (1975a) demonstrated the

existence of a specific carrier protein in serum. The carrier protein could compete for

somatomedin binding siæs in a cha¡coal binding assay in which iodinated somatornedin was

separated from somatomedin-carrier complexes by adsorption of the unbound radiolabel to

activated charcoal.

The identification of IGF ca¡rier proteins by Tapf er. al. (1975a) was confirmed by

others (Hintz and Liu, 1976). Binding proteins in serum were also identified by Kaufmann

et. al. (1977) by following the clearance rate of radiolabelled IGF with neutral gel

chromatography. In the hrst 20 minutes after injection into normal rats the IGF was shown

to be associated with smaller molecular weight fractions (approximately 50 kDa). Thereafter

the IGF was associated with the larger molecular weight fractions (up to 200 kDa) for up to

three hours. The presence of binding proteins provided an explanation for such high levels

of IGF not leading to hypoglycemia. In fact, the IGF in human serum is found totally in

association with binding proteins eliminating any possibility of hypoglycemia @aughaday

et. al., 1982b: Zapf et. al., I975a; Martin and Baxter, 1985). Both gel filtration and

ultracenrrifugation of serum show that IGF is associated predominantly with the larger 70-

150 kDa binding protein rather than the 30-50 kDa IGF-binding species Qlintz and Liu,

197 6;Daughaday et. al., 1982b).

1.2.2 Classification of IGFBP

Since the identification of IGF carrier proteins in serum a number of binding proteins

have been purified and extensively charactenzú.In 1989 a general concensus for the
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norrìenclature of binding proteins was agreed upon. Following the isolation of a cDNA clone

for a novel binding protein it is named as IGFBP- l, IGFBP-2 etc. acco¡ding to the order of

published sequence (Balla¡d et. a|.,1990b). Up to late 1990 four distinct binding proteins

have been sequenced at the cDNA level. Others have been purified and pafüal amino acids

sequences have been reported. Table l.l lists the references for the purification of IGFBPs

for which the cDNA sequences have been reported. The accepted name of each binding

protein is given as well as any previous names. Table 1.2 outlines the references to the

sequences of binding protein cDNA clones.

Prior to the cloning of any binding proteins, they were classified in a number of

ways. Initially binding proteins were classed according to size. Hossenlopp et. al., (1986)

developed the V/estern ligand blot technique which lead to the discovery that there are not

only two binding protein species in serum as identified by gel chromatography but there a¡e

the high molecular weight and several low molecular weight binding proteins (< 40 kDa).

This observation was confirmed by others using crosslinking techniques @'Ercole and

Wilkins, 1984; tñ/ilkins and D'Ercole, 1985; Ooi and Herington, 1986). It should be noted

that identification of binding proteins having the same molecula¡ weight does not infer

molecular identity.

Binding proteins found in the high molecular weight range after neutral gel

chromatography are GH-dependent and are distinguished from low molecular weight

binding proteins, therefore, not only on the basis of size but by the nature of the control of

their expression (Cohen and Nissley, 1976; Moses et. al.,1976). This will be discussed in

more detail in reference to particular binding proteins.

Further classification of binding proteins on the basis of their relative IGF-binding

affinities is a topic for discussion in this thesis and has revealed at least three classes of

binding proteins (Forbes et. a1.,1988).

1.2.3 Purification and Characterization of IGFBPs

Of the four binding proteins characterized at the cDNA, level IGFBP-1, IGFBP-2

and IGFBP-3 are by far the most extensively researched. Both amino acid and cDNA

sequences of the different binding proteins have revealed a rema¡kable conservation of the

relative positions of 18 cysteines. The cysteines a¡e obviously playing an importånt role in

1l



NAME
PREVIOUS
NAMF- SOURCE lvft REFERENCE

ÌTICFBP-l

TIGFBP-2

bIGFBP-2

hIGFBP-3

TIGFBP-3

pIGFBP-3

hIGFBP4

TIGFBP4

AFBP

HEP C2 BP

Plæ¿ntal
protein 12
(PPl2)

BRL3ABP

MDBK BP

BP53

IDF45

BP53

human amniotic fluid

human Ìrepatoma cell
(HEPG2)
conditioned medium

human decidua

rat liver cell @RL 3A)
conditioned medium

fat senun

bovine kidney cell
(!ÍBDK) conditioned
medium

human serum

ovaian follicula¡ fluid

rat senün

porcine serum

human bone cell
conditioned medium
human seminal plasma

ral serum

354O kDa

32 kDa

3l kDa

32 kDa

34 kDa

36 kDa

33 kDa

32kDa

53 kDa" 47 kDa

40 kDa

45 kDa, 42kDa.
31kDa

45 kDa

79 kDa

48 kDc 44 kDa

45 kDa" 42kDa

45 kDa. 37 kDa,
22-28kDa
45 kDa,41 kDa

24kÐa

25 kDa

32 kDa

Droper. al.,l984a

Povoa ¿r. aI.,1984a

Clemmons et.al.,1986

Busby ef. aL, 1988

Busby ø. al., 1989

Povoa¿1. a1.,1985

Koistinen et. aI.,1986

Monola¿f. a|.,1986

Lyons and SmitlL 198ó

Romanus et. al., 1987

Zry|et. ¿1.,1988

Szabo ¿1. ¿I., 1988

Baxter and MafirL 1987

Ma¡tin and Baxter, 1986

Gtan¡et.al., 1987

Zryf et al.,1990a

Blzt et.al.,1989a

Baxter and Martùr, 1987

Zagf et. ¿/., 1988

Shimonaka et.al.,1989

rrValton et. al., 1989

Mohan et. al.,1989

Rosenfeld et. al.,1990

Shimonaka et.al., l9E9

Table l.t Purification of IGFBPs The purification of IGFBP l,2,3 nd 4 has been performed by the

authors described in this table. The names formerly given to the respective IGFBPs is shown. The source

and molecula weight measwed in each pruiñcation are also listed.



IGFBPTYPE SOURCE REFERENCE

hIGFBP-I

fIGFBP-1

hIGFBP.2

bIGFBP-2

TIGFBP-2

hIGFBP-3

ilGFBP-3

pIGFBP-3

hIGFBP4
TIGFBP-4

Human decidu¿ cDNA library

Human placenta cDNA library

Humm decidual cDNA library

HEP G2 cDNA library

HEP C2 cDNA library

Humm genomic lib,rary

Human leukocyte genomic library

Rat decidual cDNA library

Fe¡d liver cDNA lib'rry
HEP G2 cDNA library

MDBK cDNA lihary
BRL3A cDNA librry
Adult rat liver cDNA library

Rar genomic litrary
Hr¡msr liver cDNA library

Human liver cDNA library

Humm genomic library

Ra¡ liver cDNA library

Pøcine ovarian cDNA litrary

Osteoca¡cinoma cell cDNA lib'rry
Ru liver cDNA library

Brewer et.al.,1988

Brinkman et. al., 1988t
Julkunen¿f. ¿1., 1988

Luthman ¿f. al., 1989

l*æ a. a1.,1988

Brinkman ¿r. ¿I., 1988a

Cubbage et.al.,1989

Murphy et. al.,l99O
Binkert et. al., 1989

Zapf et. al., 1990a

Upnn et. aI., 1990

Brown ¿r. al., 1989

Margot et. al.,1989

Brown and Rechler, 1990

Sp,ratt ef. al., L99O

Wood ¿r. d/., 1988

Cubbage et. al.,l99O
Albis¡on and Heringto4 1990

Shimasaki ¿r. al., L99Oa

l.aTour et.aI.,ßm
Shimasaki et. al., l990a

Table 1.2: Cloning of IGFBPs. IGFBP l, 2, 3 and 4 have been cloned from

cDNA libraries. Tte source of library used by each researcher is listed. The

genes for IGFBP 1,2 and 3 have also been isolated.



the maintenance of the tertiary stn¡cture of binding proteins leading to the structural

conformation involved in IGF binding. There are 12 cysteines in the amino terminal domain

of binding proteins and 6 in the carboxy terminal domain. Both ends of the proteins contain

the a¡eas of greatest similarity between the different binding proteins with a nonconserved

region connecting them (see Figure 1.3).

L.2.4 IGFBP-I

The first binding protein to be purified was the small molecular weight binding

protein now termed human IGFBP-l (hIGFBP-l). Formerly IGFBP-1 was called amniotic

fluid binding protein referring to the original source (see Table 1.1; Drop et. al., 1984a;

Povoa et. al., 1984a). It has also been called BP 28 (28 kDa) after isolation from

conditioned medium of human hepatoma cells (FIEP G2; Povoa et. a1.,1985) and placental

protein 12 (PPlz) when purified from human decidua (Koistinen et. a1.,1986). hIGFBP-1

has a molecular weight of just over 25 kDa as deduced from the cDNA sequence.

Determination of size by SDS polyacrylamide gel elecrophoresis (SDS-PAGE) led to

reporrs of 28 kDa (nonreduced, Baxter et. a1.,1987) nd32-35 kDa (reduced, Drop et. al.,

1984a; Povoa et. al.,l984a; Rutanen et. al., 1988). The binding protein does not appear to

be N-glycosylated but has 5 potential O-glycosylation sites as deduced from the cDNA

sequence (Brinkman et. aI., 1988a).

Both human and rat cDNA sequences are now available (see Table L.2 for

references). There is approximately 66lo similarity bet'ween the IGFBP-1 of the two species

with most similarity in the amino and carboxy terminal domains of the protein (Murphy er.

aL,1990). The gene for IGFBP-l has been isolated and spans over 5 kb with four exons

(Brinkman et. a1.,1988b; Cubbage et. a|.,1989). The gene is localized on chromosome 7

(Brinkman et. al.,l988b). It gives rise to a single mRNA of approximately 1.4-1.5 kb. Rat

IGFBP-I (TIGFBP-I) is thirteen amino acids longer than is human counterpart due to amino

acid substitutions in two sites of the sequence. IGFBP-l sequences contain an Arg-Gly-Asp

(RGD) motif nea¡ the carboxy-terminus. The motif is found in several matrix proteins and is

involved in recognition by specific adhesion receptors (Ruoslahti and Pierschbacher, 1986),

although such a role has not been determined for binding proteins.
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Figure 1.3: Sequence comparison of four human insulinlike growth factor binding proteins (IGFBPs). The amino

acid sequerrces of human IGFBP 1,2,3 and4 were deduced from cDNA sequences. Eighteen cysteines are conserved throughout

Human IGFBP-2 has two extra cysteines in the central nonconsen¡ed region and possibly another at the C-terminal end (Binkert

et. al., 1989). For references reporting the sequences of these IGFBPs refer to Table 1.2.
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1.2.5 Factors Affecting Serum Levels of IGFBP-1

Soon after its purification a radioimmunoassay (RIA) was developed for hIGFBP-I

and levels were measured in serum (Drop et. a1.,1984b; Povoa et. a|.,1984b). Adult serum

has lower levels of hIGFBP-l than amniotic fluid (9 n/rnl and 37 ng/rnl respectively; Busby

et. a1.,1988b; Baxter et. a1.,1987). The major source of serum IGFBP is believed to be the

the liver. hIGFBP-1 is found in other body fluids including lymph (Binoux and

Hossenlopp, 1988) and milk (Suikkari, 1989) but is not present in cerebrospinal and

seminal fluids (Rosenfeld et. a1.,1989; Rosenfeld er. al.,I99O).

As a member of the small molecular weight binding protein complex identified by

neural gel chromatography, hIGFBP-I is classed as GH-independent (Cohen and Nissley,

1976; White et. al.,l98l). However, this term appears to be not strictly agreed upon as,

using a RIA, serum hIGFBP-1 levels in acromegaly are reduced whereas in GH-deficient

patients hIGFBP-1 is found at twice the concentration of normal adults (Hardouin et. al.,

1989; Povoa et. al.,l984b). Also, using TIGFBP-l cDNA as a probe, Seneviratne et. al.

(1990) showed that hepatic TIGFBP-I mRNA levels are increased following

hypophysectomy but reduced by subsequent GH treatment. However, Baxter and Cowell

(1987) showed by RIA that serum hIGFBP-l levels remained the same in normal and GH-

deficient subjects and Ooi et. al. (1990) saw very small increases if any in
hypophysectomized rat liver IGFBP-I mRNA. These discrepancies remain unexplained.

Baxter and Cowell (1987) also showed that hIGFBP-1 levels fluctuate throughout a

24 hour perid. The diurnal rhythm is actually influenced by nutritional status, that is the

intake of food leads directly to a decrease in IGFBP-1 levels (Cotterill et. a1.,1988; Busby

et. a1.,1988b). Prolonged fasting leads to elevated hIGFBP-1 concenüations in serum

which can be restored to normal upon resumption of food intake (Busby et. aL, 1988b).

This may reflect the effect of insulin which when increased in concentration, for example

after feeding, leads to a decrease in serum hIGFBP-l (Suikkari et. a1.,1988; UnterÍnan et.

al.,1990).

Although hIGFBP-l levels a¡e increased in insulin-dependent diabetes (decreased

insulin levels), there is no correlation with IGF-I levels, which a¡e decreased, remain normal

or are increased according to different reports (Suikkari et. al.,1988). The effect of insulin

on IGFBP-I levels has been confirmed by in vitro studies using human hepatoma cells
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GIEP G2). Increasing concentrations of insulin in the culture medium leads to an decrease in

IGFBP-1 production by those cells (Cottenll et. al., t989; Conover and Lee, 1990).50Vo

reduction of IGFBP-l secretion by cultured human fetal explants resulted after exposure to

insulin (Lewitt and Baxter, 1989).

1.2.6 IGFBP-I and Development

Developmental factors affect the circulating levels of IGFBP-1. Using the specific

RIA described above, the serum hIGFBP-1 levels were shown to decrease with age (Drop

et. al.,l984b). Western ligand blotting was used to conhrm this observation. Unfortunately

this technique fails to identify exact types of IGFBP but the changes can be described for

each IGFBP size. All binding proteins except a 34 kDa species were shown to be reduced in

elderly lilomen @onahue et. a|.,1990). Looking at rat liver binding proteins by Northern

analysis TIGFBP-I mRNA levels also decreased with maturation (Ooi ¿r. al.,l9X)).

There is a switch in the distribution of serum IGF from predominantly small

molecula¡ weight binding proteins to high molecular weight IGFBP during the late stages of

human fetal development @'Ercole et. a1.,1980). A similar transfer occurs in other species

including sheep and rats at or near the time of birth (White et. al., 1982: Butler and

Gluckman, 1986). The switch may indicate the induction of GH-dependent growth and

hence the appearance of high molecula¡ weight IGF-binding protein complexes.

IGFBP-I appears to play an important role in fetal development. Even in the

differentiation stage of formation of the placenta (decidualization) hIGFBP-1 levels are

elevated in the deciduoma (Croze et. a1.,1990). The deciduoma provides the neighouring

placenta with immunoreactive hIGFBP-l not produced by this tissue (Rutanen et. al.,

1985). The concentration of hIGFBP-l in amniotic fluid is an indicator of fetal maturity as it

declines with time @axter et. a1.,1987).

Maternal serum binding protein concentrations change during prcgnancy. In general,

prenatal and one day postpartum hIGFBP-l levels are greatly elevated over those found in

the non-pregnant adult (Ooi et. a1.,1990). Vy'estern ligand blotting reveals that IGFBP-1

levels in pregnant rat and human sera are increased whereas other binding proteins are

decreased, especially in the later stages of pregnancy (Gargosky et. al., 1990a; Guidice er.

al., l99O). This is believed to be a result of pregnancy specific serum proteases which
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degrade or inactivate the large molecular weight binding proteins (Davenport et. a|.,1990;

Guidice et. a1.,1990; Hossenlopp et. a1.,1990)'

In fetal tissues immunostaining with anti-IGFBP-l antibody shows the presence of

the binding protein in all tissues except cerebral cortex, spleen and thyroid and is mainly in

cells undergoing differentiation (Hill et. a1.,1989). In contrast, other studies with adult

tissues have detected hIGFBP-1 mRNA only in liver, secretory endometrium and pregnancy

decidua but not in kidney, adrenal and proliferative endometrium (Julkanen et. al., 1988;

Waites et. a1.,1990). This suggests that the liver may be the primary source of non-pregnant

adult hIGFBP-1. In the adult rat, TIGFBP-I is not only present in liver and deciduoma but

also in kidney and to a lesser extent in brain and uterus from pseudopregnant rats (Murphy

et. al., 1990). This may indicate some species specific variation in the expression of

IGFBP- I.

Binding proteins are present in the sera of the mammalian species studied so far.

Both high and low molecular weight IGF binding proteins have been identified by gel

filtration in the serum of sheep (Butler and Gluckman, 1986; Hodgkinson et. a1.,1989) and

cows (Hossner et. ø/., 1988) and by cross-linking to radiolabelled IGF in pigs (McCusker

et. a1.,1988). However, IGFBP-1 has not yet been purifred from these sera. Both large and

small molecular weight binding proteins are present in chicken serum (Armsnong et. al.,

1989; Francis et. aL,1990).

L.2.7 IGFBP.2

IGFBP-2 was originally purified from serum-free medium conditioned by rat liver

cells (BRL 34, Mottola et. a1.,1986) and bovine kidney cells (MDBK, Szabo et. a1.,1988).

It has a molecula¡ weight of 40 kDa under reducing conditions and 34 kDa under non-

reducing conditions (Szabo et. a1.,1988; Mottola et. al., L986). Although an antibody for

TIGFBP-2 fails to detect the protein in adult rat serum, TIGFBP-2 has been purified from this

source (Zapf et. a1.,1988). The antibody detects significant levels of IGFBP-2 in fetal rat

semm and the binding protein has therefore been implicated in fetal development (Romanus

et. a|.,1986). However, the antibody raised against bIGFBP-2 detects IGFBP-2 in both

fetal and adult bovine serum. Perhaps there is some difference in serum IGFBP-2 levels

between species. Interestingly, this IGFBP-2 antibody shows crossreactivity with other

species, unlike the anti-human IGFBP-I antibody. It detects IGFBP-2 in fetal and adult
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sheep sera and cross reacts with adult chicken serum but not adult human serum (Upton el.

al.,1990).

Not only the rat (Brown et. a1.,1989; Margot et. a1.,1989) but also bovine (Upton

et. a1.,1990) and human IGFBP-2 (Binken et. al.,1989;7apf et. al.,l990a) cDNA clones

have been isolated (see Table 1.2). The deduced molecula¡ weight of each IGFBP-2 is

approximately 30 kDa which is signihcantly lower than is visualized by SDS-PAGE.

However, all IGFBP-Z appear not to be glycosylated, so this can not account for the

differences in observed molecular weights. The 18 cysteines are conseryed in each species

as they are for IGFBP-I. The rat sequence has four in-frame deletions in comparison with

the human and bovine IGFBP-2 and there is a 82Vo and 887o similarity when comparing

bovine IGFBP-2 with rat and human, respectively (Binkert et. ø1.,1989; Upton et. al.,

1990). The single messenger RNA encoding IGFBP-2 is approximately 1.5-2 kb. Like

IGFBP-I,ICFBP-2 sequences also have RGD motifs.

1.2.8 Factors Affecting Serum IGFBP-2 Levels

The regulation of IGFBP-2 expression by GH follows much the same pattern as for

IGFBP-1. Although IGFBP-2 is classed as a small molecula¡ weight binding protein, it too

is influenced by the circulating levels of GH. In acromegaly hIGFBP-2 serum levels a¡e

reduced, noted in Western ligand blots as a decline in the 34-36 kDa species (Hardouin er.

a\.,7987). Hypopituitary sera have increased concentrations of hIGFBP-2 as assessed by

the same technique (Hossenlopp et. al., 1986; Hardouin et. al., 1987; Binoux and

Hossenlopp, 1988). Similarly, in hypophysectomized rats (GH-deficient) IGFBP-2 hepatic

mRNA levels a¡e increased by 10-20 fold, and this is reflected in serum levels (Orlowski er.

al.,l990a). Administration of GH alone barely reverses the IGFBP-2 levels but GH given

in conjunction with T4, cortisone acetate and testosterone reduces IGFBP-2 to 50Vo of the

hypophysectomized rat serum levels (Ooi et. al., 1990). Obviously the regulation of IGFBP-

2 serum levels is not simply dependent on GH.

Fasting leads to elevated IGFBP-2 levels in rats but has not been studied in humans

(Ooi er. a1.,1990; Orlowski et. al.,l990a). More specifically, TIGFBP-2 mRNA in the liver

of fasted rats is significantly increased but the brain remains unaffected (Straus and

Takemoto, 1990), indicating a distinct mechanism for maintaining IGF levels in the brain.
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As for IGFBP-1, the reversal of the malnourished state leads to a reversal of elevated

IGFBP-2 levels.

The other major factor influencing IGFBP-2 expression is the level of serum insulin.

Thus Diabetes mellitus leads to an increase in IGFBP-2. It appears that chronic infusion of

insulin reverses the IGFBP-2 increase (Böni-schnetzler et. al., 1990) but short term

administration does not (Ooi et. a|.,1990; Unterman et. a1.,1990). It may be that insulin

infusion is leading to a restoration of GH levels which are reduced in diabetes and that the

GH may in turn ultimately reverse the IGFBP-2 levels.

1.2.9 IGFBP-2 and Development

IGFBP-2levels vary throughout pregnancy. Human maternal serum levels gradually

decrease as the prcgnancy progresses (Guidice et. a1.,1990). A similar pattern is seen for

pregnant rats with the concentrations returning to normal as soon as 2 days post panum

(Gargosky et. al.,l990b). Interestingly, blood IGF-I levels follow much the same pattem as

TIGFBP-2 during and after pregnancy, suggesting some coordination in thei¡ expression

during pregnancy.

In the developing rat fetus, the serum levels of IGFBP-2 are generally higher than in

an adult Then several days poslpartum serum levels begin to fall as do the rat serum IGF-tr

levels @onovan et. a1.,1989; Orlowski et. al.,l990a). At term gestation TIGFBP-2 mRNA

is most abundant in the liver and is present at lower levels in most other tissues (Brown er.

a\.,1989i. Of note is the large difference in concentrations of TIGFBP-l mRNA versus

TIGFBP-2 mRNA in fetal kidney (8 fold more TIGFBP-2) and fetal brain (25 fold more

TIGFBP-2) perhaps indicating specific developmental roles for IGFBP-2 in these tissues

(Ooi ¿r. a1.,1990).

I-ooking at specific cellula¡ localization of rat IGFBP-2 and IGF-tr in the developing

fetus, Wood et. al. (1990) observed that very rarely are both expressed in the same cell

types. Rat IGFBP-2 is generally found in cells of ectoderm or endoderm origin whereas

IGF-II is found mainly in mesodermal cells. The reasons for this distribution pattern are

unknown, but it is possible the binding proteins are having a role as carrier proteins in

directing IGF to specific tissues.
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In the adult rat the pattern of IGFBP-2 mRNA abundance is somewhat different to

the fetus. There are significant amounts of TIGFBP-2 mRNA in the kidney, brain and testes,

very little in the liver and TIGFBP-2 mRNA is undetectable in the heart and muscle (Margot

et. a\.1989; Binkefi et. a1.,1989). Human IGFBP-2 mRNA is also found in adult human

liver (Zapf et. al.,l990a).

Little is known about the actual concentrations of hIGFBP-2 during human

development as the specific probes for this protein have only recently become available.

However, Donahue et. al. (1990) have studied the level of IGFBP in serum of elderly

women by Western ligand blotting and noted an increase in a34 kDa IGFBP. It is possible

this represents hIGFBP-2 as IGFBP-1 has been specifically been shown to decrease with

age. However, this must be confirmed by specific probing.

1.2.10 The 150 kDa IGFBP

For a long time it has been recognized that the large molecular weight binding protein

species identified by neutral gel chromatography of serum is a multi subunit complex (tlintz

and Liu, 1976). Much speculation has a¡isen over the subunit nature of the 150 kDa complex

with nro models arising from different sources of evidence.

Several low molecular weight binding proteins having some cha¡acteristics similar to

the 150 kDa complex such as glycosylation and GH-dependence were identified by cross-

linking in high molecula¡ weight preparations. Using this evidence, 'Wilkins and D'Ercole

(1935) proposed a hexamer structure of 24 kDa subunits, which would infer a 150 kDa

complex with each subunit having an IGF binding site. However, Martin and Baxter (1986)

determined that the large molecular weight binding protein has only one binding site,

suggesting the need for an alternative subunit model.

The second model for the 150 kDa complex structure has been developed following

the identification of an acid labile and an acid stable subunit (Furlanetto, 1980). The 150 kDa

complex can be dissociated under acid conditions to give a 50-60 kDa IGF-binding species

identified by gel chromatogtaphy, which represents the acid stable subunit of the complex

now called IGFBP-3. The subunit has a single binding site for IGF and does not require the

presence of the acid labile subunit (ALS) for IGF binding. The ALS on the other hand does

nor bind IGF itself and can only associate with IGFBP-3 when IGFBP-3 is bound to IGF
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(Baxter, l98S). Therefore, this model accounts for a multisubunit structure containing a

single IGF binding site.

The smaller cross-linked IGFBPs identifred by \ililkins and D'Ercole (1985) and

also by Ooi and Herington (1986) were possibly glycosylation variants of IGFBP-3 or

breakdown products due to storage as experienced by others (Manin and Baxter, 1986;

Baxrer and Ma¡tin, 1989). Indeed Shimonaka et. al. (1989) andZapf et. al. (1990a) have

isolated IGFBP-3 truncated at the carboxy-terminus. Another smaller species (16-18 kDa)

which cross teacts with antiserum directed against hIGFBP-3 (Baxter and Ma¡tin, 1986) has

been identified by Herington and Kuffer, (1981).It is also present in amniotic fluid (Ooi and

Herington, 1990). The significance of this species and other truncated binding proteins in

both serum and amniotic fluid is unknown.

An assay for the ALS has been developed and used to follow its purification from

human plasma (Baxter, 1988; Baxter et. a1.,1989). The assay relies on the identification of a

shift in mobility using G200 gel chromatogragphy of cross-linked, radiolabelled hIGFBP-3

- IGF on association with the ALS. The ALS is separated from the 53 kDa hIGFBP-3 under

alkali conditions and remains stable under neutral conditions. It appears as a doublet of 84

and 86 kDa on reducing SDS-PAGE, the two sizes being due to different glycosylation

forms. In serum the ALS appears in molar excess over IGF, whereas hIGFBP-3 is in

equimolar concentrations (Baxter, 1990). This may be in order to favour the formation of the

large molecular weight complex over the IGFBP-3 - IGF complex in the circulation, as IGF

is almost exclusively associated with the 150 kDa complex.

l,ow concentrations of IGFBP-3 have been detected in human lymph. This suggests

that the IGF is specifically dissociated from the large 150 kDa binding protein - IGF

complex in serum and is released for its movement across the capillary barrier (Binoux and

Hossenlopp, 1988). Once in the lymph the IGF can bind either to IGFBP-3 or the smaller

molecula¡ weight binding proteins. Clemmons et. al. (1983) reported that heparin facilitates

in the breakdown of the 150 kDa-binding protein complex and Chatelain et. al. (L983)

showed the susceptibility of the complex to serum proteases. A role of proteases in

pregnancy sera has also been proposed (Guidice et. al., 1990; Davenport et. a1.,1990;

Hossenlopp et. a1.,1990). These may be mechanisms by which IGF is released from the

binding protein in a forur which is readily accessible to cellular receptors and which can pass

from the blood stream into the extracellula¡ space to target cells.
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I,2.II IGFBP.3

Human IGFBP-3 has been purified from Cohn fraction IV of plasma (Ma¡tin and

Baxter, 1986; Grant et. a1.,1987) and it appears as a doublet of 47 and 53 kDa after SDS-

PAGE under nonreducing conditions. The two species a¡e due to different glycosylation

forms (Martin and Baxter, 1986). Human IGFBP-3 is immunologically unrelated to

hIGFBP-I (Baxter et. a1.,1986).

Porcine, rat and mouse IGFBP-3 have also been purified (Baxter and Martin,l98l;
Zapf et. al., 19881' Walton et. al., 1989; Blat et. al., 1989a). Their molecula¡ weights are

simila¡ to hIGFBP-3 although rat serum IGFBP-3 can appe¿ü as a triplet of 43,41 and

39 kDa on ligand blots (Hossenlopp et. al., 1987). Human, porcine and rat IGFBP-3

cDNA sequences are available (see Table Ll, Wood et. a1.,1988; Shimasaki er. al.,1989;

Spratt et. a1.,1990; Shimasaki el. al.,l990a; Albiston and Herington, 1990) and, as seen

with IGFBP-1 and IGFBP-2, there is considerable conservation of the sequences between

species at both ends of the molecule. Rat IGFBP-3 is one amino acid smaller than human

IGFBP-3 and porcine IGFBP-3 is one larger. Again the l8 cysteines are conserved.

The molecular weight of hIGFBP-3 predicted from the cDNA sequence is 28.7 kDa.

The discrepancy between this and the size indicated by SDS-PAGE is due to glycosylation.

Both porcine and human IGFBP-3 have three potential N-linked and rwo potential O-linked

glycosylation sites, whereas rat has an extra N-linked glycosylation site (Wood et. ø1.,1988;

Shimasaki et. a|.,1989; Shimasaki et. al., 1990a). Unlike the smaller binding, proteins

IGFBP-3 does not have an RGD sequence.

Recently the gene for hIGFBP-3 has been isolated. It spans 8.9 kb and has four

exons corresponding to coding sequence and a fifth exon containing 3' untranslated

sequence (Cubbage et. a|.,1990). The mRNA derived from the hIGFBP-3 gene is a single

2.5kb species.

1.2.12 Factors Affecting Serum IGFBP-3 Levels

As mentioned earlier, large molecular weight binding proteins are GH-dependent. In

fact both the acid stable IGFBP-3 and the ALS a¡e GH-dependent (Binoux et. dl.,1984;
Furlanetto, 1980; Baxter and Martin, 1986). Circulating hIGFBP-3 levels are significantly
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decrcased in patients with GH-dehciency and increasd2-3 fold in acromegaly (Hardouin et.

al., 1989; Hossenlopp et. al,, 1986; Hardouin et. al., 1987; Baxter and Martin, 1986).

Hypophysectomized rats also have decreased serum IGFBP-3 concentrations and GH

infusion rcverses this effect (Clemmons et. a1.,1989). Hypophysectomized pigs show the

same pattern of responses (Walton and Ethe¡ton, 1989).

IGF-I infusion into healthy humans leads to an increase in IGFBP-3 expression as

seen by Western ligand blotting. The effect is enhanced with concomittant infusion of GH

and IGF-I (Zapf et. al.,l990b). Simila¡ experiments using hypophysectomized and diabetic

rats detect an increase of IGFBP-3 on IGF-I infusion (Zapf et. al., 1989). Diabetic rats,

which unlike hypophysectomized rats are able to produce GH, form the 150 kDa complex

following IGF-I infusion. On the other hand IGF-I only induces IGFBP-3 in

hypophysectomized rats suggesting that IGF-I alone can induce IGFBP-3 but GH is

important in inducing ALS.

Unlike IGFBP-1, there is no diumal rhythm associated with IGFBP-3 levels which

remain constant at approximately 6 pglml (Baxter and Ma¡tin, 1989). Nutritional deprivation

does, however, influence serum IGFBP-3 levels. Protein-deprived rats have one third of the

normal adult IGFBP-3 levels. GH or IGF-I infusion partially adjust for protein deprivation

suggesting that neither are solely responsible for IGFBP-3 levels.

Other factors affecting IGFBP-3 levels are diseased states such as diabetes mellitus

which leads to reduced IGFBP-3 and chronic renal failure which has the opposite effect

(Goldberg et. a\.,1982; Baxter and Martin, 1986).

1.2.13 IGFBP-3 and Development

IGFBP-3 levels follow the same pattern as IGF-I with aging, increasing from early

childhood to puberty and then gradually decreasing with age (Baxter and Martin, 1986). A

simila¡ situation applies for ALS (Baxter, 1989). By Western ligand blotting a gradual

decreas€ of IGFBP-3 in aging women was also identified @onahue et. a1.,1990).

As mentioned previously, pregnancy leads to dramatic effects on maternal serum

IGFBP-3 levels with a specific protease apparently degrading IGFBP-3 (Guidice et. al.,

1990; Gargosky et. al., 1990a; Davenport et. al., 1990). An antiserum directed to

2t



hIGFBP'3 recognizes a 30 kDa protein in pregnancy serum while the 47 and 53 kDa

IGFBP-3 doublet are essentially absent (Hossenlopp et. a|.,1990). It is possible the 30 kDa

IGFBP is the same as the truncated IGFBP-3 purified by Tapf et. al. (1990a). Two smaller

IGFBP (21.5 and 21 kDa) appe¿u at the same time as the 30 kDa immunoreactive species

and all may be products of the enzymatic degradation. Interestingly, Baxter and Ma¡tin

(1986) measured mildly elevated maternal serum levels of hIGFBP-3 in the thi¡d term of
pregnancy, suggesting the presence of immunoreactive IGFBP-3 in an altered form not

detectable by Western ligand bloning.

IGFBP-3 is not degraded in human amniotic fluid during pregnancy. Human

amniotic fluid contains IGFBP-3 but at much lower levels than IGFBP-1 (Baxter et. al.,

1987). Amniotic fluid IGFBP-3 levels increase between day 50 and 80 of porcine pregnancy

as do allantoic fluid levels (Walton and Etherton, 1989). Simila¡ levels are measured in

porcine colostrum and follicular fluid and lower concentrations a¡e in milk. Interestingly,

ALS is not detected by a specific antibody in human amniotic fluid, CSF and seminal plasma

(Baxter, 1989)

Fetal tissue IGFBP-3 levels have not been specifically studied, although it is

generally believed that large molecula¡ weight binding protein levels are low in the

developing fetus @'Ercole et. al., 1980). With cDNA probes, IGFBP-3 mRNA has been

identified in many tissues of the adult rat including liver, kidney, spleen, heart, lung,

stomach, ovary and testes but not in brain cortex and hypothalamus (Shimasaki et. al.,

1989). In the adult pig IGFBP-3 mRNA has been localized in ovary, testes, brain and liver

(Shimasaki et. al., 1990a).

t.2.14 rGFBP-4

A founh binding protein has been recently cha¡acterized. Its presence in serum and

conditioned medium of various cell lines as a24 kDa IGFBP has, however, been noted for

soms time (Hossenlopp et. al., 1987; Ocrant et. al., 1989; Conover et. a1.,1989; Thrailkill

et. a1.,1990). It is also present in seminal plasma (Rosenfeld et. al., 1990). The binding

protein has been purified by three goups; Shimonaka et. al.(1989) have purified rar serum

IGFBP-4, Mohan et. al. (1989) isolated IGFBP-4 from conditioned medium of human

osteoca¡cinoma cells and Walton et. al. (1990) has purified porcine serum IGFBP-4.
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Little is known about this binding protein so far and identification has been mainly

by Western ligand blotting. Although the 24 kDa IGFBP is obviously a small molecula¡

weight binding protein, it appears to respond to GH in a simila¡ manner to IGFBP-3

(Hardouin et. al.,1987). For example, in acromegalics there is an increase in IGFBP-4

expression. IGFBP-4 has a possible role in fetal development as proposed for other small

molecular weight binding proteins. In fetal rats the predominant binding proteins a¡e 30 and

24 kDa (Hossenlopp et. a1.,1987). Curiously the IGFBP-4 levels in pregnant serum are

reduced at the same time as IGFBP-3 is degraded. With increasing age the levels of the

24kÐa binding protein decrease as seen for IGFBP-1 and IGFBP-3 (Donahue et. al.,

1990). It appears that the 24kÐa binding protein has some characteristics common to both

large and small binding proteins. Until specific probe s are used it is not possible to speculate

on its role in modulation of IGF effects.

The cDNA clone for IGFBP-4 has been isolated from rat liver and human placenta,

Iiver and ovary cDNA libraries (Shimasaki et. a1.,1990b). IGFBP-4 is quite unusual in that

it has nvo extra cysteine residues apart from the 18 conserved cysteines present in all binding

proteins so far sequenced. The human IGFBP-4 sequence is 4 residues longer than rat

IGFBP-4 and the two sequences differ by \Vo. Agaitt most homology lies at either end of the

sequences. The IGFBP-4 sequence contains a single potential N-glycosylation site. The

mRNA encoded by the IGFBP-4 gene is a single 2.6 kb species. It has been localized in

several rat tissues including liver, adrenal, testis, spleen, heart, lung, kidney, stomach,

hypothalamus and brain cortex. It is in greatest abundance in the liver.

1.2.15 Other Binding Proteins

Yet another binding protein has been isolated from fibroblasts (Forbes et. aL,1990;

Martin et. al., 1990) and cerebrospinal fluid (Roghani et. al., 1989).It is a 32 kÐa,

glycosylated binding protein with a simila¡ IGF-binding pattern to one of the three classes of

binding proteins dehned on the basis of IGF binding affrnity (see Chapters 3 and 5). Little is

known about the expression of this binding protein but it has been recently identified in

human serum (Zapf et. a1.,1990a).
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1.2.16 Actions of IGFBPs

The specific actions of IGFBPs are not yet understood. /n vivo it is generally

accepted that IGFBPs act to increase the half lives of IGF-I and IGF-II (Kaufmann et. al.,

1977; Cohen andNissley, L976). This phenomenon has also been demonstrated in lambs

(Francis et. al.,l988a). Thus upon reduction of l25I IGF-I and its infusion into lambs, its

half life was greatly reduced in comparison with that of native IGF-I. This was due ro the

inconect refolding of a proportion of the reduced IGF-I which resulted in the production of
peptides unable to bind to IGFBPs. The unfolded peptides were subsequently more rapidly

degraded. Since IGFBPs increase IGF serum half life it has been suggested that they act as

serum carrier proteins assisting in the distribution of IGFBPs throughout the body.

Two lines of evidence point towa¡ds distinct and opposite actions of IGFBPs. They can

inhibit or potentiate IGF action. Support for these concepts comes from many in vito
experiments. Meuli et. al. (1978) used perfused rat hearts to demonstrate that binding of
iodinated IGF to receptors is reduced by its preincubation with partially purified serum

binding proteins. Glucose incorporation into fatty acids and sulphate into chondrocytes is

inhibited in adipose tissue by partially purified amniotic fluid binding protein (Drop et. al.,

1979). These are examples of the inhibition of IGF action by IGFBPs.

Several groups have demonstrated an inhibition of IGF receptor binding by IGFBPs

with va¡ious cells (Knauer and Smith, 1980; Rutanen et. a1.,1988; Gopinath et. a1.,1939).

Some interesting clues to the action of binding proteins have appeared with the use of cell

lines which do not produce IGFBPs. In this way the action of added binding protein is not

complicated by the presence of endogenous binding proteins. Using human chorioca¡cinoma

cells (which do not produce binding proteins) the addition of IGFBP-I along with IGF-I

lead to an inhibition of IGF-I - stimulated aminoisoburyric acid uptake (Riwos et. a1.,1988).

This was via an inhibition of lGF-receptor binding. A similar line of experiments was

performed by Ross et. al. (1989) who showed a decrease in both DNA synthesis and protein

accumulation on addition of IGFBP-1 or IGFBP-2 to chicken embryo fibroblast culrures

containing IGF.

Quite the opposite effect has been reported, initially by Clemmons ¿r. ¿/. (1986) and

then by his colleagues @lgin et. a1.,1987). Incubation of human fibroblasts with IGF-I and

IGFBP-I in the presence of platelet-poor plasma leads to an enhanced response compared
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with IGF-I alone. However without platelet-poor plasma the same preparation of IGFBP-l

did not enhance the response to IGF-I (Ross et. a1.,1989). Evidently an unknown plasma

associated factor can act to enhance the response to IGF (Clemmons and Ga¡diner, 1990).

Enhancement of IGF action can be achieved with another binding protein. Although

coincubation of IGF with IGFBP-3 with human skin fibroblasts results in an inhibition of

the acúon of IGFBP-3, preincubation of those cells with IGFBP-3 for 8-24 hours enhanced

the subsequent effect of IGF-I above control values with no preincubation @e Mellow and

Baxter, 1988). It is tempting to suggest the existence of a cellular receptor for IGFBPs

which allows the association of binding proteins with the cell membrane in a way that might

assist the presentation of IGF to cellula¡ receptors. However, there is no evidence for such a

mechanism. Cross-linking to cellular membranes by several groups has identified an IGF-

binding species of the same size as IGFBPs. Whether this is a membrane bound form of
IGFBPs or a fragment of an IGF receptor has not been reported. If IGFBPs are associated

specifically with the cell membrane, it will be interesting to establish if they have a role in

IGF signalling or whether this represents part of the IGFBP secretion pathway.

1.2.17 The IGFBP - IGF Interaction

Very little is known about the IGF binding site of IGFBPs. ln some way the IGFBP

amino acid sequence homologies (see Figure 1.3) result in a common tertiary IGFBP

structure with all binding proteins having a simila¡ IGF binding site. Most clues about the

nature of the binding site have been deduced from the isolation of fragmented binding

proteins. A 21 kDa IGFBP-l has been isolated which is amino-terminally truncated. A

similarly sized IGFBP-2 lacking some of the carboxy-terminus has also been reported

(Huhtala et. a1.,1986; Wang et. al., 1988). Both can bind IGF and therefore, the binding

site must still be maintained by the remaining central region of the peptide (the nonconserved

region between IGFBPs) in the truncated isolates.

In addition, a carboxy terminal deletion of IGFBP-3 still maintains the binding

capacity of the binding protein. The 30 kDa fragment is one of the several smaller fragments

of IGFBP-3 identified by V/estern ligand blotting, i. e. still able to bind IGF (Zapf et. al.,

1990a). Ooi ¿r. al. (1989) have partially sequenced a 17 kDa binding protein which shows

extensive homology to the amino terminus of IGFBP-3 and some similarity to the carboxy

end. This binding protein may arise by breakdown of IGFBP-3 but ¡he total sequence has
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not yet been related to IGFBP-3. Its sequence may also provide information on the IGF

binding site.

Other evidence strongly suggests that the maintenance of the tertiary structu¡e of

IGFBPs by the common cysteines is important in retaining the IGF binding site. The fact

that the l8 cysteines a¡e conserved throughout all IGFBP sequences supports this concept.

An expression vector containing IGFBP-l cDNA but lacking the sequence encoding the last

24 amino acids produces a tn¡ncated form of IGFBP-I which is unable to bind IGF.

Presumably the removal of the carboxy-terminal cysteine disrups the tertiary structure of the

binding protein and the IGF binding site in turn (Brinkman et. al., 1989). One report

suggests the replacement of cysteines at positions l6 and 35 with serine also disrupts IGF

binding (Powell et. a|.,1989).

More information is available on the IGFBP binding site on the IGF peptide. The

variant of IGF-I, des-(I-3)-IGF-1, has been used to determine an area of the IGF-I sequence

important in binding to IGFBPs. Ross ¿f. a/. (1989) observed that IGFBP-2 failed to inhibit

the action of the biologically more active IGF, des-(l-3)-IGF-1, although it does inhibit

IGF-I stimulated protein synthesis. The loss of the first three amino acids of IGF is vital in

IGF-I binding by IGFBP-I and IGFBP-2 but not IGFBP-3 (Forbes et. al., 1989). The

subsequent lack of binding to IGFBP-1 and IGFBP-2 means that more of the truncated IGF

is available to bind to cellular receptors resulting in the enhanced biological activity (Bagley

et. a1.,1989).

Synthetic peptides of the B domain of both IGF-I and IGF-II do not bind bIGFBP-2

showing that the amino terminal end of IGF is important but is not sufficient for IGFBP

binding (Szabo et. a1.,1988). DeVroede et. al. (1985) also demonstrated the importance of

the IGF B domain.

Residues important in the IGF-IGFBP interaction are highlighted on models of the

structures of IGF-I, IGF-II and insulin shown in Figure 1.4. Site-directed mutagenesis has

been used to alter specific residues in IGF-I to elucidate the IGFBP binding site of IGF.

Modifications at positions 3, 15 and l6 of IGF-I to residues found in insulin and at position

4 (Thr4 to Ala4) reduces the binding to senrm binding proteins 600 fold (Cascieri et. al.,

1988b). Substitution of the B domain with insulin B domain also reduces binding by 1000
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Figure t.4z Domains of Insulin-like growth factor'I (IGF-I)
which interact with IGF-protein bindings and
corresponding domains in the IGF-II and insulin
structures

Three dimensional models of IGF-I, IGF-tr and insulin were generated

using the Insight II program @iosym Technologies Inc., San Diego, CA,

USA, 1990) with coordinates obtained from the Protein databank,

Brookhaven National Laboratory, Upton, l{Y, U.S.A. IGF coordinates

were determined by comparison with the insulin structure and predictions

made by Blundell et. aI., (1983). The models highlight the similarity in

tertiary structure shared between the three proteins' Residues Glu3, Thr4,

Gln15, phe16, and TyÉOIGF-I are highlighted as they have been shown by

site-directed mutagenesis or chemical modification to be involved in IGF-I

binding by binding proteins (Cascieri et. a1.,1988b; Moss et. aL,1991).

The corresponding residues of IGF-II (Glu6, Thr7, Gh18, Ph"19, Tyr59¡

and insulin (GlnB4, HisB5, TyrB16, ¡ru B17, TyrAl9¡ are also highlighted.
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fold. Mutations in the A, C and D domains have minimal effect on binding to acid srable,

serum binding proteins.

Clemmons et. ø1. (1990) revealed some differences in the binding sites of acid stable,

serum binding proteins (most probably representing IGFBP-3) and the purified IGFBP-1.

The substitutions at positions 3,4, 15 and l6 of IGF-I still reduce IGFBP-l binding, but l0
fold less than for acid stable, serum binding proteins. Mutation of the whole B domain has

less effect on IGFBP-l binding (200 fold reduction in IGF-I binding) and substitutions in

positions 49-56 of the A chain alter IGFBP-l binding. Therefore a distinction can be made

berween IGFBP-I, IGFBP-2 and serum binding proteins with respect the residues of IGF-I

involved in IGFBP - IGF interaction. All positions discussed here are residues exposed on

the same surface of IGF-I (see Figure 1.4).

Moss et. al. (1991) demonstrated that the association with IGFBP blocked the

iodination of Tyr 60 of IGF-I and the conesponding residue (Tn 59) of IGF-II. Both

tyrosines a¡e found within the structures of IGF (see Figure l-4) and apparently the presence

of IGFBP excludes the iodinating agent (Chloramine T). It appears that this region is also

important in IGFBP-2 binding to both IGF-I and IGF-II.

Isolation of new binding proteins and elucidation of their amino acid sequence will
assist in determining the structural determinants involved in the lGF-binding protein

interactions and the differences which lead to the various affinities for IGF-I, IGF-II and

des-(1-3)-IGF-1, Analysis of the IGFBPs will aid in prediction of the nature of these sites.

1.3 BACKGROUND TO THESIS

The knowledge of the IGF binding proteins is expanding extremely rapidly. Many

researchers have turned to examining the factors influencing the expression of IGF binding

proteins in the last nvo to three years and since the isolation of molecular and immunological

probes for binding proteins. This information will eventually provide us with the key to the

mechanisms of the control of IGF action.

At the commencement of this thesis, however, relatively linle was known about the

IGF binding proteins. Several binding proteins had been purified but there was some

confusion as to the relationship of the different binding protein isolates to each other.
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Limited N-terminal amino acid sequence of the human amniotic fluid binding protein, the

MDBK binding protein isolated from bovine kidney cells in ou¡ laboratory, a binding protein

isolated from rat liver cells (BRL 3A) and the large serum binding protein suggested these

proteins were in fact three distinct binding proteins, with the BRL 3A binding protein being

related to the MDBK binding protein. However, the sequence data available were

insufficient to definitely distinguish the individual binding proteins, particularly as a

significant degree of homology existed between each sequence. Adding to the confusion was

the va¡iation in size between simila¡ binding proteins isolated by different groups. As a result

there was a great need for classification of the different binding proteins.

Furthermore, no more than three distinct binding proteins had been isolated at the

coûtmencement of this work. However, western ligand blotting had been used to identify
five binding proteins in human serum (Hossenlopp et. al.,1987; Hardouin et. a1.,1987).

Therefore, at least two and possibly more binding proteins had not yet been purified.

Apparently the conuol of IGF action is mediated by all of these different binding species.

Preliminary competition binding assays performed by coworkers in our laboratory

indicated that the human lung fibroblast (He[39]L) cell line had an unusual IGF-binding

pattern when compared with cell lines which secreted known binding proteins. On the basis

of this observation the He[39]L cell line appeared to be producing novel binding proteins.

With this background I formulated three overall aims of my PhD. The initial aim was

to address the problems of identification of one binding protein from another. The

availability of the truncated IGF-I (des-(l-3)-IGF-1) in our laboratory provided me with a

unique oppoftunity to do this using competitive binding assays. The second aim was to

analyze the binding of different binding proteins to des-(I-3)-IGF-1 and to thereby aid in the

explanation for the enhanced biological activity of this rruncated form of IGF-I. The final
aim was to isolate and charactenze novel binding proteins to ultimately understand the

different actions of all the binding proteins in the regulation of the effects of IGFs.
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CHAPTER 2

MATERIALS AND METHODS



2.1 MATERIALS

2.1.1 General Chemicals and Reagents

Activated charcoal, acrylamide, AgNo3, agarose (type 1), ampicillin, Bacitracin,

RIA grade bovine serum albumin (BSA), chloramphenicol, Coomassie Brilliant Blue
(RzSO), 5-bromo-4-chloro-3-indolyl phosphate (BCIP), deoxynucleotides,

ethylenediaminetemacetic acid (EDTA), ethidium bromide, N-2-hydroxyethyl-piperanzine-

N'-2-ethanesulfonic acid (Hepes), Mgcl2, 2-mercaptoetha¡ol, N,N"-methylene-bis-

acrylamide, N-acetyl-glucosamine, nitro blue tetrazolium (NBT), Nonidet p-40,

phenylmethylsulphonyl fluoride (PMSF), polyethylene glycol (pEG) 6000,

polyoxethylenesorbitan monolaurate (Tween 20), potassium ferricyanide, sodium dodecyl

sulphate (SDS), sodium thiosulfate and tetracycline were purchased from Sigma Chemical

Co., St. Louis, MO.,USA.

Wheatgerm agglutinin- Sepharose 6MB and concanavalin A-Sepharose were

purchased from Pharmacia, Uppsala, S weden. Methyl-ø-D-mannopyranoside for affinity

chromatography was from Calbiochem, San Diego, CA, USA. Avidin-alkaline phosphatase

conjugate used in Western immunoblots was from Bresatec Pty. Ltd., Adelaide,.south

Australia.

Solvents for revene phase high performance liquid chromatography (rpHPLC) and

fast-phase liquid chromatography were from BDH Australia, Port Fairy, Victoria, Australia.

Trifluoroacetic acid (TFA) was from Applied Biosystems, Foster city, cA, usA.

Nirocellulose and Nytran membranes were from Schleicher and Schuell whereas

polyvinylidenedifluoride (PVDF) was supplied by Millipore, Bedford MA., uSA.
Colony/Plaque Screen filters (Ì.[EN Resea¡ch products, Boston, MA., USA.) were used for

cDNA library screening.

2.1.2 ÃnJibodies and Protein Standards

Goat Anti-rabbit IgG coupled to biotin and molecular weight markers (6FI) were

purchased fiom Sigma Chemical Co., St. l-ouis, MO.,USA. A polyclonal antibody was

raised against IGFBP-2 in our laboratory by L. Szabo. Polyclonal antibodies raised against
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IGFBP-t were kind gifts of Drs. R. C. Baxter (Camperdown, NSW; Antibody A2) and P.

D. K. I-ee (Texas Child¡en's Hospital, Houston, Tx, USA.). Goat anti rabbit gamma

globulin and rabbit IgG were from Silenus I-aboratories, flawthorn, Australia- l4C-I-abeUed

rainbow ma¡ke¡s for ligand blots were obtained from Amersham, Nonh Ryde, NSW.,

Australia.

2.1.3 Peptides and Hormones

IGFs were obtained from different sources for various experiments and wil be

quoted in figure legends where appropriate. hIGFBP-3 and hIGFBP-1 were provided for

competition binding studies in Chapter 4 by Dr. R. C. Baxter. Human ICFBP-1 used as a

standard for ligand bloning and in lectin afhnity experiments was a gift from Dr. P. D. K.

Lee. Bovine IGFBP-2 was purified by L. Szabo in our laboratory as described in Szabo er

¿1. (1988).

Plateletderived growth factor (PDGÐ, epidermal growth factor (EGF) and bovine

fibroblast growth factor (bFGÐ for stimulation of cultured cells were provided by Chiron

Corporation, Emeryville, California. Dexamethasone and estradiol were from Sigma

Chemical Co., Sl Louis, MO.,USA. Insulin (Actrapid) was from Commonwealth Serum

Laboratories, Melbourne, Australia.

2.1.4 Cell Culture Materials

Plasticwa¡e for routine cell assays was from Nunc, Kamstrup, Roskilde, Dema¡k, as

rryas a cell factory for large scale collection of conditioned medium. All cells were grown in

Dulbecco's modified Eagle's minimal essential medium (DME; Gibco, Glen Waverley,

Victoria Australia) containing lÙVo (vlv) fetal calf serum (FCS; Flow Laboratories, North

Ryde, NSW., Australia) and 100 mg/ml steptomycin and 60 mg/rnl penicillin (both from

Glaxo, Boronia, Victoria, Australia) unless stated otherwise. Hepes buffer was made with

0.1M Hepes, 5mM KCl, 1.2mM MgS0a.7H20, 8mM glucose and adjusted to pH 7.6.

2.1.5 Radiolabelled Peptides and Nucleotides

IGFs were iodinated by M. Conlon (Child Health Research Institute, Adelaide

Children's Hospital, Adelaide) to a specific activity of 8G150 Cilg using the Chloramine T

method as described by Ballard et. al. (1987). L-[4,5-3H] leucine (40-60 CVmmol) was
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from New England Nuclea¡ Resca¡ch Products, Boston, MA. USA. [a-32p1 dATP,

¡cr-355¡ dATP and [y32p] dATP were purchased from Bresatec Pty. Ltd., Adelaide, South

Ausualia.

2.1.6 Cell Lines

He[39]L cetls

Hep G2 cells

L6 myoblasts

IMR 90 cells

MDBK cells

4g2804

sFl972

WI38 cells

Commonwealth S eru m l-aboratories, Pa¡kville, Vicori4 Australia.

American Type Tissue Cultu¡e (ATCC HB 806Ð, Rockville, MD, USA.

Dr. J. M. Gunn, Texas A&M University, College Station TX., USA.

Adelaide Children' s Hospital, South Australia .

Flow l-aboratories, North Ryde, NSW., Australia.

Institute of Medical Research, Camden, NJ, USA.

Adelaide Child¡en's Hospital, South Australia.

Flow Laboratories, North Ryde, NSW., Australia.

2.L.1 E,nzymes and Kits for Molecular Biology

T4 DNA ligase IEC 6.5.1.1], E. coli DNA polymerase I (Klenow fragment),Taq

polymerase,Taq polymerase buffer and oligonucleotide labelling-, kinasing- and

dideoxynucleotide sequencing kits were supplied by Bresatec Pty. Ltd., Adelaide, South

Australia. Calf intestinal phosphatase IEC 3.1.3.1] was from Boehringer Mannhein

Australia, Sydney, Ausralia. Restriction endonucleases were mainly from New England

Biolabs Inc., MA., USA. and Pharmacia LKB Biotechnology, Uppsala, Sweden. RNAsin

was also from Pharmacia LKB Biotechnology. Murine moloney leukemia virus reverse

transcriptase was from Bethesda Resea¡ch Laboratories, Life Technologies Inc.,

Gaithersburg, MD, USA.

2.1.8 Oligonucleotides

Oligonucleotides were synthesized by Dr. R. Vy'arren in the Department of

Biochemistry, Univenity of Adelaide, South Ausralia.

5'- GAG GTG CTG TTC CGC TGC CCG CCC -3'

Directed against sequence encoding the first 8 amino acids of

bIGFBP-2

MDBK 24-mer (P24)
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He[39]L 23-mer (P23> 5'- GGA(G,C,T) GGA(G,C,Ð TGC(T) GTA(G,C,T)

GAA(G) GAA(G) GAA(G) GA -3'

Directed against sequence encoding amino acids 15-22 of the

He[39]L IGFBP. Degeneracies a¡e shown in brackets.

He[39]L 29-ner (P29) s'- TGC(T) CCr GGr GGr TGC(T) cTr cAA(c) cAA(c)
GAA(G) GA- 3'

Directed against sequence encoding amino acids 13-22 of the

He[39]L IGFBP. Degeneracies 4re shown in brackets and

inosine residues a¡e denoted as I.

IGFBP 30-mer (P30) s'- GAG GAA TrC G(ÐCC A(C)TG(T) CTr cTC(r)
A(G)CA GTT GCG -3'

Directed against a sequence comnxln to IGFBPs 1,2 and3

(encoding the amino acids PNCDKHGLY in bIGFBP-2) at

the C-terminal end of the IGFBP sequences. An EcoR I
restriction endonuclease site is at the 5'end.

IGFBP lS-mer (P15) 5'- ccA A(G)CA A(G)CC cCA cCC -3'

Directed against a sequence conunon to IGFBPs 1,2 and3

(encoding the amino acids GCûCC) at the N-terminal end of

the IGFBP sequences.

2.2 METHODS

2.2.1 Charcoal Binding Assay

The cha¡coal binding assay for the measurement of binding protein binding to IGF

was performed as described in Szabo et. al. (1988). Briefly, samples were assayed by

incubating *¡¡¡ 1251-¡6F-I or l25I IGF-U (4000 dpm/tube) for I hour at room temperarure

in assay buffer (l0mM sodium phosphate pH7.4,l50mM NaCl, 2 mg/rnl BSA). IJnbound

tracer was adsorbed by activated cha¡coal (5mg/ml) added as a slurry in the same buffer for

30 minutes on ice. IGF-binding protein complexes were separated from unbound IGF by

centrifugation at 10,0009 for l0 minutes. The amount of IGFBP present was determined by

counting the radioactivity in the supematant.
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2.2.2 Polyethylene Glycol (PEG) IGFBP Assay

IGFBP-I was detected using a PEG separation method rather than thc charcoal

binding assay as described by Baxter et. al. (1987). Following incubation of IGFBp-l with
l2s¡-16¡-¡ or I25I-IGF-II in assay buffer (l0mI{ sodium phosphate pHl.4,150mM NaCl,
2mg/rnl BSA), binding protein - IGF complexes were separated from unboun4 iodinated

peptide using a specific polyclonal antibody for IGFBp-l (Antibody A2,lß500,4oc,
overnight). A second antibody, goat anti rabbit gamma globulin (11164), and ca¡rier rabbit

IgG (12050) were added for 30 minutes at 4oC a¡d then precipitated with3.9Vo (1v7v) pEG,

0.lM NaCl by centrifugation at 4000 rpm for 25 minutes at 4oC. Pellets were counted in a
gamma counter.

2.2.3 Radioreceptor Assay

The radioreceptor assay measures the binding of IGF to its cell surface receptors.

Addition of binding protein interferes with this interaction and thus the assay can be used in
the deæction of binding proteins. The method for the radioreceptor is descriH by Ballard

et. al. (1986). Briefly, cells were grown to confluencein24place multiwell trays and

washed in Hepes/O.2í%o (wlv) BSA (2 hours, 4oC) before adding l2s1¡6p-¡ or 125¡ IGF-II
(10,000 cpmin the same buffer) and competing ligand. Cells were incubated ovemight at

4oC and subæquently washed in Hanks balanced salts (Flow Laboratories, 2xlml,
lx2.5ml). Following solubilization with 0.LVo (v/v) Tritor/0.5M NaOH surface bound

tracer was measured in a gamma counter.

2.2.4 IGF-I Radioimmunoassay (RIA)

Prior to measurement of IGFs in conditioned medium binding proteins were

separated from IGF by acidification to pH 2.8 with glacial acetic acid and separation on a

Vy'aters Protein Pak 125 column (WatersMillipore,I-ane Cove, NSW, Australia) in mobile
phase (0.2M acetic acid,0.05 M triethylamine and 0.57o (vlv) Tween 20). Fractions were

collercted at0.25 minute intervals (250p1) and 50pl were assayed in triplicate for rhe presence

of IGFs.

The rneasurement of IGF-I content in He[39]L conditioned medium was determined

using the radioimmunoassay described by Owens et. al. (190). Fractions from the protein
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Pak column or standards in rpbile phase were assayed by the addition of 30¡rl TrisCl pH

7.5 (0.4M),200p1 RIA buffer (30mM NaH2PO4, 0.2Vo (w/v) protamine sulphate, l0mlvl

disodium EDTA, 0.27o (wlv) NaN3 and}.OíVo (v/v) Tween 20 at pH 7.5), 50¡rl l2s¡ IGF-I

(20,000 cpm) and 50pl anti-IGF-I antibody in RIA buffer (l/40,000). After 18 hours at 4oC

50pJ goat anti-rabbit semm QØ\ and 50pl rabbit serum Qf250) were added to each sample

for t hou¡ at 4oC. Cold PEG 6000 (lml, 6Vo wlv) in 150 mM sodium chloride was added

and the tubes were centriñrged at 4000 rpm for 30 minutes at 4oC. The supematants were

aspirated and the pellet counted in a gamma counter. The limit of detection of the IGF-I RLA

was 11 pg.

2.2.5 IGF-II radioreceptor assay (RRA)

The levels of IGF-II in conditioned medium were measured by binding of IGF to

sheep placental membranes as outlined by Read et. al. (1980. Following Proæin Pak

separation 50¡rl of fractions or standa¡ds in mobile phase were assayed by the addition of
30pl TrisCl pH 7.5 (0.4M), RRA buffer (lOmlvf TrisCl, O.5Vo (wlv\ BSA and 10mI\{ CaCl2

at pH 7.4), 50¡rl 1251¡6p-¡ (20,000 cpm) and l00pl ovine placental membranes (final

concentration of 0.2mg proteinrtnl) in RRA buffer. This amount of membnanes was

sufficient to bind 30-40Vo 6¡ 1251IGF-tr in the abscence of competing ligand. Samples were

incubated overnight at 4oC. Cold 10mM TrisCl, 0.5Vo (wlv) BSA and l0rnM CaCl2at pH

7.4 (lmvtube) was added and tubes were centrifuged at 4000 rpm at 4oC. Supernatants were

aspirated and the pellets werc counted in a gamma counter. The limit of detection of IGF-II

by RRA was 30pg.

2.2.6 Protein Synthesis Determination

The method of the protein synthesis assay has been described previously by Francis

et. al. (19S6). It involved the incorporation of ¡3¡1, leucine (0.5mM in PBSÆ.17o (wlv)

BSA) into total cell protein in the presence of stimulating peptide during an 18 hour

incubation of confluent cell monolayers in 24.place multiwell trays (37oC, 5Vo (vlv') COr.

The cells were washed at OoC twice with Hank's salts, twice vth 57o (v/v) trichloroacetic

acid over 10 minutes and once with glass distilled water before solubilizing in0.lVo (v/v)

Triton¡O.SM NaOH. Activity is expressed as a percentage of the total counts incorporated

into control wells with no added gowth factor (=lffiVo).
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2.2.7 Collection and Concentration of Conditioned Media

Cells were g¡o,fln to confluence in DME containing l07o (vlv) FCS at 37oC in

57o (vlv) CO2. They were washed for 2 hours in DME without serum and subsequently

incubated for 12 to 48 hours before collection. The medium was centrifuged at 500g for 15

minutes beforc storage at -20oC. Serum-frec conditioned media were concentrated 5-10 fold

using Centricon P10 microconcentraters (Amicon, Denvers, MA., USA.).

2.2.8 Stimulation of cells with Growth Factors and Hormones

A simila¡ protocol to the routine collection of conditioned media (section 2.2.6) was

used in stimulation experiments. After 2 hours wash in serum-free DME, peptides were

added to fresh serum-free culture medium. Cells were cultu¡ed for 48 hours at 37oC in
SVo (vlv) CO2 before collection of mediurn This was subsequently centrifuged briefly to

remove any cell debris and concentrated as described above (section 2.2.6)

2,2.9 SDS-Polyacrylamide Gel Electrophoresis

Proteins were separated by electrophoresis using the system described by Laemmli

(1970). Gels for the separation of conditioned medium and serum samples were generally

13cm x l3cm x 0.l5mm and were electrophoresed at 30mA for several houn. Thinner gels

were used for purified peptides. The percentage acrylamide used for each gel is indicated in

figure legends and was made from a stock solution of 407o acrylamide/O.32%o bis. Molecular

weight ma¡kers (Sigma SDS-6I{) consisted of myosin (Mr 205,000) p galactosidase

(Mr 116,000), phosphorylase b (Mr 97,000), bovine serum albumin (66,300), ovalbumin

(Mr 45,000) and carbonic anhydrase (29,000). Lysozyme (14,000) was also used as a

ma¡ker in some instances.

2.2,10 Silver Staining SDS-Polyacrylamide Gels

Between 50-200 ng protein were loaded onto 0.5 mm SDS-polyacrylamide gels for

silver staining. Proteins were fixed for at least 3 hours in 307o (v&) ethanol and lOVo (v/v)

acetic acid. The method for silver staining followed that of Heueshoven and Dernick (1935).

After fixation gels were washed in glass distilled H2O to remove excess fixer and treated

with a solution of l.5%o (w/v) potassium ferricyanide, 37o (wlv) sodium thiosulphate and

0.5Vo (wlv) sodium carbonate for 30 seconds. Gels were washed quickly under a
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monodistilldE2O tap, tl¡en in glass distilled H2O for 15 minutes and were subsequently

stained with 0.lVo (wlv) AgNO3 for 30 minutes. Staining was developed with 2.5Vo (w/v)

Na2CO3 and0.5% (v/v) formaldehyde, changing the developer several times until proteins

became evident. The reaction was stopped with l7o (v/v) acetic acid-

2.2.11 lVestern Ligand Blots and Immunoblots

Proteins were separated by l2.5Vo (w/v) SDS-polyacrylamide electrophoresis under

non-reducing conditions as described by Laemmli (1970). They were uansferred to

nitocellulose at 30OmA for 3 hours using a Hoeffer Transphor TE,24 apparatus (Hoeffer

Scientific, San Francisco, CA, USA.). Ligand blots were performed as outlined by

Hossenlopp et. al. (1986). Briefly, nitrocellulose was washed with 0.15 M NaCl,

0.1 M Tris-HCl pH7.4,0.05 mg/ml sodium azide containing 3Vo (v/v) Nonidet P40 for 10

minuæs followed by a2 hour wash in the same buffer containing LVo (vlv) RIA grade BSA

and a l0 minute wash in buffer containing l%a (vlv) Tween 20. The filters were incubated

wirh I x 1ú çm I25I-IGF-U overnight at 4oC in buffer containing lVo (vlv) BSA and

l%o (vlv) Tween 20. Following 2 x 45 minute washes in buffer to remove unbound tracer,

filten werc exposed to X-ray film (48323, Konica, Toþo, Japan) for 2-4 days at -80oC

with 2 intensifying screens.

Immunoblots were blocked in phosphate buffered saline (PBS) withT%o (v/v) BSA

at least 3 hours, washed 3 times in PBS containing 7Vo (v/v) Tween 20 and incubated with

polyclonal antibody (1/100) overnight at 4oC in the same buffer. After a similar washing

procedure the fi.lten were incubated with a second antibody-biotin conjugate (l/1000

diluúon;2-3 hours), washed again and incubated with avidin-alkaline phosphatase (l/1000

dilution; I hour). Following 3x20 minute washes in Tris-HCl buffer pH 9.5 (100 mM Tris-

HCI pH 9.5, 100 mM NaCl, 5mM MgCl) the reaction was developed after several minutes

incubation with NBT (O.3mg/rtl) and BCIP (O.2mglml) in the same buffer, as described by

Bers and Garfin (1985). The reaction \ryas stopped with I mM EDTA.

2.2.L2 Affinity Chromatography

læctin affinity columns were used to identify glycosylated binding proteins. IGFBPs

were applied to a wheatgerm agglutinin-Sepharose 6MB (Pharmacia) column

(0.75 x 1.5 cm) and a concanavalin A-Sepharose (Pharmacia) column (0.75 x 1.5 cm) in
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0.05 M Na2PO4 plus 0.5 M NaCl pH 6.5 containing 0.25Vo (w/v) BSA. A 3 ml wash

(0.2 mVminute) in the same buffer preceded elution. Glycosylated proteins biding to the

wheatgerm agglutinin were eluted in a stepwise fashion with 0.5 M N-aceryl-glucosamine,

whereas elution of the concanavalin A column was with 0.5 M methyl-a- mannopyranoside.

Both elutions wet€ at a flow rate of 0.2 mVminute. IGFBPs were detected by either cha¡coal

binding assay QGFBP-2 and IGFBP-3) or PEG precipitation ¿rssay (IGFBP-1) as described

above.

2.3 PURIFICATION of He[39]L BINDING PROTEINS

2.3.1 Collection of Medium

He[39]L cells were grown to confluence in a cell factory in DME conraining

107o (vlv) FCS. The cells were washed twice in serum-free medium and incubated 3 days

before collection. Cells were maintained for 4 weeks with intermittent periods of growth in

DME plus 107o (w/v) FCS. The conditioned medium was srored at -15oC.

2.3.2 S-Sepharose Chromatography

A single purification involved acidification of 10-20 litres of medium with glacial

acetic acid to a final concentration of 50 mM. The pH was adjusted to 3.0 \Ãrirh 6 M HCl.

Following filtration through Whatman No. I paper the medium was pumped onro a

S-Sepharose Fast Flow cation exchange column (3.2 x 25 cm; Pharmacia, Uppsala,

Sweden) at l0 mvminute at 4oC. The column was washed with 50 mM acetic acid (600 ml =

2 column volumes) and 50 mM ammonium acetate (300 ml) containing 0.5 mM Baciracin,

5 mM EDTA,0.5 mM PMSF. Fractions were eluted at 5 mVminute and collected at2.8

minute intervals using a 1.21gradient from 50 mM ammonium acetate pH 6.0 ro 1.0 M

ammonium acetate pH 7.5 in the presence of the same protease inhibitors. Throughout the

purification procedure IGFBP activity was detected with the charcoal binding assay

described in section 2.2.1and by interference in IGF-tr radioreceptor assays described in

section 2.2.3.

2.3.3 IGF-I Affinity Chromatography

IGFBP active fractions from S-Sepha¡ose purification were pumped at4oC with a

flow rate of 1 mVminute onto an IGF-I affrnity column equilibnated in 50 mM Tris-HCl,
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150 mM NaCl pH 7.0. The affinity column was provided by Dr. P. E. V/alton, CSIRO

Division of Human Nutrition, Adelaide, South Australia and was prepared by attaching

200 pg IGF-I to Affi-Gel 10 (Biorad, North Ryde, Australia). Specifically bound IGFBP

was eluted with 0.5 M acetic acid at 0.5 mVmin.

2,3.4 High Performance Liquid Chromatography (HPLC)

The final purification step involved adsorption of IGFBP pooled fractions to a

revene-phase TIPLC aquapore butyl cartridge (4.6 nìm x 3.0 cm; Applied Biosystems,

Santa Clara, CA. USA.) inO.LVo (v/v) trifluoroacetic acid. A 25457o (v/v) acetonitrile

gradient over 40 minute was used to elute the IGFBP. Chromatography was performed at

low flow rates using equipment purchased from Wate.rru (tutittipore Corporation) and

eluted material was monitored using a flow-through ultraviolet detector (Waters, model

490). Data and pump management were controlled by Waters Expertru Chromatography

sofnpa¡e on a Dgital Electronic Co¡poration P350 personal computer. Following TpHPLC

purification He[39]L binding protein was stored lyophilized at -80oC.

2.3.5 Peptide Sequencing

Samples for peptide sequencing were prepared using the electrobloning method of

Matsudaira (1987). He[39]L binding protein was transferred to polyvinylidenedifluoride for

15 minutes using 10 mM 3-[cyclohexylamino]-l-propanesulphonic acidplus 107o (v/v)

methanol, stained for 10 minutes with Coomassie Brilliant Blue (RZS$ in 50Vo (vlv)

methanol and 57o (v¡!) acetic acid and destained for l0 minutes n 50Vo (v¡!) methanol and

I07o (vlv) acetic acid. Protein bands were cut out and stored at -20oC or immediately applied

directly submitted for sequencing with an Applied Biosystems 470 ASequenator. The

peptides were subjected to Edman degradation as described by Hunkaptller et. al. (1983).

Peptide sequencing was kindly performed by Ms. Denise Tumer, DeparÍnent of

Biochemisüry, University of Adelaide, South Australia.

2.4 METHODS FOR MOLECULAR BIOLOGY

DNA was cloned, isolated and analysed using standard procedures described by

Sambrook et. al. (1989).
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2.4.1 Polymerase Chain Reaction

The method for polymerase chain reactions (PCR) was described previously by Saiki

et. al. (1985) and Mullis and Faloona (1987). Reactions involved the addition of 2mM

deoxynuleotides, 1x Ta4 polymerase buffer (67mM Tris HCI pH 8.8, 16.6 mM ammonium

sulphate, 0A5% Triton X-100,200pg/rnl gelatine),2mM MgCl2, 2 primen (l0ng of

3O-mers or lpg of degenerate 23-mer) and 0.5 units of Taq polymerase to template DNA.

Polymerase chain reactions (PCR) were performed with a Perkin Elmer Cetus Thermal

Cycler (Norwalk, CT, USA). Following a cycle of 94oC for 5 minutes,55oC for 3 minutes,

72oC for 3 minutes PCR products were amplified for 30 cycles (94oC for 45 seconds, 55oC

for 3 minutes and T2oCfor 3 minutes) unless stated otherwise.

The cDNA clone encoding bIGFBP-2 (l0ng/reaction; Upton et. a1.,1990) was used

as template DNA. cDNA was also synthesized from total cellula¡ RNA (isolated as described

in Sambrook et. a1.,1989) and used as template for PCRs. cDNA synthesis involved

heating RNA (2trg) in the presence of 0.5 units RNasin at 65oC for 5 minutes.

Deoxynucleotides (2mM), BRl-reverse transcriptase buffer (lx = 250mÀ,1Tris-HCl pH8.3,

375mM KCl,50mM DTT, 15mM MgCl2), RNAsin (0.5 units) and BRl-revene

mnscriptase (200 units) were added to a 20 pl reaction for 40 minutes at 37oC. Newly

synthesized cDNA was added directly to PCR reactions.

2.4.2 Northern Analysis

RNA exuaction from tissue cultwe cells was performed by a guanidiudcaesium

chloride method described in Sambrook et. al. (1989). Northern analysis (Upton et. al.,

1990) involved separation of RNA for 4 hours at 90mA through a 77o (wlv) agarose gel

prepared in 6.5Vo (v/v) formaldehyde and Eansfer to Nytran membrane. Hybridization with

a 32P nick ranslated probe was at 42oC n SOVo (v/v) formamide, 5x Denha¡dt's solution

(100x Denha¡dt's is l%o (w/v) polyvinylpynolidone, l%o (wft) BSA and llo (vfu) ficoll),

0.1m9/ml denatured salmon speÍn, 0.17o (w/v) SDS and 5x SSPE (20X SSPE is 3M NaCl,

0.2M Na2PO4.H2O, 0.02M EDTA). Blots were washed at a final temperarure of 50oC in

O.lVo (vlv) SSPE N.lVo (w/v) SDS and exposed to X-ray film (Konica) at -80oC with 2

intensifying screens. Radioactively labelled ma¡ker RNA was also included on the Northern
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blot (0.24kÞ9.5kb RNA ladder, Bethesda, Research Laboratories, Gaithersburg, MD,

usA.).

2.4.3 cDNA Library Screening

A human lung frbroblast cell line (IMR 90) lambda gtl I cDNA librrary was a gift

from Dr. P. Morris, Adelaide Child¡en's Hospital, Adelaide, South Australia and was

originally purchased from Clontech Laboratories Inc., Palo Alto, CA., USA. (catalogue No.

HL101l). A single copy of the original library stock contained 2xl0ó phage. The library had

been amplified once by Dr.P. Morris.

Phage were incubated with Y1090 cells in L-broth (LB; 10gÂ bacto-tryptone, 59/l

bacto-yeast extract, 109Ä NaCl) for 20 minutes at 37oC They were mixed with 0.77o soft

agar in LB +0.27o maltose/l0mM MgSOa and poured as an overlay onto agarplates made

witlr the same medium. Plates were incubated for 7 houn at37oc. Phage were lifted onto

duplicate Plaquescreen frlters and crosslinked using a fixed dosage of ultraviolet light

(l20,000pJoules).

A otal of 5 x 105 plaques (approximately U4of the library prior to amplification)

were screened with two oligonucleotides on separate occasions (P29 and P30; see Chapter

6). Oligonucleotides were radiolabelled using 32p TdATP by kinasing (Sambrook et.al.,

1989). Filters were hybridized at 42oC in 5 x Denhardr's solurion ,0.l%o (v/v) SDS,

1.0 M Nacl,0.05 M Tris-HCl pH 7.5 and 100 pglml denaru¡ed salmon sperm DNA.

Nonspecific hybnidization was removed by 2x 30 min washes with 5 x SSC (l x =150 mM

NaCl, 15 mM sodium citrate pH 7.0), O.IVo (vlv) SDS at 42oC. For some oligonucleotides

filters were washed further at 50oC for 30 minutes. Filters were exposed to X-ray film
(Konica) for 2 to 3 days at -80oC with 2 intensifying screens.

2.4.4 Preparation of Lambda gtll DNA

Culrures of Y1090 bacteria were grown to O.D.6¡¡ 0.5 in 20ml LB+O.2Vo (w/v)

maltose, l0rnl{ MgClz. LamMa phage picked as plaques from library screening were eluted

into lml phage storage buffer (0.01M TrisCl p}l7.4,0.lM NaCl, 0.01M MgCl2, 0.05To

(w/v) gelatin) overnight at 4oC and 200p1were added to the Y1090 cultures. After 4 hours at

37oC lysis of bacteria had occured and a few drops of chloroform were added. The
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prcpamtions were RNase (2.5pg/ml) and DNase (2.5pg/ml) treared for I hour at 37oC and

pelleted at 12,0009,4oC. Pellets were resuspended in 5.7m1 NaCV3.0ml PEG 6000 (502o

wfu) for 2 hours at 4oC. l^amMa DNA was pelleted at 10,000 rpm for 20 minutes at 4oC

before resuspending in 500p1PSB and proteinase K tneatmenr (1.6mM EDTA, O.l6Vo (w/v)

SDS and 4ttùmlproteinase K at 65oC for 30 minutes). DNA was phenol exracred 3 times

and ethanol p,recipitated

2.4.5 Southern Blotting

Southern blotting of lambda gtl1 cDNA was performed as described in Sambrook

et. al. (1989). Briefly, DNA was separated on a lvo agarcseÆBE (90mM TrisCl pH g.3,

40mM borate,2.5mM EDTA) gel at 30m4. DNA was transfened to nylon membranes by

diffusion in l0 x SSC and cross-linked to the membrane by exposure to ultraviolet

irradiation (læ,000pJoules). Hybridization conditions were identical to those used in

library screening (section 2.4.3).

2.4.6 Preparation of DNA for Subcloning

Double stranded fragment and vector DNA was prepared for subcloning by

restriction endonuclease digestion. DNA fragments were separated on l%o (wlv)
agaroseÆBE gels and eluted either by cenrifugation at 50009 over siliconized glass wool or

electroelution into TE (25mM TrisCl pH8.0, 10mM EDTA) in dialysis tubing. DNA was

precipitated in ethanol after phenol extraction.

2.4.7 Ligations

Vector and fragment DNA were ligated at a molarratio of 1:3 in ligase buffer
(66mM TrisCl pH 7.6, 6.6 mM MgCl2, 66pM ATP) containing T4 DNA ligase (1 unit per

ligation) overnight at 14oC.

2.4.E Transformation of Bacteria

Cultures of b teria were grown up overnight at3Tocin LB containing antibiotics

when appropriate. A subculture of these bac ria were grotvn to an O.D.o00 of 0.6, placed

on ice for one hour and then pelleted. Cells were resuspended in 50mI\{ CaCl2,

sOmÀ'I MgClz and left on ice for 30 minutes. After repelleting the cells were resuspended in
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80 mM CaCl2. Ligated DNA (l to 10pg) was added to comp€tent cells at37oC for 30

minutes. Cells werc heat shocked at 42oC for 90 seconds, on ice for 5 minuæs, at room

temperatue 5 minutes and were finally spread over agar plates (made from LB containing

appropriate antibiotics). Plates were incubated overnight at 37oC.

2.4,9 Preparation of Double Stranded Plasmid DNA

Overnight 2ml culrures of bacteria transformed with plasmid DNA were pelleted at

60009 for I minute. Cells were resuspended in I volume 25mM TrisCl pH8.0, 10 mM

EDTA,50 mM glucose and2 volumes of 0.2M HaOHlO.lTo SDS and incubated on ice for 5

minutes. Sodium acetate (1.5 volumes of 3M solution pH 5.2) was added for 5 minutes on

ice and the mixture was centrifuged for 30 minutes at 4"C. DNA in the supernatant was

phenol extracted and ethanol precipitated.

2.4.10 Preparation of Single Stranded Plasm¡d DNA

Cultu¡es of transformed XLI-B cells in zYT (16gll bacto-tryptone, l0g/l bacto-yeast

extract, 5glt NaCl) containing temcycline (lOpg,/ml) were grown to an O.D.6¡¡ of 0.5

before inoculating with the helper phage Ml3K07. Cultu¡es \ilere grown for 2 hours ú37oC

and for a further 18 houn at37oc in the presence of kanamycin (70p9,/ml). Phage particles

were precipitated from culture supernatants in the presence of 700mM NaCV5.57o PEG

6000 at 12,0009 for l0 minutes. The pellet was resuspended in TE, extracted with phenol

and single sranded DNA was precipitated with ethanol.

2.4.1L DNA Sequencing

DNA was sequenced either by the single stranded sequencing method of Sanger er.

al. (1977) or double stranded DNA sequencing described by Chen and Seeburg (1985).

Both methods involved the synthesis of DNA with either cr-[3sS]-dATP or o-[3zP]-dATP

using the Sequenase sequencing kit (United States Biochemical Corporation, Clevland,

Ohio, U.S.A.) or the Klenow sequencing kit from Bresatec Pry. Ltd., Adelaide, South

Ausralia.

Reactions were separated at 1600mA on 6Vo polyacrylamide gels (acrylamide:bis,

19:1) containing 8M urea in TBE buffer. Gels were dried following washing with
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l27o acettc acid and 207o e¡hanol to remove the urea and exposed to X-ray film (Konica) at

room tempefaturc.

2.5 COMPUTER PROGRAMMBS

Homology searches were made by screening the GENBANK (release 67.0,l99I),

EMBL (release 20, 1989), National Biomedical Resea¡ch Foundation (NBRÐ protein

identification rcsea¡ch (release 23,1989) and nucleic acid (release 36, 1990) databases. The

collection of programmes from the Genetics computing Group of the University of

Wisconsin @evereux et. a1.,1984) were used for database searches, in particular with the

V/ORDSEARCH and FASTA prograrnmes which identify sequences simila¡ to query

sequences in the databases using the V/ilbur and Lipman (1983) and the Pearson and Lipman

(1988) style searches, respectively. Localized protein sequence simila¡ities were also

identified using SEQHP @ayhoff et. a1.,1978; Goad and Kanehisa, 1982) from the

ANALYSEQ suite of programmes (Staden, 1982).

Chromatographs were produced from printed oulput using a digitiser (Houston

Instruments) and AutoCAD (Autodesk Inc.). Word processing and typesetting were

performed on an IBM compatible personal computer and on a Mactinosh SE personal

computer using Word venions 5.00 and 4.00 A respectively (Microsoft Corporation).

Diagrams, gaphs and tables were produced using MacDraw II (Claris), Cricket Graph

(ClariÐ and Excel (Microsoft Corporation). Protein models shown in Chapter 1 were

constn¡cted with the Insight II programme (Biosym Technologies Inc., San Diego, CA,

usA., 1990).
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CHAPTER 3

CLASSIFICATION OF IGFBPS ACCORDING TO
IGF.BINDING SPECIFICITIES



3.1 INTRODUCTION

The IGFs are members of a family of proteins generally termed growth factors,

which act to stimulate growth throughout all stages of development and regulate growth and

differentiation in regenerating tissues (Heldin and V/estermark, 1989). IGFs a¡e unusual in

that their action appears to be modulated by a family of binding proteins. In contrast, carrier

proteins or binding proteins do not apparently play a role in the action of well cha¡acterized

$owth factors such as platelet-derived growth factor, epidermal growth factor, fibroblast

growth facüors, nerve growth factor, uansforming growth factors s and p and the

interleukins or colony-stimulatin g factors.

IGFs a¡e, however, not unique peptides in their association with binding proteins.

Some hormones exist in the circulation bound to ca¡rier proteins. Indeed $owth hormone

(GH), which regulates the production of IGFs, has a specific carrier protein. However, the

canierlbinding protein regulation of IGFs is extremely complex in comparison with the

actions of the GH carrier and other hormonal carrier proteins (thyroid hormone, testosterone

and corticosteroid carrier proteins, for example). There are up to six IcF-binding species in

adult human serum as identified by V/estern ligand bloning. At the cornmencement of this

study we were aware of the numben of binding proteins in serum but little was known

about the lGF-binding capabilities of the individual binding proteins.

In the ea¡liest studies identifying the existence of lGF-binding proteins a methd was

developed for the separation of radiolabelled IGF complexed to IGFBP from unbound IGF.

The method involved the adso¡ption of unbound IGF to activated cha¡coal (Zapf et. al.,

1975a). After modification of the original methd the competitive binding assays were

developed, using increasing amounts of IGF to compete with iodinated peptide for binding

to IGFBPs (Zapf et. aI., 1971: Schalch et. al., 1978). Both Zapf et. al. (1978) and Rechler

et. al. (1980) demonstrated the relative binding of serum binding proteins to IGF-I and

IGF-II in humans and rats, respectively. In both cases serum, representing a pool of

different binding proteins, bound IGF-II with greater potency than IGF-I.

Binoux et. al. (1982) were the first to demonstrate that serum contained a mixture of

IGF-binding proteins which could be identified not only by their size but also thei¡ relative
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IGF-binding. The serum of adult humans was separated on Sephadex G200 into two pools

containing the large and small molecular weight binding proteins. Each pool was subjected

to competitive binding assays using purifred IGF-I or IGF-tr as radioligands and competing

ligands. Two distinct binding patterns were revealed. In addition, a comparison of normal

human adult serum with fetal human serum demonsrated nvo binding patterns resulting

from the different binding proteins in the two sera. In contrast to adult serum, fetal serum

contains predominantly the smaller molecular weight binding proteins @'Ercole et. aL,

1980).

The competitive binding assay has been used in the analysis of binding proteins in

other body fluids and culrure medium of cell lines or organ cultures in an attempt to analyze

the relative binding of these mixtures of binding proteins. For example, the binding pattern

derived from cerebrospinal fluid (CSF) is very similar to that of the small molecular weight

senrm binding proteins (Binoux et. al.,1982; Hossenlopp et. a1.,1986) but the serum-free

culture medium of bovine vascula¡ endothelial cells binds IGF-I to a grcater extent than

IGF-II (Bar er. a|.,1987). These relative binding patterns reflect the combined binding

abilities of all binding components of the conditioned medium, body fluid or senrm rather

than the individual binding protein inpur

As different isolates of purified binding proteins were reported there was much need

for cla¡ification of their nomenclature and classification. The purified binding proteins were

distinguished purely on the basis of size as some confusion a¡ose from the comparison of
Nterminal sequences of limited length. Hossenlopp et. al. (1986) had attempted to adapt the

Western ligand blot technique to measure the IGF-binding of individual IGFBPs in serum

but without success.

It was not until purified IGFBPs were available that the marked differences in IGF-

binding between various binding proteins became evident However, discrepancies arose

between va¡ious resea¡ch groups. For example, rat IGF-II (MSA) wars2.5%o as potent as

IGF-I in displacing iodinated IGF from the placental protein 12 (human IGFBP-I,

hIGFBP-I) purified by Riwos et. al. (1988). Using the sameprotein Baxrer et. al. (1987)

reported that IGF-II was 607o as potent as IGF-I in competitive binding assays. The

differences may have been due to the different preparations of IGFs and binding proæins
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used in the assays. Also Baxter et. al. (1987) noted that, unlike IGFBP-2 and IGFBp-3, the

IGF-IGFBP-I complex is panially absorbed by charcoal and therefore rhe charcoal binding

assay is not appropriate for this IGFBP. lnstead they used an anribody/polyethylene glycol

separation method. Despite the variation of IGF-binding reports, the preliminary information

suggested significant differences between the IGFBP isolated at the time.

The aim of this study was to identify and compare the IGF-binding patærns of three

binding proteins available at the time (human amniotic fluid binding proæin now called

hIGFBP-I, bovine kidney cell (MDBK) binding protein or bIGFBP-2 and the human serum

binding protein, hIGFBP-3). The assays were performed under standa¡dized conditions to

clarify reports of different binding patterns of va¡ious isolates of the same protein, as

mentioned above. Using this information I aimed thereby to assist in the identification of one

binding protein from another.

A unique oppornrnity was also available at the time of this study to test the ability of
the three IGFBPs to bind des-(l-3)-IGF-1. Our group had purified a truncated variant of
IGF-I from bovine colostrum (Francis et. a1.,1986) and it has also been isolated from adult

and fetal human brain, porcine uterine tissue and platelets (Carlsson-Skwirut et. al.,1986;
sara er. al., 1986; ogasawara et. al., 1989; Karey et. a1.,1989). The variant showed an

enhanced biological activity over the full length IGF-I (Francis et. al.,l988b; Sara et. al.,

1986) and an explanation was sought for this phenomenon. As des-(l-3)-IGF-1 exhibited a

nearly identical receptor binding to IGF-I @allard et. al., L987) a solution was sought in the

binding of des-(I-3)-IGF-l to binding proteins. As a result the enhanced biological activity

of the IGF-I va¡iant has been explained. Classification of binding proteins on this basis has

allowed not only the distinction of one t)?e of binding protein from another but also

speculation on the functions of individual binding proteins.
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3.2 RESULTS AND DISCUSSION

3.2.1 Competition binding assays with IGF-I and IGF-II as competing
ligands

Competition binding assays performed in this chapter were based on the method for
charcoal separation of unbound IGF from IGF-binding protein complexes as described in

Szabo et. aI. (1988) and see section 2.2.1. Assays were performed in collaboration with

L. Szabo. As mentioned above, Baxter et. al. (1987) experienced some difficulty in the

separation of IGF complexed to hIGFBP-1 from unbound IGF, as they demonsmred a

nonspecific adsorption of the complex to charcoal. This phenomenon also arose in our hands

and prompted us to use antibody sepilation with polyethylene glycol precipitation.

In order to standa¡dize the IGFs used as ligand in the competition assays, each

peptide \ryas measured by high performance liquid chromarography (HpLC) againsr a

weighed amount of recombinant human IGF-I (rhIGF-I), as weighable amounts of IGF-tr

and des-(l-3)-IGF-l were unavailable at the time. I assumed that the absorbances at 215 nm

of the same amounts of IGF-I,IGF-II and des-(1-3)-IGF-1 were equivalent.

Initially each binding protein tested in these assays was titrated against IGF-I and

IGF-tr Facers to determine the amount of binding protein which bound at least 30 Vo of the

tracer (see Figure 3.1). The amounts chosen for the following assays were 2.5 ng

hIGFBP-1, 10 ng bIGFBP-2 and 1.0 ng hIGFBP-3 for the IGF-I rracer and 2.5 ng

hIGFBP-1, 2.0 ng bIGFBP-2 and 1.0 ng hIGFBP-3 for the IGF-II tracer.

The three binding proteins (hIGFBP-I, bIGFBP-2, hIGFBP-3) were tested for their

IGF-binding characteristics using rhIGF-I tracer. Bovine IGF-tr (bIGF-tr) competed at

slightly lower concenÛations than rhIGF-I for binding to hIGFBp-l @gure 3.2a),

bIGFBP-2 (Figure 3.2b) and hIGFBP-3 (Figure 3.2c).

With bIGF-II tracer a ma¡ked difference between bIGFBP-2 and the other binding

proteins was evident. Bovine IGF-tr competed 40 fold better than rhIGF-I for binding to

bIGFBP-2 this time (Figure 3.3b). In contrast, competition for hIGFBP-l (Figure 3.3a) and
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hIGFBP-3 (Figure 3.3c) remained simila¡ to the panern seen for rhIGF-I racer with a

slightly better binding of bIGF-II than rhIGF-I.

To establish that the IGF-binding patterns observed with rhIGF-I and bIGF-tr as

competing ligands were not a result of a species specifîc interaction of the ligands with the

three binding proteins or a difference in the natu¡al form of IGF-I versus rhIGF-I, the

competition assays were repeated using preparations of IGF from various species.

Human IGF-II was assayed in parallel with bIGF-tr and the results a¡e shown in

Figures 3.2arrd 3.3. With all three binding proteins and both the rhIGF-I and bIGF-II

tracers there was an identical binding pattern for hIGF-II and bIGF-tr. Furthermore, oIGF-I

and oIGF-II exhibited the same binding potencies as rhIGF-I and bIGF-II using rhIGF-I

and bIGF-II tracers in bIGFBP-2 competition assays (see Figure 3.4).

Another series of assays (Figure 3.5) was performed with hIGF-I and hIGF-tr as

tracers rather than rhIGF-I and bIGF-II tracers. These assays were performed in

collaboration with Dr. R. C. Baxter, Camperdown, NSW, Ausnalia. Using hIGF-I,

hIGF-tr and bIGF-tr as competing ligands in bIGFBP-2 competition assays there was

essentially no difference in the binding patterns for bIGFBP-2 (compare Figure 3.5a with

3.2b and Figure 3.5b with 3.3b).

Comparisons of the amino acid sequences of the different forms of IGF-I and IGF-tr

used in these assays indicates significant homology between species. Ovine and human

IGFI have identical sequences. Bovine and human IGF-tr differ by only three residues in

the C domain. Ovine and bovine IGF-II differ by only one residue in the A domain.

Conservation of sequences maintains a structural homology between isolates of IGFs from
different species resulting in similar competition for binding ro the three IGFBPs used in the

assays described above.

My binding patterns confirmed the previous reports of Baxter et. aI. (1987) and

Martin and Baxter (1986) for hIGFBP-I and hIGFBP-3 respecrively. Baxter and Manin
(1987) obtained simila¡ competition for binding to rat IGFBP-3 ro that shown here for
binding to hIGFBP-3. Sequence data now available indicates subsrantial amino acid
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homology of IGFBPs between species. It is likely that isolates of IGFBP l, 2 and 3 from

different species will behave similarly in competition binding assays as a result of

maintenance of structural homology. IGFBP-3 may, however, be an exception as it is

glycosylated. Alterations in glycosylation may alter the interaction with IGFs. In fact

recently a small difference in des-(l-3)-IGF-1 binding has been noted benpeen hIGFBP-3

and ovine IGFBP-3 in competition binding assays (Walton et. al.,l99l). Whether this

attributable to glycosylation at this stage has not been esublished, however, there is

significant homology between the N-terminal sequences of the IGFBP-3 isolates of the two

species. In contrast, relative binding of IGF-I and IGF-tr to porcine IGFBP-3, which is also

glycosylated, is essentially the same as to hIGFBP-3 (S/alton et. a\.,1989).

The difference between the binding patterns of bIGFBP-2 with úIGF-I tracer versus

bIGF-tr tracer probably results from two factors. Most likely, IGFBP-2 interacts with both

IGF-I and IGF-tr at a common binding site but the binding of IGF-II incorporates another

part of the bIGFBP-2 structure which does not interact witÌr IGF-I. A greater affrnity for

IGF-II results (Figure 3.2b with IGF-I tracer). The second factor affecting bIGFBP-2

binding results from iodination of IGF-II. A greater difference is observed between the

IGF-I and IGF-tr competition for binding to IGFBP-2 using IGF-II tracer rather than IGF-I.

The effect of iodination on binding to binding proteins has been recently addressed

by Moss et. al. (1991). The different interaction of bIGFBP-2 with ovine IGF-II (oIGF-tr)

compared *i¡¡ 127 I oIGF-II was described, using either human IGF-I (hIGF-I) or hIGF-II

as Eacers. T}rsl27I oIGF-tr was 2.5 and 5 fold less potent than noniodinated oIGF-tr in

each respective competitive binding assay. The result of iodination of IGF-tr was, therefore,

to decrease binding to bIGFBP-2.

The tyrosine involved in the change in binding upon iodination was determined with

further experiments analyzing the distribution of 1251 i¡ iodinated IGF-tr in the presence or

absence of bIGFBP-2. It was concluded that Tyr59 is either directly involved in IGFBP

binding or lies in a region of the IGF-tr structure enveloped by bIGFBP-2 binding (Moss er.

al.,l99l).
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Although ¡r" 127 I iodination studies have not been extended to IGF-I, it appears

from my competition studies that there is not as dramatic an effect of iodination on IGF-I

binding when comparing the competition curyes with iodinated IGF-I and IGF-II (Figures

3.2 and 3.3) using IGF-I as the competing ligand for all three binding proteins.

rüith this information we can conclude that the iodination of IGF-tr results in a

reduction in binding to bIGFBP-2. However, this effect does not totally account for the

increased potency of IGF-II in bIGFBP-2 competition assays. A preference for IGF-tr

binding by bIGFBP-2 still exists.

3.2.2 Competition binding assays with des-(f-3)-IGF-I as the competing

ligand

The second aspect of this study was to determine which binding proteins bind rhe

truncated form of IGF-I, des-(1-3)-IGF-1. Very different binding patterns were found when

des-(1-3)-IGF-l was tested with each binding protein (Figures 3.2 and 3.3). V/irh borh

rhIGF-I and bIGF-tr tracers there was linle or no detectable competition of the synthetic

des-(1-3)-IGF-l for bIGFBP-2 (Figures 3.2b and 3.3b). Up to 100 fold higher

concentrations of des-(l-3)-IGF-1 than rhIGF-I were needed for binding to be detected to

hIGFBP-I (Figures 3.2aand 3.3a). However, the variant was able to compete for binding

to hIGFBP-3 at just t\po to three fold higher concentrations than hIGF-I (Figures 3.2c and

3.3c).

Upon observation of the sriking differences between the three binding proteins with

respect to their ability to bind des-(l-3)-IGF-l I defined three binding protein classes.

Firstly, the large molecula¡ weight bindiqg protein, hIGFBP-3 (38-43 kDa), is able to bind

des-(1-3)-IGF-l whereas the smaller binding proteins, hIGFBP-1 and bIGFBP-2, bind

des'(1-3)-IGF-1 weakly, if at all. The distinction between the smaller molecula¡ weight

binding proteins is based on the preference of bIGFBP-2 to bind IGF-tr over IGF-I and is

facilitated by the ma¡ked affect of iodination of IGF-tr on the interaction with bIGFBP-2.

That is, bIGFBP-2 can be distinguished by its enhanced binding to IGF-II in the presence of

iodinated IGF-tr and its inability to bind des-(1-3)-IGF-1.
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The th¡ee binding classes defined in this study have been used in the classification of
a novel binding protein, the He[39]L binding protein (see Chapter 5 and Forbes et. al.

1990). It has similar binding characteristics to bIGFBP-2 which suggesrs that alteration to

IGF-tr through iodination can also affect the binding to binding proteins than other

bIGFBP-2. It also confirms that there are at least th¡ee IGF-binding patrems exhibited by

IGFBk and the classification may be useful in the characterization of novel binding

proteins.

These results implicated the first three amino acids of IGF-I as being crucial in the

binding to the small molecular weight binding proteins. A systematic study of the effect of
sequential truncation of IGF-I up to residue 5 established that the removal of Glu at position

3 destroys binding to small binding proteins (Bagley et. a1.,1989). Other approaches have

also implicated this residue in binding to IGFBPs. Bayne et. al. (1988) produced a muranr of
IGF-I having the residues Gln and Ala at positions three and four (normally occupied by Glu

and Thr). There was a reduction in binding to acid stable serum binding proteins but not to

the extent demonstrated in this study. The residues in positions 3 and 4 are highlighted in the

Figure 1.4. As the acid stable serum binding proteins most likely represent a mixture of large

and srnall molecular weight binding proteins the reduction in binding must in part reflect the

inability of this analogue to bind to the small IGFBPs. As reviewed in section L.2.17

mutation of the B chain of IGF-I disrupts binding to all IGFBPs (DeVroede et. a1.,1985;

Cascieri et.aI.,1988b). Therefore, the B region is likely to be involved in the binding to all

binding proteins with the N-terminal amino acid at position 3 being particularly imponant in

binding to small molecular binding proteins.

The large molecular weight binding proteins a¡e the major carrier proteins of IGF in

the circulation and have been shown to increase the half life of IGF-I in clea¡ance studies

(Kaufinann et. al.,1977). Similarly, after infusion of ras with des-(1-3)-IGF-1 the small

proportion which was bound to free carrier in rat serum remained whereas unbound

des-(l-3)-IGF-1 was rapidly clea¡ed (Ballard et. al.,199la). The des-(l-3)-IGF-l initialty
in the bound form was, however, cleared at a faster rate than IGF-I. This is probably a

reflection of the fact that des-(l-3)-IGF-l is bound by IGFBP-3 with slightly less potency

than IGF-I indicated by the competition assays above.
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In the same clea¡ance studies levels of des-(l-3)-IGF-1, IGF-I and IGF-II were

measured in va¡ious organs and tissues of the infused rats. Interestingly, des-(1-3)-lGF-l

remained in higher levels than IGF-I and IGF-II in the adrenals, brain and gur organs

whereas the opposite pattern \ryas seen in the blood. Receptor levels are unlikely to account

for the differences in IGF-I and des-(l-3)-IGF-1 levels in these tissues as both peptides have

the same receptor binding characteristics (Ballard et. a|.,1987). However, as demonstrated

in this chapter, des-(1-3FIGF-1 binds to binding proteins with less potency than IGF-I (if at

all) and is, therefore, more readily available to bind to receptors. Hence the higher levels of

des-(1-3)-IGF-l in those tissues.

The fact that only certain tissues in the des-(l-3)-IGF-l clearance study had higher

levels of des-(l-3)-IcF-l bound to receptors than IGF-I must be a ¡eflection of the types of

binding proteins in those tissues. The enhanced biological activity of des-(1-3)-IGF-1 in

vitro is due to ttre inabiliry of the smaller binding proteins to bind des-(1-3)-IGF-1. Ross ¿r.

a/. (1989) have confirmed this with an ínvitro model based on a cell line which does not

produce IGFBPs. On addition of bIGFBP-2 and des-(1-3)-IGF-l an enhanced response

was seen in comparison with the response to IGF-I. However, it has not as yet been

established whether the small molecula¡ weight binding proteins predominate in the adrenals,

brain and gut of ras.

To understand the control mechanisms allowing IGFs to bind to IGF receptors in

particular tissues it will be necessary to determine which types of IGFBPs a¡e found in the

different tissues. Currently we have mo indicators of the rypes of binding proteins found in

different tissues. Fintly, lymph has been analysed to determine which binding proteins are

found within tissues in general. Some reports indicate relatively low levels of the large

molecular weight carrier in lymph, in particular in human (Binoux and Hossenlopp, 1988)

and sheep lymph (Lord et. al., 1991). In contrast, similar levels of IGFBP-3 are present in

rat lymph and serum (Gargosþ et. a1.,1990c). In the human at leasr, the low levels of
IGFBP-3 in lymph suggest that the small molecular weight binding proreins modulate the

action of IGFs within the tissues whereas IGFBP-3 and the large binding protein complex

are important in IGF ci¡culation.
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Secondly, cell lines or organ cultures have been shown to produce a range of
differcntly sized binding species. Analysis of medium conditioned by cells lines may provide

useful information about the types of binding proteins produced by different tissues. In the

following chaptøs I will describe the cha¡acterization of IGF binding proteins produced by

various human fibroblast cell lines, in particular ttre He[39]L embryonic lung ñbroblæts.
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Figure 3.1: Determination of binding protein binding capacity

Increasing a¡nounts of binding protein were incubated with either A ThIGFI

tracer or B bIGF-II tracer. Separation of IGF-binding protein complexes

from unbound IGF was achieved by charcoal adsorption (section 2.2.L) or

in the case of hIGFBP-1 by PEG precipitation of antibody A2-IGFBP-2

complexes (scction 2.2.2). Human IGFBP-3 curves are represented by the

squares (o), bIGFBP-2 by the ci¡cles (O) and hIGFBP-1 by the triangles

(a). The amount of tracer bound by a given amount of binding protein is

expressed as a percentage of the total number of counts added. The

nonspecific background (57o for IGF-I tracer and t|Vo for IGF-tr tracer)

was not subfacted. Standa¡d elrofs are shown where the error exceeds the

size of the symbols used.
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Figure 3.2: Competition binding assays with rhIGF'I tracer and
three binding Proteins

Competition for binding to various binding proteins was with rhIGF-I

(o), bIGF-II ( o ), hIGF-II ( o ) and des-(1-3)-IGF-l ( r ) as competing

ligands. rhIGF-I was a gift from Drs. H. H. Peær and K. Scheibili, Ciba-

Geigy, Basle, switzerland. syntheúc des-(1-3)-IGF-l was prepared as

previously described (Balla¡d et ø1.,1987), bIGF-tr was purified by the

method of Francis et al. (1988b) and hIGF-tr was from Dr. R. C. Baxter,

Camberdown, NSW, Australia.

The competition by increasing amounts of ligand is expressed as a

percentrage of the total number of counts bound in the absence of ligand

(Bo). Nonspecific background (NSB) measured in the absence of binding

protein and ligand was not subfacted. Standa¡d deviations are shown for

curves with rhIGF-I and afe fepresentative of the error for each curve. The

same assays \#ere performed wice.

A. Binding to hIGFBP-1 (2.5 ng)

B. Binding to bIGFBP-2 (10 ng)

C. Binding to hIGFBP-3 (1 ng)

Bo=357o
Bo= 3LVo

Bo= 58Vo

NSB = 5.27o

NSB = 7.17o

NSB = 6.27o
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Figure 3.3: competition binding assays with bIGF-II tracer and
three binding Proteins

Competition for binding to various binding proteins was with rhIGF-I

(o), bIGF-II ( o ), hIGF-tr ( O ) an¿ des-(1-3)-IGF-1 ( r ) as competing

ligands. rhIGF-I was a gift from Drs. H. H. Peter and K. Scheibili, Ciba-

Geigy, Basle, switzerland. synthetic des-(1-3)-IGF-1 was prepared as

previously described (Ballard et a1.,1987), bIGF-tr was purified by the

method of Francis et aI. (L988b) and hIGF-tr was from Dr. R. C. Ba¡rter,

Camberdown, NSVy', Australia'

The competition by increasing amounts of ligand is expressed as a

percentage of the total number of counts bound in the absence of ligand

(B). Nonspecific background (NSB) measured in the absence of binding

protein and ligand was not subtracted. Standa¡d deviations are shown for

curves with rhIGF-I and afe fepresentative of the error for each curve. The

same experiment has been performed twice.

A. Binding to hIGFBP-1 (2.5 ng)

B. Binding to bIGFBP-2 (2.0 ng)

C. Binding to hIGFBP-3 (1 ng)

Bo=357o
Br--30vo
Bo= 50Vo

NSB = 107o

NSB = 6.47o

NSB = 117o
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Figure 3.4: Competition by ovine IGFs for binding to bIGFBP'2

Competition for binding to bIGFBP-2 was with rhIGF-I (o), bICF-tr
(o), ovine IGF-I (r) and ovine IGF-tr (o) as competing ligands.

rhIGF-I was a gift from Drs. H. H. Peter and K. Scheibili, Ciba-Geigy,

Basle, Switzerland. bIGF-II was purified by the method of Francis ¿r ¿/.

(1988b) and ovine IGF-I and IGF-II were purif,red as previously described

(Fran cls et al., 1989a).

The competition by increasing amounts of ligand is expressed as a

percentage of ttre total number of counts bound in the absence of ligand

(Bo). Nonspecific background (NSB) measured in the absence of binding

protein and ligand is not subnacted. Standa¡d deviations (ba¡s) are shown

for curves with rhIGF-I and are representative of the error for each curve.

These assays were rePeated twice.

A. Binding to bIGFBP-2 (10ng) and rhIGF-I tracer

Bo = 28.6Vo NSB = 6.47o

B. Binding to bIGFBP-2 (2ng) and bIGF-tr tracer

Bo = 577o, NSB = 7.77o
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Figure 3.5: Competition binding to bIGFBP'} human with IGF
ligands and tracers

Competition for binding to bIGFBP-2 was with rhIGF-I (o), hIGF-II (o)

and bIGF-tr (o) as competing ligands. hIGF-I and hIGF-II were purified

as previously described (Baxter and De Mellow (1986) and bIGF-II was

purified by the method of Francis ¿r ¿l' (1988b)'

The competition by increasing amounts of ligand is expressed as a

pofcentage of the total number of counts bound in the absence of ligand

(Bo). Nonspecifrc background (NSB) measured in the absence of binding

protein and ligand is not subuacted. Standa¡d deviations (bars) are shown

for curves with rhIGF-I and afe representative of the error for each curve'

These assays were rePeated twice.

A Binding to bIGFBP-2 (5ng) with hIGF-I tracer

Bo= 27jflo NSB = 7.77o

B. Binding to bIGFBP-2 (5ng) with hIGF-II tracer

Bo= 45.74o NSB = l2.2%o
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CHAPTER 4

CHARACTERIZ^TION OF IGFBPs PRODUCED
BY HUMAN FIBROBLASTS



4.I INTRODUCTION

Culn¡¡ed cells have not only been used as sources for binding protein purification but

as in vitro models for the study of IGFs and binding proteins. Several aspects have been

approached in the determination of the role binding proteins in the modulation of IGF action.

Firstly, serum-free conditioned media of cells from different tissues have been analyzed to

determine the types of binding proteins produced in particular tissues. Usually cultured cells

produce a variety of binding proteins but often there is preferential expression of one species

of IGFBP. For example, Western ligand blotting detects only a single IGF-binding species

in human hepatoma (Hep G2) cells (Conover and læe, 1990) and rat calvarial osteoblasts

(Gargosky et. al., 1990c).

A second use for cultured cells has been as an experimental system in the

determination of factors which influence the production of binding proteins. Growth

stimulaton, inhibitors, hormones and nutrients have been added or removed from cell

culture media and the binding protein production monitored.

Insulin has been shown to inhibit IGFBP-l production in vitro (I-ewin and Baxter,

1989; Conover and I-ee, 1990), an effect which is observed in vivo upon induction of

hyperinsulinemia in diabetic and normal patients (Suikkari et. a1.,1988). The same effect of

insulin was reported for IGFBP-2 production (Böni-Schnetzler et. a|.,1990). Conversely,

insulin has a stimulatory affect on other binding proteins in rabbit articular chondroc¡es

(Froger-Gaillud et. a1.,1989). Several other factors including epidermal growth factor

(EGÐ, esmdiol and platelet derived growth factor (PDGF) can both stimulate and inhibit

binding protein production in different cell cultwe systems (Mondschein et. a1.,1990;

Conover (1990); Conover et. a1.,1989; Pinzani et. a1.,1990).

Model systems have been used to analyze the effect of binding proteins on IGF

action. Fib,roblass have been the predominant cell type to be used in experiments involved in

the analysis of IGF-binding protein interactions. Knauer and Smith (1980) and Ross et. aI.

(1989) have demonsmted an inhibitory effect of binding proteins on the action of IGF using

chicken embryo fibroblasts, a cell type that does not produce binding proteins. However,

Clemmons et. aI. (1986) and De Vroede et. al. (1986) demonstrated an enhancement of the

effects of IGF on skin fibroblasts by binding proteins in the presence of platelet-poor
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plasma. De Mellow and Baxter (1988) also reported an enhancement of IGF action
following preincubation of fibroblasrs wirh IGFBp-3.

Until the last year linle was known about the binding proteins produced by
fibnoblasts even though many studies had involved fibroblasts. Human skin fibroblass had
been not only shown to secrete IGFs but were able to respond to IGF and had both type 1

and type 2 receptors (Adams et. a1.,1984). The skin fibroblass secreted several binding
proteins (Conover et' a\.,1989), one of which was immunologically related to hIGFBp-3
(Martin and Baxter, 1988). Lung fibroblass produced binding proteins but the nature of
these IGFBPs was not known (Adams et. al.,l9g4).

C-onsidering that fîbroblasts have been used extensively in several studies of effects
of binding proteins on IGF action, I chose to underrake a detailed analysis of the He[39]L
cell line with respect to its binding proteins, IGF production, IGF receptor binding and
biological response to IGFs. The aim was to provide more information about the types of
binding proteins produced by human lung f,rbroblasts and fib,r,oblasts in general and to
identify which facton may affect the production of those binding proteins.

4.2 RESULTS AND DISCUSSION

4.2.1 competition binding assays with fibrobrast conditioned media

My first approach to the analysis of the He[39]L binding proteins was ro analyze the
competition binding of binding proteins in He[39]L conditioned medium. The method for
the cha¡coal binding assay is described in section z.z.l.Assays were performed with
rhIGF-I and bIGF-II tracers with competing IGF-I, IGF-tr and des-(l-3)-IcF-l (Figures
4'la and 4.2a). The binding pattern of He[39]L conditioned medium was then compared
with the patterns derived from conditioned media of four other human fibroblast cell lines to
deærurine whether the same binding proteins are produced by all human fibnoblasts (Figures
4.1 and 4.2).

The sriking result of the competition binding assays was that four of the five
fibroblast cell lines assayed exhibited similar binding parterns. Embryonic lung fibroblass
(WI 38)' SV 4O-transformed IMR 90 fibroblasts (Ag 280a) and skin fîbroblasts (SFl972)

55



all produced binding proteins which competed in a similar manner to He[39]L embryonic

lung fibroblast binding proteins (Figures 4.1 and 4.2).

The binding patterns of IMR 90 conditioned medium \ryere, however, very different.

This was not only with respect to competition by rhIGF-I and bIGF-II but also in the

des-(1-3)-IGF-1 competition curves. Vy'hereas the He[39]L cells produced binding proteins

which bind IGF-I and IGF-II with equal potency using IGF-I tracer (Figure 4.la),IGF-I

competed for the binding proteins of IMR 90 cells at lower concentrations than IGF-tr

(Figure 4.lb). Using IGF-I tracer, competition by des-(l-3)-IcF-l occurred at similar

concentrations in both cell lines (Figures 4.la and b).

In contrast, with IGF-tr mcer there was little competition by des-(1-3)-IGF-1 using

He[39]L conditioned medium (Figure 4.2a) but significant competition with IMR 90

conditioned medium (Figure 4.2b). Again, the competition curves with IGF-I and IGF-tr

were quite different. IGF-II competed with 20 fold greater potency than IGF-I in He[39]L

competition curves but both had simila¡ potency in IMR 90 competition curves @gures 4.2a

and b). These results indicate va¡iation in competition binding assay patterns between the

three embryonic lung fibroblasts, He[39]L,IVI38 and SF 1972.

A report by Adams et. al. (1984) indicates that va¡iation also exists between different

isolates of skin fibroblasts. Their skin frbroblast conditioned medium exhibited a different

binding pattern to the SF 1972 conditioned medium assayed in this srudy. Using either

IGF-I or IGF-tr Eacers, IGF-tr had greater potency in thei¡ competition assays than IGF-I.

Unlike the He[39]L and SF 1972 binding proteins which exhibited the preferential binding

of IGF-tr in the presence of IGF-II tracer (partially a result of iodination, as described in

chapter 3) the skin fib¡oblasts assayed by Adams et. al. (1984) did not exhibit this

characteristic. Instead IGF-tr competed bener in assays with IGF-I tracer.

The overall results of the competitive binding assays suggest that all fibroblasts

assayed, except IMR 90 cells, produce the same binding proteins leading to similar binding

patterns. He[39]L cells produce binding proteins which preferentially bind IGF-tr compared

to IGF-I and in the presence of IGF-I tracer they bind des-(I-3)-IGF-1. As noted in

Chapter 3 this assay demonstrates the sum IGF-binding capaciúes of all binding proteins in
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the conditioned media and, therefore, I would predict the production of a simila¡ array of

binding proteins by the cells exhibiting the same binding prof,rles.

4.2.2 Western ligand blotting of fibroblast conditioned medium

A more precise method for analysis of conditioned medium for the determination of

the binding species was adopted to determine whether the prediction was correct that similar

cell types pnrduce simila¡ binding proteins. The technique is the Vy'estern ligand blot fust

described by Hossenlopp et. ¿/. (1986) and described in section 2.2.10.

Figure 4.3a shows a Western ligand blot of the lGF-binding species of the 5 cell

lines described above in competitive binding assays. A striking similarity was seen between

the binding patterns of all of the fibroblasts. He[39]L cells mainly produced so called "small

molecular weight" binding proteins and there were barely detectable levels of binding protein

of the same size as IGFBP-3 (46-52 kDa in Figure 4.3a). All the fibroblasts tested produced

very small amounts of IGFBP-3.

In He[39]L conditioned medium there were three IGF-binding species o125,29 and

34 kDa as measured on the blot of Figure 4.3a. A 34 kDa binding protein was found in each

of the fibroblast media and the 25 kDa binding protein appeared also to be commonly

produced.

1\e29 kDa species in He[39]L conditioned medium was also present in IMR 90,

WI38 and SF 1972 (very small amounts) conditioned media. This band on the ligand blot

corresponded in size with hIGFBP-I n¡n as a standard on the same gel. Ag28M cells did

not produce this binding protein. By Northern analysis Conover et. al. (1989) failed to

detect IGFBP- I production by a number of different culrured human fibroblasts. Therefore I

can not assume that the band migrating at the same position as IGFBP-I is in fact the same

binding protein.

An immunoblotprobed with an antibody raised against bIGFBP-2 revealed that none

of the fibroblast cell lines produced proteins which could cross react with the antibody (see

Figrre 4.3b). Unfortunately, human IGFBP-2 was not available as a standard on these blots
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but purified bIGFBP-2 was detected by the antibody. The bIGFBP-2 antibody has

previously been shown to cross react with IGFBP-2 of other species (Upton et. a1.,1990).

WI 38 human embryonic lung fibroblasts were previously shown to produce binding

proteins with the molecular weight of approximately 45 kDa as determined by acid gel

chromatography (Atkinson ¿f. a/., 1980) but further cha¡acterization of these IGFBPs has

not be€n reported. The ligand blot presented in this report showed that these cells differ from

the two other human embryonic lung fibroblast cells, He[39]L and IMR 90, as WI38 cells

produced an additional lGF-binding species of approximately 3l kDa (Figure 4.3a). The

extra IGF-binding species may possibly be a breakdown product of IGFBP-3. A binding

species migrating in a similar position in skin fibroblast conditioned medium has recently

been proven to be a fragment of IGFBP-3 (Martin and Baxter, 1990). Alternatively, it may

be a novel binding protein. It is difhcult to speculate on the narure of the binding species on

the basis of size alone as different IGFBPs may migrate to the same extenl

Western ligand blotting of fibroblast conditioned media has essentially confrmed the

prediction made above that fib,roblasts exhibiting simila¡ competitive binding assay profiles

may produce the same binding proteins. He[39]L, WI 38 and SF l9T2binding proteins

have greatest similarity, with the extra binding protein produced by WI 38 cells not changing

the overall binding capability of WI38 conditioned medium when compa¡ed with He[39]L

conditioned medium.

In confast, the IMR 90 cells appear to produce the same types of binding proteins as

He[39]L cells but the binding patterns are quite different. There are several reasons rhe

different binding pattern might occur. Firstly, the IMR 90 cells may produce different

binding proteins to those of He[39]L cells but this is not evident by comparison of size.

However, the SV 40-transformed IMR 90 cells (Ag 280a) exhibit the same binding pattem

as He[39]L conditioned medium. The size of the binding proteins of the Ag28M a¡e also

simila¡ to He[39]L and IMR 90 binding proteins so it is reasonable to predict they are in fact

the same binding proteins. This suggests an alternative reason for the difference in binding

patterns.
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Another explanation may be that the IMR 90 cells are producing the same binding

proreins as both He[39]L and Ag 2804 cells but the relative concenrations of each binding

species is not the same. IMR 90 cells do secrete a higher proportion of 25 kDa binding

protein than the other cells. Alternatively, IMR 90 cells could secrete more IGF thereby

altering the relative prcportions of binding proteins not bound by exogenous IGFs and

available to interact with added IGF in the competition binding assays. Not until all binding

proteins of IMR 90 conditioned medium have been purified and characterized could we

compare the binding affinities of the individual binding proteins in conditioned medium.

Only then would we be able to speculate which are responsible for the total binding pattem

demonstrated in the competition binding assays.

It should be pointed out that several reports of the direct identification of binding

proteins in the conditioned media by ligand blotting or chemical cross-linking have also

revealed heterogeneity between various cell lines of the same cell type. Specifically, unlike

the skin fibroblasts mentioned in this study, the human skin fibroblasts described by Martin

and Baxter (1988) produced hIGFBP-3 (û-67 kDa) in quantities equalling those of the

small molecular weight binding proteins. Binding proteins of 37-43 kDa were present,

however, their skin fib'roblasts did not produce the equivalent of the 25 kDa species found in

all fibroblasts reported here. Clemmons ef. a/. (1986) also reported the production of

IGFBP-3 as the predominant IGF-binding species in human skin fibroblasts. Bovine skin

fibroblasts, howevet, did not produce IGFBP-3 (Conover, 1990).

It is not possible to say whether the differences between isolates a¡e indeed due to the

nature of the isolates or due to variation in cultu¡e conditions between laboratories.

However, in this study I conclude that all human fibroblasts analyzú on the basis of size

and competition binding assays (except IMR 90 cells in this respect) do produce a

remarkably simila¡ range of binding proteins.

Another comrþn cha¡acteristic of the fibroblass studied here is the relatively low

abundance ofbinding proteins in general. In each case the equivalent of 800 ¡tl of

conditioned medium was subjected to SDS-polyacrylamide gel electrophoresis. My

experience is that 100-300 pl of Hep G2 (Conover and Lee, 1990) or MDBK conditioned
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medium is sufficient to easily visualize the binding proteins of those cell lines by ligand

blotting.

4.2.3 IGF production by He[39]L cells

Not only do He[39]L cells produce relarively low amounts of binding protein

compared with cell lines used previously as sources for IGFBP purification but He[39]L

cells do not produce IGFs detectable under our radioimmunoassay (RIA measuring IGF-I;

section 2.2.4) and radioreceptor (RRA measuring IGF-tr; section 2.2.4) conditions

following acid gel chromatography of the conditioned mediurn Even when the medium was

concentrated 10 fold IGF was undetectable (measured by Dr.P. C. Owens and K. J.

Moyse, CSIRO Division of Human Nutrition, South Australia). The limits of detection of
the RIA and the RRA a¡e I lpg and 30pg respectively. These amounts are equivalent to a

concentrationof 27 and 78 pglfraction/ml medium assayed, respectively.

There a¡e several additional reports of measurement of ñbroblast production of IGF.

Atkinson et. al. (1980) measured approximately 0.2 nglrnl IGF-I in WI38 cell conditioned

medium whereas Clemmons et. al. (l98lb) measured slightly higher levels (15-20 ngmt).

Adams et. al. (1984) also measured low levels of IGF-I and IGF-tr produced by skin

fibroblasts, although one cell line failed to produce IGF-I. In addition, large molecular

weight þrecunor) forms of IGF-I have been purified from human skin fibroblasts (Conover

et. a1.,1989; Clemmons and Shaw, 1986). These forms may also be produced by He[39]L

cells but are possibly not detected by the antibody used in our R[4.

Altttough the He[39]L cells do not appear to be producing IGFs they have type I and

type2 receptors (Ballard et. a|.,1988) and a¡e able to bind both IGF-I and IGF-tr as

demonstrated in competitive radioreceptor assays (Figure 4.4 and section 2.2.3).Increasing

amounts of IGF-I or IGF-tr compete for binding by radiolabelled IGF-I to the type I
receptor. As seen for many other cell types, IGF-I binds only poorly to the We 2 receptor

and therefore competes poorly for radiolabelled IGF-tr binding to type 2 recepton.
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4.2.4 Hel39lL biological response to IGF

Despite the presence of IGF receptors, He[39]L cells respond poorly to IGFs in

protein synthesis assays (Figure 4.5; method in section 2.2.6).In fact they are only

stimulated by lWo FCS to l20Vo above basal levels of protein synthesis. In routine protein

synthesis assays using rat L6 myoblasts 10 7o FCS stimulates up to 3007o above conrol

levels and IGF-I stimulates up to 1507o @allard et. a1.,1986) . The lack of response to

IGFs by He[39]L cells suggests that He[39]L cell growth is stimulated by another rype of

growth promoter.

4.2.5 Stimulation of He[39]L binding protein production

A series of stimulation experiments using va¡ious peptides to measure the effect on

binding protein production demonstrated that IGFs can in fact stimulate IGFBP production

(see Figure 4.6). Production of a binding protein doublet of similar size to hIGFBP-3 was

stimulated by IGF-I and IGF-II, as was the production of 28-32 kDa binding proteins. It is

important to note that no va¡iation was measured in protein content of the diffenent

monolayers. By "increased production" f mean increased amounts are found in the

conditioned medium. I can not deduce from these experiments whether this is due to an

increased rate of synthesis of the protein, decreased breakdown or an increase in secretion

rate. Northern analysis of the mRNA encoding IGFBP-3 of stimulated and non-stimulated

cells would identify an effect on message levels (presumably corresponding to increased

IGFBP-3 synthesis).

The IGF-I variants, des-(l-3)-IGF-l and long R3 IGF-I, also stimulated rhe

production of the same binding proteins (Figure 4.6). l-ong R3 IGF-I is a recombinant form

of IGF-I with Arg at position 3 and a 13 amino acid extension peptide derived from the

N-terminal end of porcine growth hormone (pGH). Like des-(l-3)-IGF-1, it has

approximately 10 fold increased biological activity above IGF-I and binds extremely poorly

to all classes of IGFBPs (Francis et. al., 1991a). The effect of the variant IGF-I peptides on

binding protein production has not been previously reported.

6r



Since the va¡iants a¡e unable to bind the small molecular weight binding proteins it
would not be possible for the small membrane bound binding proteins detected on the

surface of He[39]L cells by chemical cross-linking @allard et. a|.,1988) to act as receptors

for the variants in signalling an increase in binding protein production. Therefore, since not

only des-(1-3)-ICF-1 and long R3 ICF-I but also IGF-I and IGF-II enhance the secretion of

the same binding proteins I conclude that all IGFs are acting via the IGF receptors to elicit

such an effect.

Thrailkil et. al. (1990) observed an inhibition of IGFBP-I production by human

decidual cells. Using a monoclonal antibody to the type I receptor (s-IR3) the action of

IGF-I was blocked, indicating a type 1 receptor mediated response. This experiment

suppoß my conclusion that an IGF-mediated effect on binding protein production is elicited

via the typ€ I receptor.

The IGF-I va¡ians actually do not stimulate binding protein production as efficiently

as the IGFs. There is a 1.5 fold difference in effect between the varians and IGF-I or

IGF-tr, determined by laser densitometry of IGFBP-3 on the ìùy'estern ligand blot of

Figure 4.6. This has been confirmed on tv/o subsequent occasions. Des-(1-3)-IGF-1 binds

to the type I receptors on rat L6 myoblasts with essentially the same affinity as IGF-I

(Ballard et. a|.,1987), which means that the 1.5 fold difference in abiliry ro stimulate

He[39]L binding protein production is not due to receptor binding. The difference between

IGF-I and des-(l-3)-IGF-l stimulation of binding protein production in He[39]L cells may

arise due to the abiliry of IGF-I to bind to He[39]L membrane-bound binding proteins in

addition to t)?e I receptors. Such membrane bound binding proteins ¿¡re not detectable on

L6 cells by chemical cross-linking (Ballard et. a\.,1986).

Some preliminary data from radioreceptor assays with IGF-I tracer suggest that

membrane-bound binding proteins do contribute to a higher degree of IGF-I versus

des-(1'3)-IGF-l binding to He[39]L cells (G. L. Francis and M. Ross, personal

communication, CSIRO Division of Human Nutrition, Adelaide).In support of this

observation, McCusker et. al. (1990) reported higher levels of binding of IGF-I than

¡q3naVt5¡l6l IGF-I to human fetal fibroblass. ¡q344yls¡161 IGF-I is a mutanr which is

simila¡ to des-(1-3)-IGF-l and long R3 IGF-I in that it has a substantially decreased abiliry
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to bind o binding proteins (Bayne et. a|.,1988; Cascieri et. a|.,1989). A difference in

receptor binding assays between IGF-I and [Q3A4yl5¡161 IGF-I was not detecæd in cells

lacking surface membnane bound binding proteins (McCusker et. a|.,1990). This is also

observed using L6 cells with IGF-I and des-(1-3)-IGF-l (Ballard et. a1.,1987).

Interestingly,long R3 IGF-I binds to type 1 receptors on L6 cells with 3-5 fold less

potency than IGF-I (Francis et. al.,l991b). Therefore, the slightly poorer effect on binding

protein production may partially be attributed to receptor binding in this case.

Insulin, which binds only poorly to the type I receptor and does not bind IGFBP,

does not have the same stimulatory effect on binding protein production as the IGFs. There

is a slight increase in the amount of 32 kDa binding protein in insulin-stimulated cells but no

IGFBP-3 is produced. From these experiments it is not possible to determine whether the

insulin elicits the effect of stimulation of the 32Y,Da binding protein by binding to IGF or

insulin receptors on the cell membranes of He[39]L cells.

Using simila¡ concentrations of insulin, Conover (1990) reported the stimulation of

IGFBP-3 by bovine fibroblasts. These cells were like He[39]L cells in that they had

undetectable IGF levels and did not express IGFBP-3 under normal culture conditions

(i.e. not stimulated). Therefore, the concenüations used in my stimulation experiments

should have been sufficient to stimulate IGFBP-3 production in He[39]L cells.

4.2.6 Stimulation of SF 1972 binding protein production

Stimulation experiments were repeated with skin fib'roblasts to establish whether the

effects seen on He[39]L binding protein production apply to fibroblass of ot]rer tissues. The

IGF-I,IGF-tr and IGF-I variants did behave in a similar manner in that IGFBP-3

production was increased in cells incubated with these peptides (Figure 4.7). The 28-32k<Da

binding proteins (corresponding to the29-34kDa binding proteins in Figure 4.3a) were also

stimulated by all IGF peptides. Again the effect of the variants wæ slightly smaller than with

the IGFs on two separate occaisons.

Unlike the He[39]L stimulation experiments, addition of IGFs to the culture medium

of SF 1972 cæ,lls caused a dramatic decrease in expression of the smallest 25 kÐa binding
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protein. A possible explanation for this may be that the 27 l,,Da protein is still being

expressed but IGFs have stimulated the production or activation of a specific protease,

resulting in degradation of that IGFBP. It is interesting, however, that the decrease in

27 kÐa IGFBP production coincides with increased IGFBP-3 production. Perhaps the

smaller binding protein is a fragment of IGFBP-3 and the presence of IGFs protects the

cleavage of IGFBP-3 by proteases.

It is also quite possible that in the skin fibroblass in particular there is a specific

mechanism for the regulation of the 25 kÐa IGFBP production by IGFs. Inhibition of

binding protein production is not unprecedented. Several examples of hormonafgrowth

factor suppression of binding protein production in tissue culture have been reported (Adashi

et. a1.,1990; Böni-Schnetzler et. a|.,1990; Smith et. a|.,1990; Simes et. a|.,1991). Until

the identity of the 25 kDa binding protein is known (by either direct protein sequencing or

cross-reaction with antibody di¡ected against a known binding protein) it is not possible to

determine the mechanism by which the IGFs are regulating its expression.

Insulin also had a different effect on skin fibroblast binding protein production. The

levels of the binding protein migrating to the same extent as hIGFBP-3 and lù'e28-32kÐa

binding proteins were slightly higher in skin fibroblasts stimulated by insulin. However, the

smallest binding protein (25 kDa) remained at the same levels as in conditioned medium of

unstimulated skin fibroblasts. This indicates a separate mechanism of stimulation by insulin

and perhaps suggests that insulin is acting via its own receptor rather than the type 1 IGF

receptor.

Further examples of stimulation experiments with fibroblasts have been reported. In

addition to the report of Conover (1990) demonstrating stimulation of IGFBP-3 production

by bovine fibroblasts, Manin and Baxter (1990) recorded a737o increase in IGFBP-3

production by human skin fibroblass after 72 hours incubation with IGF-I (50 ng/ml). The

same skin fibroblass produced higher concentrations of 29-31kDa binding proteins as

reported in my study. The effect of insulin was not included in their report. In addition,

mouse Swiss 3T3 fibroblasts, which mainly produce IGFBP-3, were stimulated to produce

more IGFBP-3 by IGF-I and not insulin (Corps and Brown, 1991).
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4.2.7 Stimulation of Binding Protein Production by Growth Factors and
Hormones

Having established the effect of IGFs and insulin on He[39]L cells I proceeded with

stimulation experiments using a range of growth promoters, peptide hormones and the

glucocorticoid, dexamethasone. These experiments were performed to further determine

factors influencing binding protein production in fibroblass. The levels of peptide or
glucocorticoid chosen to add to the He[39]L cells were based on levels previously shown to

have stimulatory effects on binding protein production, although to my knowledge FGF has

not tleen used in such studies before. IGF once again stimulated IGFBP-3 and 30-40 kDa

binding proteins in He[39]L cells (Figure 4.8). However, the other factors rested did not

alter the production of IGFBPs by He[39]L fibroblasts.

In humans, glucocorticoid excess is associated with growth reta¡dation (Blodgett er.

a1.,1956: Loeb, 1976). The mechanisms leading to retarded gowth have not been

determined. However, Luo et. al. (19%) have reported increased hepatic IGFBP-l pRNA

and IGFBP-I serum levels in dexamethasone treated rats. IGF-I levels remained unchanged

in these rats and therefore it was suggested that increased IGFBP-l levels may inhibit IGF

action and lead to decreased growth. In contrast, Gourmelen et. al. (1982) measured a

decrease in serum IGF-binding activity in patients with Cushing's Syndrome receiving

glucocorticoid treaunent.

In viro experiments with dexamethasone have also produced a confusing picture of
the role of this glucocorticoid in regulation of binding protein production. Concentrations of
dexamethasone ( I ¡tM) equivalen t to ph ysiolo gical concentrations of corticosterone

stimulated IGFBP-1 in H4-II-E rat hepatoma cells (Orlowski et. al.,l990b). Stimulation of
these cells was not only at the mRNA level detected by Northern analysis but also at the

protein level (Western ligand blot). The same levels of dexamethasone were used in

stimulation experiments in Figure 4.8. but had no significant effect on binding protein

production.

Several researchers have reported an inhibition of binding protein production in

response to dexamethasone. At one tenth of the dexamethasone,concentration used in this
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report many different cell types from several species, including human skin fibroblasts,

respond with decreased levels of IGFBP- 1 (McCusker and Clemmons, 1988; Conover ¿r.

al.,1989; Corps and Brown, 1991). Human fetal liver explants cultured in the presence of

3 pM dexamethasone also secreted lower levels of IGFBP-I than control cultures (Lewitt

and Baxter, 1989).

The effect of glucocorticoids on tissue culture cells and on the body remains unclea¡.

With different cell lines the response va¡ies. He[39]L cells do not rcspond to dexamethasone

in cultu¡e medium although the concentrations used in these experiments have previously

had effects on a number of cell types.

PDGF and EGF also did not cause any significant effects on production of binding

proteins by He[39]L cells @igure 4.8). PDGF has been shown to be stimulatory or have

negligible effects with regard to binding protein production (Pinzani et. a1.,1990; Conover

et. a1.,1989). Estrogen too had little effect on He[39]L binding protein production.

Interestingly, two other reports have measured increased IGFBP-3 production in vitro in

response to estrogen (Schmid et. al.,1989; Mondschein et. a1.,1990).

PDGF is a major mitogen in serum and is believed to play a prominent role in wound

heating @oss et. a|.,1986).Its mitogenic action has been investigated extensively in mouse

Swiss 3T3 fibroblasts (Rozengurt, 1986). Human fibroblasts respond to PDGF by an

increased production of IGF (Clemmons et. al ., 198 I b) *'hich may account for some of the

wound healing properties of PDGF. The lack of response of He[39]L hbroblasts and human

skin frbroblasts (Conover et. a1.,1989) with respect to binding protein production may play

a role in the action of PDGF making increasing levels of IGF available to receptors.

EGF has been reported to stimulate IGFBP-3 production in a number of different

fibroblasts including human skin fibroblasts (Martin and Baxter, 1988; Mondschein et. al.,

1990; Corps and Brown, 1991), although bovine fibroblasts were unaffected (Conover,

1990). IGFBP-3 levels remained virtually undetectable in He[39]L incubated wirh EGF.

Similarly FGF had no affect on binding protein production by He[39]L cells.
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It appears from the stimulation experiments with a range of growth factors and

hormones that IGFs have the most pronounced affect on He[39]L binding protein

production. The lack of response to other $owth factors and hormones used in these

experiments rnay be a function of the respective cell surface receptors but the abundance of
growtlì factor/hormone receptors on He[39]L cells is yet to be investigated.

Using information from the cha¡acterization of He[39]L cells it is possible to

speculate on the mechanisms involved in the modulation of IGF action by fibroblasts in the

lung. I envisage that He[39]L fibroblasts are stimulated to grow by some other growrh

promoter than ICF. However, if IGF is produced by neighbouring cells or is transported

into lung tissues it would stimulate the production of the major ca¡rier protein, IGFBP-3,

and some of the other smaller molecular weight binding proteins. Release of He[39]L

binding proteins into the extracellular space may have the function of sequestering IGF for

the stimulation of IGF responsive cells in the lung and so have a role in the paracrine action

of IGF. In n¡rn the elevated levels of IGFBP-3 may enhance the action of IGF on He[39JL

cells, as preincubation of human skin fibroblasts with IGFBP-3 has previously been shown

to enha¡ce the response of those cells to IGF-I @e Mellow and Baxter, l98B).
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Figure 4.t: competition binding assays with fibroblast
conditoned media and rhIGF'I tracer

Competition for binding to conditioned media was performed with

increasing amounts of rhIGF-I ( o ), bIGF-II (o) and des-(l-3)-IGF-1

(r). The rhIGF-I and des-(1-3)-IGF-1 were from GroPep Pty. Ltd.,

South Australia and bIGF-II was a gift from Monsanto Company, St
Louis, MO, U.S.A

Competition is expressed as a percentage of the number of counts bound by

conditioned medium in the absence of competing ligand (Bo). Nonspecific

binding (NSB) measured in the absence of conditioned medium and

competing ligand was subtracted. Competition assays were performed at

least twice and each point on the curves represents the mean of duplicates.

Standa¡d deviations (ba¡s) afe shown for rhIGF-I curves and a¡e

representative of the errors for all competing ligands.

A. Binding to He[39]L conditioned medium (50p1). Bo = 767o,

NSB = 2O 7o

B. Binding to IMR 90 conditioned medium (lsttl). Bo=707o,

NSB = 12.87o

C. Binding to Ag 2804 conditioned medium (15p1). Bo = SlVo,

NSB = l2.8%o

D. Binding to SF 19?2 condtioned medium (lspl). Bo = 40.77o,

NSB = l8.2%o

E. Binding to WI 38 conditioned medium (50p1). Bo = 69.37o,

NSB = 207o

He[39]L cells
IMR 90 cells

Ag 28M cells
SF 1972 cells
WI38 cells

human embryonic lung fibroblass
human embryonic lung fibroblass
SV 40-transformed IMR 90 cells

human skin fibroblasts

human embryonic lung fibroblasts
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Figure 4.22 Competition binding assays with flrbroblast
conditoned media and bIGF-II tracer

Competition for binding to conditioned media was performed with increasing

amounts of rhIGF-I (o), bIGF-II (o) and des-(l-3)-IcF-l (r). The

rhIGF-I and des-(1-3)-IGF-l were from GroPep Pty. Ltd., South Australia

and recombinant bIGF-II was a gift from Monsanto Company, St. I-ouis,

MO, U.S.A.

Competition is expressed as a percentage of the number of counts bound by

condiúoned medium in the absence of competing ligand (Bo). Nonspecific

binding (NSB) measured in the absence of conditioned medium and

competing ligand was subtracted. Competition assays were performed at least

twice and each point on the curves represents the mean of duplicates.

Standa¡d deviations (bars) a¡e shown for rhIGF-I curves and a¡e

representative of the errors for all competing ligands.

A. Binding to He[39]L conditioned medium (15p1).

NSB = 23.4 7o

Bo= 52Vo,

B. Binding to IMR 90 conditioned medium (50p1)

NSB = 23.4Vo

Bo= 40Vo,

C. Binding to Ag 2804 conditioned medium (l5pl). Bo = 57 -77o,

NSB = 23.47o

D. Binding to SF lgT2condrioned medium (15p1).

NSB = 2O.2Vo

Bo= 53Vo,

Binding to WI38 conditioned medium (50p1).

NSB = 2O.2Vo

Bo= 54'7Vo,E

He[39]L cells

IMR 90 cells

Ag 2804 cells

SF 1972 cells
WI38 cells

human embryonic lung fibroblasts

human embryonic lung fibroblasts

SV 4O-transformed IMR 90 cells

human skin fibroblass
human embryonic lung fibroblass
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Figure 4.32 Analysis of fibroblast binding proteins

A. Fibroblast conditioned medium was concentrated using Centricon

microconcentrators prior to separation on 12.5 Vo nort-rducing SDS-

polyacrylamide gels. 800ttl equivalent of each conditioned medium was

analyzed for the presence of lGF-binding protein by rüestern ligand

blotting (section 2.2.11) following transfer to nitrocellulose. Filters were

probed *¡¡ 125¡ IGF-tr (106 cpm/frlter) and exposed to autoradiograph

film for 2 days.

I-a¡les

I Purihed hIGFBP-1 (l0ng)
2 Purified bIGFBP-2 (10ng)

3 Purified hIGFBP-3 (25ng)

4 He[39]L conditioned medium

5 IMR 90 conditioned medium

6 Ag 28ùl conditioned medium

7 WI38 conditoned medium

8 SF L972 conditioned medium

The migration of molecular weight standa¡ds is indicated by arrows.

B. ttre same filter in a) was probed with an antibody dire¡ted against

bIGFBP-2 (l/100, overnight at4oCi see section 2.2.11).
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Figure 4.42 Competitive He[39]L radioreceptor assays

Increasing amounts of competing ligand were added in the presence of A
rhIGF-I tracer and B bIGF-II tracer and binding to He[39]L IGF cell

membrane receptors was measu¡ed. Competing rhIGF-I (o) was from

GroPep Pty. Ltd., South Australia and bIGF-II (l) was a gift from

Monsanto Company, St. Louis, MO, U.S.A. Binding to receptors was

measured after overnight at 4oC. Competition is expressed as a percentage

of the counts bound in the absence of competing ligand. Each point on the

competition curves represents mean of triplicate wells. Standard enors afe

shown where the error exceeds the size of the symbols on the curves. In

both IGF-I and IGF-tr radioreceptor assays insulin (500ng) did not

compete for receptor binding.
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Figure 4.5: Biological response of He[39]L cells to IGF-I. Protein

synthesis assays were used to measure the biological response of

He[39]L cells to IGF-I as described in section 2.2.5. Cells were

incubated overnight in the presence of 100 ng/ml rhIGF-I (Gropep

Pty. Ltd., Adelaide, South Australia) or l0%o fetal calf serum (FCS).

Control wells contained serum-free medium only. The incorporation

of 3[H] leucine into newly synthesized proteins was measured and

the results were expressed as a percentage of the counts incorporated

where I007o represents the incorporation into control cells.



Figure 4.62 Stimulation of He[39]L binding protein production
by IGFs and insulin

He[39]L cells were grown to confluence before washing in serum-free

medium to remove endogenous binding proteins. Peptides in serum-free

medium were added to the washed cells for 48 hours. Medium was

collected, concentrated and then sepafated on 12.5 7o SDS polyacrylamide

gels (800p1 equivalentÂane). Proteins were transferred to nitrocellulose

which was probed with bIGF-II tracer (10ó cpm/filter) and exposed to

autoradiograph film for 3 days. These experiments were repeated 3 times.

Recombinant peptides were from GroPep Pty Ltd., South Australia except

for recombinant bIGF-tr, a gift from Monsanto Company, St. [,ouis, MO,

U.S.A, and insulin (Commonwealth serum laboratories, Melbourne,

Australia)

He[39]L cells incubated with serum-free medium

IGF-I (100ng/ml)

IGF-II (lO0ne/ml)

Des-( 1-3)-IGF- I ( 1O0ndml)

Long R3 IGF-I (lO0ng/ml)

Insulin (500ne/ml)

The extent of migration of molecular weight standa¡ds Qeft) and purified

binding proteins (right) is indicated by arrows.
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4
5

6
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Figure 4.7 z Stimulation of SF 1972 binding protein production
by IGFs and insulin

SF 1972 cells were grown to confluence before washing in serum-free

medium to remove endogenous binding proteins. Peptides in serum-free

medium were added to the washed cells for 48 hours. Medium was

collected, concentrated and then separated on 12.5 7o SDS polyacrylamide

gels (800p1 equivalenllane). Proteins were transferred to nitrocellulose

which was probed with bIGF-II tracer (1ú cpm/frlter) and exposed to

autoradiograph frlm for 4 days. These experiments were performed t'vice.

Recombinant peptides were from GroPep Pty. Ltd., South Australia except

for recombinant bIGF-II, a gift from Monsanto Company, St. l,ouis, MO,

U.S.A, and insulin (Commonwealth Serum Laboratories, Melbourne,

Australia).

SF 1972 cells incubated with serum-free medium

IGF-I (100ng/ml)

IGF-II (100ng/ml)

Des-( I -3)-IGF- I ( 100ng/ml)

l,ong R3 IGF-I (100ng/ml)

Insulin (500ng/ml)

The extent of migration of molecular weight standards Qeft) and purified

binding proteins (right) is indicated by arrows.
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Figure 4.8: Stimulation of He[39]L binding protein production
by growth promoters and glucocorticoid

Confluent He[39]L cell monolayers were incubated in the presence of
various growth facton, dexamethasone and estrogen using the procedure

as described in section 2.2.8 and in Figures 4.6 and 4.7. Conditioned
medium was collected after a 48 hour incubation, concentrated and

sep¿ìrated on 12.57o SDS polyacrylamide gels. Proteins were transferred

to nitrocellulose which was probed *i¡t l2sl IGF-II (10ó cpm/frlter) and

exposed to autoradiograph film for 3 days. These experiments were

performed nvice.

I-anes

I He[39]L cells incubated with serum-free medium

2 IGF-I (100ng/ml)

3 Epidermal growth factor (30n9/ml)

4 Fibroblast growth factor (3Ong/ml)

5 Platelet-derived growth factor (3Ong/rnl)

6 Dexamethasone (lpM)
7 Estrogen (10nM)

The extent of migration of molecular weight markers is indicated by

alrows.
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CHAPTER 5

PURIFICATION AND CHARACTERTZATTON OF
He[39]L IGFBPs



5.I INTRODUCTION

Befo¡e the commencement of this study an observation was made in or¡r laboratory

which formed the basis for the present investigation. A comparative study was conducted

using the serum-free, conditioned media from a variety of cell lines in competitive cha¡coal

binding assays. The human lung fibroblast cell tine (FIe[39]L) produced binding proteins

which behaved differently in those assays to the binding proteins of the cell lines formerly

used in IGFBP purification, namely the human hepatoma cell line (Hep G2) and the bovine

kidney cell line (MDBK). Like cerebrospinal fluid binding proteins @inoux et. a1.,1986),

He[39]L conditioned medium preferentially bound IGF-II compared with IGF-I. On the

basis of that observation the He[39]L cell line seemed to be a likely source of novel binding

proteins.

The serum-f¡ee conditioned medium of culrured cells containing binding proteins has

been used as an abundant sor¡rce for purification of several IGFBPs. Moses et. al. (1979)

frst identified rat liver cells (BRL 3A) as producers of small molecular weight binding

proteins in a comparative study of rat serum and BRL 3A serum-free conditioned medium.

These cells were later the source of rat IGFBP-2 (Mottola et. a1.,1986; Lyons and Smith,

1986; Romanus et. a1.,1987). Human hepatoma cells (Hep G2) were shown to secrete high

levels of IGF binding protein (Moses et. al., 1983) and IGFBP-1 was subsequently purified

from the serum-free medium of these cells (Povoa et. a1.,1985).

More recently, tlre bovine form of IGFBP-2 was isolated from bovine kidney cells

(MDBK, Szabo et. a1.,1988), mouse Swiss 3T3 cells were the source of IGFBP-3 (Blat el.

aI.,l989U 1989b) and IGFBP-4 was isolated from human osteocarcinoma cells (1889,

Mohan et. a1.,1989). Apart from the earliest purification methods, all binding proteins have

been purified using IGF affrnity chromatography. The approach I undertook to isolate novel

binding proteins from the serum-free conditioned medium of He[39]L cells was based on the

method used for the purification of bIGFBP-2 developed in our laboratory (Szabo et. al.,

1988) and also involved IGF affinity chromatography.

The aim of the study outlined in this chapter \üas to purify novel binding proteins

from the serum-free conditioned medium of He[39]L cells. One of the two binding proteins

puriñed was charactenzú,on an immunological basis as well as by size, relative binding
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affinity and lectin affinity chromatography. The isolation and description of novel binding

proteins will ultimately result in adding to or¡r knowledge of the types of binding proteins

produced by cultured cells and human embryonic lung fibroblasts in particular.

5.2 RESULTS

A flow chart in Figure 5.lA outlines the steps taken in the purification of He[39]L

binding proteins and the detailed method is described in section 2.3. I will fint discuss the

purification of the He[39]L binding protein which I have extensively characterized.

5.2.1 PurifÏcation of the 32 kDa He[39]L binding protein

Following acidification serum-free He[39]L conditioned medium was applied to an

S-Sepharose cation exchange column. Binding protein activity was monitored throughout

the purification by cha¡coal binding assays and by interference in receptor binding assays

(see sections2.2.l and2.2.3). Active fractions eluted from the cation exchange column

bet'ween 0.25M and 0.8M ammonium acetate using a linea¡ gradient of 0.05M to

lM ammonium acetate (pH 6.G7.5). They were pooled and directly applied to an IGF-I

afFrnity column. Binding protein was specifically eluted with 0.5M acetic acid.

The final purification step involving reverse phase high performance liquid

chromatography (rpHPLC) analysis of the He[39]L binding protein resulted in a single peak

eluting at approximately 28Vo acetonitrile in0.l%o trifluoroacetic acid (Figure 5.1B.i). The

maximum binding protein activity coincided with the protein peak (Absorbance = 215nm;

Figure 5.18.ü). Approximately 60 pg of the32 kDa He[39]L binding protein were purified

from a 15 litre purification of He[39]L conditioned medium.

The TpFlPlC-purified protein was sepamted on a l57o non¡educing SDS-

polyacrylamide gel into th¡ee bands as detected by silver staining (see section 2.2.9 and

Figure 5.2). The major species was estimated as having the molecular weight of 32,000 and

the two minor bands were 20,000 and 16,000.

Using a method termed electroblotting (Matsudaira, 1987; described in section 2.3.5)

the He[39]L binding protein was separated on a nonreducing gel and transferred to a

polyvinylidene difluoride membrane (PVDF). The32 kDa protein on the PVDF was placed

directly in the sample chamber of an Applied Biosystems 470 A Sequenator. This method
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COLLECT SERUM-FREE CONDITIONED
MEDIUM FROM He[39]L CELL FACTORY

ACIDIFY AND FILTER He[39]L
CONDITIONED MEDIUM

CATION EXCHANGE CHROMATOGRAPHY

S-Sepharose,50mM to lM ammonium acetate
gradient (pH 6.0 to 7.5)

IGF AFFINITY CHROMATOGRAPHY
elution with 0.5M acetic acid

REVERSE PHASE HPLC
20 to 40 7o acetoîitrrlel0.l%o TFA gradient

LYOPHILTTF AND STOREAT -80 C

Figure 5.14: Steps in purification of Het39ll, binding proteins. The series of

chromatography steps used in the purification of He[39]L binding proteins æe shown. The

detailed method of purification is described in section 2.3. Following each step fracrions

collected were assayed using charcoal binding and radioreceptor binding assays described in

sections 2.2.1 and 2.2.3 respctively.
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has two distinct advantages over the traditional sequencing methods. Firstly, it allowed me

to sequence the major binding protein species without the presence of the smaller proteins.

Also sequences can be derived from 20 pmoles of protein rather than 100 pmoles used in

more traditional methods with this sequencer.

The He[39]L protein yielded an N-terminal sequence of 22 amno acids (Figure 5.3).

Two of the22 residues were not identified (positions 13 and 17). The lack of signal

suggests thæ these may represent cysteine residues. The yields of phenylthiehydantoin

(PITI)-amino acids in each round of a second sequencing experiment is shown in
Figure 5.4. This sequence confirmed the first 22 amino acids sequenced and yielded a the

sequence of a further 3 amino acids.

\ilhen the He[39]L binding protein 'was transferred to PVDF for sequencing a second

membrane was placed behind the one applied to the sequenc€r. A small proportion of the

protein transferred to this second membrane. After V/estern ligand blotting the major 32kÐa
band was shown to bind IGF-tr Eacer. The smaller molecula¡ weight fragments did not bind

IGF (data not shown).

The second amino acid sequence described above was derived from the mixture of all

three He[39]L proteins. Neither sequence had contamination by other sequences implying

that the three bands obtained after separation on SDS-polyacrylamide gels most probably had

identical N+erminal sequences or possibly that the two smaller species were N-terminally

blocked and therefore did not sequence. If the smaller peptides in the 321ÐaHe[39]L
binding protein preparation are indeed breakdown products they must arise from C-terminal

Euncanon.

5.2.2 Characterization of the 32 kDa He[39]L binding protein

The He[39]L binding protein was compared with other binding proteins by Western

ligand blot (described in section 2.2.11and Figure 5.5). Clearly this protein differs in size

(32 kDa) from hIGFBP-1 (28 kDa), bIGFBP-2 (3a kDa) and hIGFBp-3 (41.5 kDa and

38.5 lrDa). It is important to point out that the32kDa He[39]L binding protein described in

this chapter is the same protein described as being 34kÐa in Chapter, Figure 4.3a,

identified by Western ligand blotting in He[39]L conditioned medium. The difference in

sizes arises due to different elecrophoresis set ups used in these separate experiments.

70



lmmunoblotting (see section 2.2.11and Figure 5.6) showed that an anribody raised

against bIGFBP-2 did not cross-react with He[39]L conditioned medium. purif,red

bIGFBP-2 did c¡oss-react with the antibody and is shown in lane 2 Figure 5.6. The

antibody also identifies the same protein in MDBK conditioned medium (Upton et. al.,
1990), which was the original source for purification of bIGFBP-2 (Szabo et. al.,l9Sg).
The amount of He[39]L conditioned medium bloned (800p1) was sufficienr for the detection

of binding proteins by Western ligand blotting.

Furthermore, in immunoprecipitation experiments the Het3gll binding protein did
not cross-react with either the antibody raised against bIGFBP-2 or another antibody

directed to hIGFBP-1 (method in section 2.2.2; see Figure 5.7). These results suggest thar

He[39]L binding protein is unrelated to both IGFBP-l and IGFBp-2.

Northern analysis (section 2.4.2) was performed with He[39]L and MDBK total

cellular RNA (Figure 5.8) by Ms Z. Upton. A snong signal was seen wittr MDBK RNA
when the Northem transfer was probed with a 1.2 kb bIGFBP-2 cDNA probe (Upton er.

a1.,1990). However, the He[39]L RNA did not contain sequences complemenrary ro

IGFBP-2 cDNA as no signal was seen on the same Northern blot, even after extended

exposure of 2 weeks.

l-ectin affinity chromatography (section2.2.12) was used to analyze the He[39]L
binding protein for glycosylation. Binding protein was loaded and the column was washed

in load buffer prior to elution. Fractions containing binding protein were identified by

cha¡coal binding assay. Using wheat germ agglutinin the He[39]L binding protein was

shown to be glycosylated (Figure 5.9). Porcine IGFBP-3 also bound to the same lectin.

A second lectin, concanavalin A, which also detects N-linked glycosylation, failed to
bind the He[39]L binding protein. However, porcine IGFBP-3 did bind ro concanavalin A
and was specifically eluted with 0.5 M cr-D-mannopyranoside. Neither hIGFBp-l or
bIGFBP-2 bound to wheat germ or concanavalin A columns.

Further characterization of the He[39]L binding protein was on t]re basis of relative
IGF-binding affinity @gure 5.10). Competition binding assays wereperfomred with the
various forms of IGF,IGF-I,IGF-II and des-(r-3)-IGF-1, as compering ligands using
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rhIGF-I and bIGF-tI tracers. l,ower concentrations of IGF-II were needed for the same

extent of competition achieved with IGF-I using IGF-I tracer. Five fold less binding protein

was used in competition assays with IGF-II racer and even lower concentrations of IGF-II

were needed to give the same degree of competition as IGF-I. Des-(l-3)-IGF-l did not

compete significantly for binding with either rracer.

5.2.3 Purification o1 l7-19 kDa binding protein

Several observations were made in refining the method for the purification of the

321<DaHe[39]L binding protein. Initially the purification procedure involved the use of an

IGF-tr affinity column also used in the purification of bIGFBP-2 (Szabo et. al.,l98S) rather

than the ICF-I column described above. The original purification resulted in a single

apparcntly pure protein peak as analysed by rpHPLC. The N-terminal peptide sequence,

however, indicated the presence of more than one peptide. An attempt was made in the

following purification to separate the two proteins which \¡/ere apparently very simila¡ as

they both eluted from the IGF-II afhniry column and had similar hydrophobicities.

Two detection methods were used throughout He[39]L binding protein purifications.

These were the charcoal binding assay and the radioreceptor assay. The laner detects binding

protein as it interferes with the binding of IGF to IGF receptors. Most interestingly, in the

original purification the leading fractions of the binding protein peak following rpHpLC

separation were active only in the radioreceptor assay and not in the cha¡coal binding assay.

The rest of the fractions were active in both assays. In this respecr the 17- 19 kDa He[39]L

binding protein is simila¡ to IGFBP-I in that both a¡e undetectable by charcoal binding

assay.

Following a particularly shallow acetonitrildO.l%o TTA gradient I was able to

separate the fractions containing the 17-l9kDa He[39]L binding protein acrive only in the

radioreceptor assay @igure 5.1l). The protein was sequenced using conventional

sequencing techniques rather than electobloning. The sequence is shown in Figure S.l2.In
fact two sequences were present in the peptide preparation. The yields of the pTH-

derivatized amino acids in each round of sequencing are shown in Figure 5.13. The

sequence with slightly lower yields appeared to be a tn¡ncated form of the more abundant

peptide but lacked 3 amino acids at the N-terminus.
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Analysis of the protein by silver staining showed üat it was in fact separated into
two species of 17.5 and 19 kDa (Figure 5.14). Unforn¡naæly, further analysis of the pepride
was not possible. Upon storage the binding protein was degraded and lost lGF-binding
activity.

Subsequent purifications were canied out with an IGF-I affinity column in an

attempt to make the separation of the two binding protein species easier. The IGF-tr column
used in the initial purifications was rather old and had a much lower binding capacity than
the new column. Following purifications then yielded only the 32k<Dabinding protein.

5.3 DISCUSSION

Characterization of binding proteins is important in understanding the modulation of
IGF action as binding proteins have been shown to both inhibit and enhance the action of
IGF (Ross et. a1.,1989; Riwos et. al.,l9gg; clemmons er. al., 19g6). Th¡ee binding
proteins have been extensively characterized (IGFBP-I, IGFBP-2 andIGFBp-3) and cDNA
sequences have been determined from several species for each of these (reviewed in section
1.2). The genes for IGFBP-I,IGFBP-2 andIGFBP-3 have been isolated (Cubbage et. al.,
1989; Brown and Rechler, 1990; Cubbage et. a1.,1990; Ehrenborg et. a1.,1991). A fourth
binding protein (IGFBP-4) has recently been identified and cDNA clones have been isolated
(shimasaki et. al.,l990b; LaTour et. a1.,1990). This binding protein has not yet 6çen
characterized to the extent of the other three. Serum from humans and rats contain each of
these fou¡ binding proteins and they are also found in other body fluids. In this chapter I
have described the purification of two novel binding proteins which differ from IGFBps l,
2,3 and 4.

Three classes of binding protein have been previously defined on rhe basis of IGF-
binding affinity as demonstrated in competition binding assays @orbes et. al.,19gg and

chapter 3). The first class is represented by hIGFBP-3 which binds IGF-I and IGF-II with
equalpotency. The same competition seen with IGF-I and IGF-tr is achieved with nvo fold
higher concentrations of des-(l-3)-IGF- 1. Human IGFBP-l represents a second class of
binding protein where both IGF-I and IGF-II bind equally but des-(l-3)-IGF-1 is bound
poorly, if at all. The third class is represented by bIGFBP-2 which does not bind
des-(l-3)-IGF-1 and prefers IGF-tr. Competition assays described in this chapter
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(Figure 5.10) demonstrate that the S2kDaHe[39]L binding protein does not bind

des-(1-3ÞIGF-1 and has greater affrnity for IGF-II than IGF-I. In this respecr it is simila¡ to

bIGFBP-2.

Despite this similarity further analysis of the binding protein suggested that it is not

the human form of IGFBP-2. Both immunoblots and Northern analysis showed that the

32k'DaHe[39]L binding protein is unrelated to IGFBP-2. The antibody directed against

bIGFBP-2 only cross-reacted with bIGFBP-2 (Figure 5.6). This antiMy can not only

cross-react with bovine IGFBP-2 but has also been used to identify related proteins from

other species, in particula¡ in fetal rat semm and medium conditioned by rat liver cells,

BRL 3A (upton et. a\.,1990). However, the bIGFBP-2 antibody did not detect any

proteins in He[39]L conditioned medium, indicating that this protein is nor a human form of
IGFBP-2.

Similarly, a lt92 bp cDNA clone of bIGFBP-2 was used to probe a Northern blot

with 10 pg He[39]L total RNA and no hybridization was detected (Figure 5.8). However, a

single mRNA species (approximately 1.4 kb) was detected in total RNA from bovine kidney

cells (MDBK).

Immunoprecipitation experiments using polyclonal antibodies directed against

hIGFBP-I and bIGFBP-2 failed to cross-react with the 32 kDa He[39]L binding prorein

(Figure 5.8). This is further evidence that the He[39]L binding protein is not related to

bIGFBP-2. In addition, not only do the binding patterns of IGFBP-I and He[39]L binding

protein differ but they are also immunologically unrelated. Finally, all three proteins differ in

molecular weight (Figurc 5.5) as determined by \ù/estern ligand blotting.

Analysis of glycosylation revealed that both the 32kJ,aHe[39]L binding protein and

pIGFBP-3 are glycosylated. The He[39]L binding protein binds to wheat germ agglutinin

and pIGFBP-3 binds to both wheat germ agglutinin and concanavalin A @gure 5.9). This

indicates that the 32kÐaHe[39]L binding protein has N-acetyl glucosaminyl sugars but no

o-mannosyl sugars, whereas both are detected on the pIGFBP-3. Based on glycosylation,

relative binding affinities and size the two binding proteins are clearly un¡elated.

Lectin affrnity chromatography in this chapter supports cDNA sequence analysis of
pIGFBP-3 revealing 3 potential N-linked glycosylation sites (Shimasaki et. aL.,1990a).
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IGFBP-3 from other species are also glycosylated. Not only are the Het3gll binding prorein

and IGFBP-3 glycosylated but rat and human IGFBP-4 cDNA sequences encode one

potential N-linked glycosylation site (Shimasaki et. al.,l990b). IGFBP-l has no N-linked

sites but has 5 potential O-linked sites @rinkman et. a/., 1988a). In contrast,IGFBp-2 has

neither N- nor O-linked glycosylations. Neither IGFBP-I nor IGFBP-2 bound to wheat

germ agglutinin or concanavalin A.

N-terminal protein sequencing revealed that the 32 Y,ÐaHe[39]L binding protein has

a unique amino acid sequence (Figure 5.3). A computer search, including the GENBANK
(release 67,1991), National Biomedical Research Foundation protein identification resource

(release 21, 1989) and nucleic acid (release 36, 1990) databases, revealed no significant

homology to other proteins, in particular rhe type I and type 2 IGF receprors.

An outstanding feature of the binding proteins sequenced before the isolation of the

32tr,Ða binding protein was the conservation of 18 cysteines across all sequences for
IGFBP-1, IGFBP-2, IGFBP-3 and IGFBP-4 from va¡ious species. Two residues of the

He[39]L sequence have not been identified but are suspected to be cysteines. However,

these do not align with the cysteines of sequences of these four well cha¡acterized binding

proteins (see Figure 5.3). Glycosylated Asn or Thr residues are often undetectable in the

analysis of sequence data and could account for unassigned residues. However, this is

unlikely in the case of the He[39]L sequence as no glycosylation motifs (Asn-X-Ser/Thr for

N-linked glycosylation; Marshall, R. D., 1972) are evident in the sequence flanking the

unassigned residues.

Since isolation of the32 kDa He[39]L binding protein several additional N-terminal

sequences of the same protein have been reported (see Figure 5.15; Rogh ani et. al., 1989;

Martin et. a1.,1990; Tapf et. al.,l9X)a; And¡ess and Birnbaum, 1991; Shimasaki et. al.,

1991b). The transformed fibroblast binding protein CIFBP) described by Martin et. al.

(1990) and the cerebrospinal fluid binding protein (Roghani et. a1.,1989) exhibit essentially

the same properties as the 321<DaHe[39]L binding protein. Their isolates also show

preference for binding to IGF-II than IGF-I and do not bind des-(1-3)-IGF-1. The TFBp

cross-reacß with an antibody directed against hIGFBP-3 which is interesting when all of the

differences between the nvo binding proteins described in this chapter are ccinsidered. It is

75



possible that the antibody is directed against the glycosylated region of hIGFBP-3 and cross-

reaction with TFBP results from the common feature of glycosylation.

Figure 5.15 shows a comparison of sequences simila¡ to the 32lrÐaHe[39]L

binding protein and highlighs the heterogeneity between these. Considerable va¡iation is

seen in the amino acids corresponding to the first and fifth residues of the He[39]L binding

protein s€quence. lnterestingly, although both the TFBP and human serum protein

sequences were derived from carboxymethylated protein (Manin et. aI.,l9{);7-apf et. al.,

1990a) the human serum isolate does not have a cysteine at the position corresponding to

He[39]L residue 5, whereas TFBP does. However, the positions of two cysteines present in

the human serum binding protein sequence do correspond to those of the two unassigned

residues in the He[39]L sequence, suggesting that the unassigned residues are indeed

cysteines.

During the writing of this thesis I received a preprint of a report of the full length

cDNA sequence of this protein from Dr. N. Ling (Shimasaki et. al.,l99la). It is now

known as IGFBP-6 (Ballard et. al.,199lb). The N-terminal sequence derived from the

cDNA sequence reveals that in fact the first three cysteines of this protein do align to

cysteines of IGFBPs 1,2,3, and 4. A significant difference is seen between several of the

N-ærminal sequences and the deduced protein sequence as shown in Figure 5.15 (see

Chapter 6, Figure 6.6 for the full deduced protein sequence). There are three extra amino

acids at the N-terminus of the protein sequence deduced from the cDNA sequence when

compared with all the human isolates of the same protein @gure 5.15), which suggesß

alternative processing of the leader peptide from the mature peptide.

The position of the cysteine residues is most interesting. The frfth residue encoded

by the hIGFBP-6 cDNA corresponds to the second residue in all human isolates of the

protein and is a cysteine. However, 4 of the 6 human protein sequences had assigned an Ala

to this position, with the remaining two sequences not having assigned sequence to that

position. In addition, the hIGFBP-6 cDNA encodes a cysteine in the position corresponding

to residue 5 of the He[39]L binding protein sequence, confirming the sequence of Martin ¿r.

al. (19%). Using these two cysteines Shimasaki et. al., (1991a) were able to align the

hIGFBP-6 sequence with IGFBP L,2,3 and 4 sequences (see Figure 6.6 for sequence

alignments).
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Even more surprising was the sequence of rat IGFBP-6 (TIGFBP-6). This cDNA

sequence encoded a protein similar to that sequenced by Shimasaki et. al. (199lb) in Figure

5.15. However, the cysteines in the human IGFBP-6 sequence corresponding to positions

l3 and 17 of the He[39]L sequence are absent in the rat sequence. Both rat and human

sequences also lack two further cysteines slightly further towa¡ds the C-terminus. This

information is particularly relevant to experimens performed in Chapær 6 and will be

discussed in detail in that chapter.

Several isolates of the same protein as the 17-19 kDa He[39]L binding protein have

recently been reported (Andress and Birnbaum, l99l; Bautista et. a1.,1991; Shimasaki el.

a/. 1991b). The N-terminal amino acid sequences are compared in Figure 5.15. If the

unassigned residues in the He[39]L binding protein sequence a¡e in fact cysteines, as

suspected, then the two cysteines in the motif Cys, Gln, Pro, Cys (residues 7 to 10) would

match the identical motif at the N-terminal end of IGFBP-3 (residues l3 to 16; see Figure

5.12). The U-2 osteosÍrrcoma binding protein has cysteines at positions 4 and 7 which

correspond to the unassigned residues in the He[39]L binding protein. These sequences

suggest that the cysteines may be conserved between this binding protein and IGFBPS l, 2,

3 and 4.

Interestingly, the protein isolated by Andress and Birnbaum (1991) had a molecula¡

weight of 23,000 but Bautista et. al. (1991) saw a molecular weight of 29,000. The latter

protein was particularly unstable and degraded overnight at 5oC to 24 kDa and smaller

fragmens. T\e24 kDa protein had the same N-terminal sequence which is not surprising in

the light of the results presented here and reported by Andress and Birnbaum (1991). With

degradation Bautista's protein lost binding activity. This binding protein appears to be

particularly sensitive to proteases.

T1'p32 kDa He[39]L binding protein is also susceptible to degradation and is

particularly labile in acid conditions (personal observation and communication with Dr. J. L.

Martin, Camperdown, NSW, Ausralia). Despite the similarity in molecular weight between

the 17-19 kDa He[39]L binding protein and the breakdown products purified in the

preparation of the 32kÐaHe[39]L binding protein these peptides are not related. No

secondary sequence was detected in sequencing of the 32kÐapreparation, suggesting that
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the smaller peptides in this preparation had the same N-terminal sequence as the 32l,,Da

He[39]L binding protein or they were N-terminally blocked. Also, the breakdown products

of the 32 kDa binding protein did not bind IGF-II in Western ligand bloning. However, rhe

17 -19 kDa He[39]L binding protein preparation was active in inhibiting the binding of
IGF-tr to cell surface receptors and was sequenced, as described above.

In accord with my report, Bautista et. al. (1991) also mentioned the purification of

truncated forms of the binding protein lacking one or two amino acids at the N-terminus.

Truncated forms of bIGFBP-2lacking 3 N-terminal amino acids and with ca¡boxy terminal

truncations have previously been purified in our group (Ms A.McCoy, personal

communication). The sequences of IGFBP-5 and IGFBP-6 isolates presented in Figure 5.15

indicate the ma¡ked heterogeneiry at the N-terminus. Alternative splicing of the leader peptide

from the mature protein must result in the extensive variation of binding protein sequences.

The biological significance of these truncated binding proteins is unknown and they may

only be a result of the purification procedure.

Apparently both Andress and Birnbaum (1991) and Bautistaet. al. (1991)

experienced the same difficulty of detection of the binding protein with the standa¡d charcoal

binding assay as reported in this chapter. They both detected the binding protein throughout

purification by precipitation methods similar to those used in the competition assays with

IGFBP-I described in chapter 3. IGF-binding protein complexes were precipitated in the

presence of 27o immune serum globulin and257o PEG.It should be noted that in my hands

IGFBP-I at high concentrations can be detected by charcoal binding assays whereas the

l7-L9 kDa He[39]L binding protein is undetectable.

The sequence of a cDNA clone encoding a protein with the same N-terminal amino

acid sequence as the 17-19 kDa He[39]L protein has been reported by Kiefer et. al.(1991),

see Figure 5.15. Without isolating the protein they isolated the cDNA clone from human

osteosarcoma cell-derived cDNA using the polymerase chain reaction (PCR) with primers

derived from common sequences found for all binding proteins. Shimasaki et. al.(l99la)
also reported the rat and human sequences of this binding protein. Full length cDNA clones

encode a protein with a molecula¡ weight of 28,500. The binding protein has now been

classified as IGFBP-S (Balla¡d et. al.,199lb).
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The cDNA sequences of IGFBP-S confirm the conservation of the 18 cysteines

between IGFBPs I to 4 (See Figure 6.6 for full sequence comparison). As seen in previous

sequence comparisons the greatest degee of similarity of IGFBP-S with other binding

Protein amino acid sequences lies at the amino and carboxy ends of the protein. A non-

conserved region lies in the middle of the protein sequence.

The only other information available about this new binding protein is that it has

greater affinity for IGF-tr than IGF-I @autista et. al.,l99l). With the availability of the

cDNA clone as a probe it will be interesting to le¿rn of the factors influencing the expression

of this binding protein. Evidently IGFBP-5 has not been detected in human serum (Kiefer

et. a1.,1991) but it has been isolated from three cell lines so far, rwo of which were bone

cells. Perhaps this binding protein plays a regulatory role in mediating the IGF action in the

exFacellular space within va¡ious tissues rather than acting as a carrier protein.
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Figure 5.18: Reverse phase HPLC analysis of the 32 kDa He[39]L
binding protein

The final step in the purification of ¡he32 kDa He[39]L binding protein

involved reverse phase high-performance liquid chromatography (HPLC).

Pooled active fractions from IGF affrnity chromatography were applied to a

reverse-phase HPLC aquapore butyl carridge (4.6 mm x 3.0 cm; Applied

Biosystems, Santa Clara, CA. USA.) n0.l%o (v/v) trifluoroacetic acid. A
25-457o (vfu) acetonitrile gradient over 4O minute was used to elute the

IGFBP.The absorbance at 215nm is shown in O.The acetonitrile gradient

(0.2 mVminute) is indicated by the straight line. Active fractions were

identified by charcoal binding assays ( i) and activity is expressed as the

percentage of the total number of counts o¡ 125¡ IGF-tr (2000 cpm) added

to each tube (l0pVfraction assayed).
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Figure 5.2: He[39]L binding protein molecular weight determination.
The HPlC-purified binding protein (200 ng) was separated by 15 7o SDS
polyacrylamide gel electrophoresis under non-reducing conditions and
visualized by silver staining. Arrows indicate migration of molecular weight
markers.
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Figure 5.3: The N-terminal amino acid sequence of the 32 kDa

He[39]L binding protein. The first 25 amino acids of the 32 kDa He[39]L binding

proæin were determined following separation of the proæin on a 5-l5%o linear gradient gel,

transfer to polyvinylidene difluoride @VDF) and di¡ect application of the membrane to the

sequencer. The method of elecroblotting for sequencing was described by Matsudiara

(1987) and is outlined in section 2.35.

The sequence of the He[39]L binding protein is compared to the N-terminal sequences of

¡he four binding proteins for which full length cDNA sequences a¡e available. These a¡e

hIGFBP-l (Brinkman et. al., 1988a), hIGFBP-2 (Binkert et. al., 1989; Tapf et al.,

1990a), hIGFBP-3 (Wood eL al., 1988) and hIGFBP4 (Shimasaki et. al., 1990b; LaTour

et. al., 1990). Unidentified residues are shown as crosses and gaps created when sequences

are aligned a¡e shown as dashes.
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Figure 5.4: Yietd of PTH-derivatives from the He[39]L binding protein

during N-terminal amino acid sequencing. Following separation of the

He[39]L binding protein and electroblotting onto polyvinylidene difluoride

(Matsudaira, 1987) the sample was sequenced with an Applied Biosystems

gas-phase automated peptide sequencer (Model470). The PTH-amino acids

derived during the yield (pmoles) was quantified by direct comparison with

derivatised standards analysed under the same conditions. The sequence of the

He[39]L binding protein is shown in the one letter code and the yields for each

cycle are expressed as a histogram.



Figure 5.5: Western ligand blot of the purified 32 kDa He[39]L
binding protein

Pr¡rified binding proteins were separated on 12.57o SDS polyacrylamide

gels under non-reducing conditions. Proteins were nansferred to

nitrocellulose. The filter was probed *¡¡t 125¡ IGF-II (10ó cpm/filter)

overnight and exposed to autoradiogaph film for 5 days at -80oC. The

extent of migration of molecular weight standards is indicated by arrows.

hIGFBP-1 (25ng)

bIGFBP-2 (25ng)

He[39]L BP (25ng)

hIGFBP-3 (10ng)

I.anes

1

2

3

4
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Figure 5.6: Cross-reaction of binding proteins and Het3gll,

conditioned medium with an antibody against bIGFBp-2.

Proteins \r,ere separated on alz.S% SDS polyacrylamide gel and

transferred to nitrocellulose. The blot was probed with an antibody raised

agaust bIGFBP-2 (l/100, see secrion 2.2.10) followed by an anti-rabbit

biotinylated an ti body and avidin-alkaline phosphatasc. specific bindin g

of bIGFBP-2 antibody was visualizdby developing with the substrates

for avidin alkaline phosphatse. The extent of migration of molecula¡

weight marken is indicated by arrows.

Lanes

1 Purified hIGFBP-1 (10 ng)

2 Purified bIGFBP-2 (10 ng)

3 Purified hIGFBP-3 (25 ng)

4 He[39]Lconditionedmedium(800p1equivalent)



Figure 5.7: Immunoprecipitation of the 32 kDa He[39]L binding
protein

Binding proteins were incubated with l25J IGF-I for t hour and precipitated

with antibody overnight at 4oC using the method described in section 2.2.2.

Cboss-reaction with antibody was detected by counting precipitates in a
gamma counter and is expressed as a percentage of the total counts added.

Counts nonspecifically precipitated were subtracted (6Vo).

125116¡-¡-IGFBP complexes were precipitated with an antibody raised

against bIGFBP-2 (a) or hIGFBP-1 (b). Precipitation of increasing

amounts of He[39]L binding protein was compared with lOng bIGFBP-2

or 2.5ng hIGFBP-1.
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Figure 5.8: Northern analysis of He[39]L RNA using a bIGFBP'2
probe

Total cellular RNA was prepared using a caesium chloride method

described in section Z.4.TIte RNA (10-15pg) was sepafated onaITo

agarose/6.57o formaJdehyde gel and transferrei to Nytran. The Northern

filrer was probed with a 32P nick translated 1092bp bIGFBP-2 cDNA clone

(Upton et a1.,1990). Both MDBK total RNA ( 1) and He[39]L total RNA

(2) were analyzed on this filter. The extent of migration of radiolabelled

RNA markers is shown bY arrows.
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Figure 5.9: Lectin affinity chromatography of the He[39]L
binding protein

Wheatgerm agglutinin (a) and concanavalin A (b) were used in the deæction

of glycoproæins. Each column was washed with sta¡ting buffer (section

2.3.3) for 15 minutes (3ml) before loading He[39]L binding protein

(50ûrg).Glycoproteins were eluted with (a) N-acetyl-glucosamine and (b)

methyl-a-mannopyranoside for 25 minutes (sml) and the column was

washed again in starting buffer for 20 minutes (4rnl).Fractions (lml) were

assayed for binding protein activity using the charcoal binding assay (12¡rl

assayed/fraction). The activity in each fraction shown as a histogram is

expressed as a percentage of the total number of counts added.

Human IGFBP-I (hIGFBP-1), bIGFBP-2 and hIGFBP-3 (500ng each)

were also analysed for glycosylation. Active fractions were detected using

the charcoal binding assay for bIGFBP-2 and hIGFBP-3 and the

antibody/PEG precipitation method for hIGFBP-1 (section 2.2.2). Solid

a¡rows indicate the active fractions from lectin affrniry chromatography.

Broken arrows indicate fractions with low levels of aaivity.
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Figure 5.10: Competition binding assays with the 32 kDa
He[39]L binding protein

Competition for binding to ttre 32 kDa He[39]L binding protein was with

rhIGF-I (u ), bIGF-II (o ) and des-(1-3)-IGF-1 ( r ). rhIGF-I was a gift
from Drs. H. H. Peter and K. Scheibli, Ciba-Geigy, Basle, Switzerland.

Synthetic des-(l-3)-IGF-l was prepared as previously described (Ballard

et a1.,1987) and bIGF-II was purified by the method of Francis er ¿/.

(1988b). Increasing amounts of competing ligand were used in the

presence of rhIGF-I tracer A. or bIGF-II tracer B. Competitive binding

was expressed as a percentage ofthe counß bound in the absence of
competing ligand (Bo).The nonspecific binding measu¡ed in the absence

of binding protein or ligand was not subtracted. Competition for IGF-I
tracer A. was performed with 10ng He[39]L binding protein (Bo =
4I.27o,NSB = 6.8Vo) and for IGF-II tracer B. with 2ng He[39]L
binding protein (Bo = 62.6Vo, NSB = l3%o). Each point on the

competition curves represents the mean of duplicate tubes. Standard

deviations are shown for rhIGF-I curves and are representative of the

error for all curves.
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Figure 5.11: Reverse phase HPLC analysis of the 17-19 kDa
He[39]L binding Protein

The final step in the purification of the 17-19 kDa He[39]L binding

protein involved reverse phase hi gh-performance liquid chromatography

(HPLC).The absorbance at 215nm is shown in (b). The acetonitrile

gradient (0.2 mvminute) is indicæed by the dashed line. Active fractions

were identified by interference in radioreceptor assays (Ð and activity is

expressed as the percentage of counts o¡ 125¡ IGF-tr bound in the absence

of added sample (Conrol=100Vo, S¡tUfraction assayed).
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Figure 5.12: The N-terminal amino acid sequence of the 17-19

kDa He[39]L binding protein. The hrst 13 amino acids of the 17-19 kDa

He[39]L binding proæin were determined by automaæd Edman degradation. The sequence

of the He[39]L binding proæin is compared to the N-terminal sequences of t]re four binding

proteins for which full length cDNA sequences a¡e available. These are hIGFBP-1

@rinlanan et al., 1988), hIGFBP-2 (Binkert et. al., 1989; Tapf et. al., 1990a), hIGFBP-3

(Wood et. al., 1988) and hIGFBP-4 (Shimasaki et. al., 1990b; LaTour et al., 1990).

Unidentihed residues a¡e shown as crosses and gaps created when sequences are aligned

are shown as dashes.
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Figure 5.13: Yield of PTH-derivatives from the l7'Lg He[39]L
binding protein during N'terminal amino acid
sequencing

The He[39]L binding protein sample was directly applied to an Applied

Biosystems gas-phase automated peptide sequencer (Model 470). The

PTH-amino acids derived during the yield of each cycle of Edman

degradation wete analysed by rpHPLC. The yield (pmoles) was

quantified by direct comparison with derivatised standa¡ds analysed under

the same conditions. The sequence of the He[39]L binding proæin is

shown in the one letter code and the yields for each cycle are expressed as

a histogram. Two related sequences were derived from Edman degration.

The slightly rnore abundant sequence (a) has 3 additional amino acids at

the N-terminal end when compared with the second sequence (b).
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Figure 5.14: Silverstaining of the 17-19 kDa He[39]L binding

Protein

The TpHPLC purihed Het3gll- binding protein was sepa¡ated on aI57o

SDS-polyacrylamide gel under non-reducing conditions. Protein was

visualized using the silverstaining æchnique described by Heueshoven

and Dernick (1985) and also outlined in section 2.2.IO. The exæntof

migration of molecular weight standards is indicated by arrows.
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Figure 5.15: N-terminal sequence comparison of He[39]L binding
proteins with other isolates of the same IGFBPs

l. The 32tr,DaHe[39]L binding protein N-terminal sequence is compared

wittr sequences of other isolates of the same protein. Boxes indicate

positions with sequence differences. The amino acid sequence derived

frrom the cDNA clone corresponding to these proteins is shown below the

sequences of different isolates. Sequences a¡e from the following

references:

CSF BPS

TFBP

U-2 osteoblast cell BP

Human serum BP

Rat serum

Porcine follicula¡ fluid
Human IGFBP-6

U-2 osteoblast cell BP

hBP-IGF BP

Rat serum

Porcine follicula¡ fluid
Human IGFBP-S

Roghani et. al.,1989
Martin et. aL,1990 (transformed fibroblast

binding protein)

Andress and Birnbaum, 1991

7-apf et. al.,l990a
Shimasaki et. al., 1991b

Shimasaki et. al., 1991b

Shimasaki et. al., I99la

Andress and Birnbaum, 1991

Bautista eL al., l99l (human bone derived

IGF BP)

Shimasaki et. al., l99lb
Shimasaki et. al., 1991b

Shimasaki et. al., 199 la

2.1\e L7-19 kDa He[39]L binding protein N-terminal sequence is

compared with sequences of other isolates and the amino acid sequence

derived from acDNA clone encoding the same proteins. Sequences are

from the following references:
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CHAPTER 6

CLONING OF THE 32 kDa He[39]L IGFBP



6.I INTRODUCTION

The cDNA clones encoding IGFBP-I,IGFBP-2, IGFBP-3 and IGFBP-4 have been

extensively characterized (see Table 1.2 for references). Clones encoding hIGFBP-1 were

the first to be described and they are approximately 1.5-1.6 kb encodinga25g amino acid

peptide, with a 25 amino acid leader peptide. The leader peptide directs secretion of the

binding protein and is cleaved from the mature protein. Subsequent analysis of IGFBP

cDNA clones has revealed a simila¡ clone length as seen for hIGFBP-1. Bovine, rat and

human IGFBP-2 cDNA clones are approximately 1.4 kb and encode 284,270 and289

amino acid peptides with leader peptides of 26 to 39 residues (Upton et. a1.,1990; Brown

et. aL,1989; Margot et. al., 1989; Binkert et. a1.,1989).

While the major serum IGF ca¡rier protein, IGFBP-3, has been cloned from human,

rat and porcine sources (see Table 1.2 for references), the acid stable subunit of the large

molecular weight complex has not been cloned. The IGFBP-3 clones encode peptides much

smaller (28.7kDa) than predicted by SDS polyacrylamide gel electrophoresis (38-47 kDa),

the difference in size due to glycosylation. The leader sequence for hIGFBP-3 is27 residues

long.

By using specific molecular probes a greatdeal has been learnt about the levels of

expression, tissue distribution and control of expression of mRNA encoded by IGFBP

genes. Northern analysis of rat tissues has demonstrated higher levels of expression of

IGFBP-2 in fetal tissues than in adult tissues, particularly in the liver (Margot et. a\.,1989).

In addition,IGFBP-1 is expressed in higher levels in fetal human liver than adult human

liver (Brinkman et. al.,l988a) whereas IGFBP-3 is found predominantly in adult liver but

is also present in most other adult tissues (Shimasaki et. a\.,1989).

The same probes have been used to specifically localize which cells within certain

tissues produce particular binding proteins. Using in sin hybridization with cDNA probes

the site of IGFBP-1 production in the endometrium has been localized (Julkunen et. al.,

1990; Croze et. a1.,1990). Interestingly, these studies have revealed separate sites of

production of IGFBP-l and IGF-I, with IGFBP-1 localized in stromal cells and IGF-I in the

smooth muscle cell layer (Croze et. aL,1990). The way in which IGFBP-I acts to conrrol
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IGF-I action to allow proliferation and differentiation of the endometrium in the uterus is not

understood, but it may involve the inhibitory action of binding proteins or the ability to

sequester IGF-I to its site of action.

cDNA probes have not only allowed the localization of the sites of binding protein

production but have also provided a precise means of srudying the control of binding protein

expression. In srudies simila¡ to those outlined in Chapter 4, hormones and growth factors

have been added to cell cultures and the levels of mRNA determined in response to these

factors. Esnogen and progesterone influence the levels of binding protein mRNA in

endomerial stromal cells (Guidice et. al.,l99l). Coincubation of rat hepatocytes with

insulin leads to a decrease in rat IGFBP-2 (TIGFBP-2) mRNA @öni-Schnetzler et. al.,

1990). In animal models tissue RNA has been probed to measure the response to various

factors. Both TIGFBP-l and TIGFBP-2 hepatic mRNA levels a¡e decreased in response to

the presence of growth hormone (GH) in the hypophysectomized or fasted rat, respectively

(Glassock et. a1.,1990; Senevi¡atne et. al., 1990; Murphy et. al., 1990). Such studies

complernent the earlier available methods of measuring binding protein levels and add greatly

to ol¡r understanding of the regulation of binding protein production.

Undoubtedly the availability of specific probes for the 3?trDa He[39]L binding

protein would be significant in determining the distribution and regulation of expression of

this binding protein as well as for measuring specific He[39]L binding protein levels.

Ultimately such information would aid in understanding the process of regulation of IGF

action by binding proteins. This chapter outlines the approaches taken in the attempt to

obtain a specific prob for the 321',DaHe[39]L binding protein.

The production of a specific antibody for the He[39]L binding protein would provide

such a useful probe. However, as described in Chapter 5, the levels of binding protein

purified from the conditioned medium of He[39]L cells (approximately 60pg from 15 lires

of starting material) have not been sufficient for the immunization procedures required for

antibody production.

Stimulation experiments outlined in Chapter 4 demonstrated increased production of

IGFBP-3 in response to IGFs by He[39]L cells but failed to identify any factors which

81



could specihcally stimulate the production of the 32 kDa He[39]L binding protein. I

concluded that He[39]L cells were not a suitable source of large enough amounß of He[39]L

binding protein for the production of a specific antibody. Therefore, I n¡rned to the isolation

of a cDNA clone encoding the He[39]L binding protein in an attempt to produce a specifrc

probe.

Two strategies were undertaken to isolate a He[39]L binding protein cDNA clone.

The fint approach taken was the conventional method of library screening with

oligonucleotides. The cDNA library chosen for screening was made from RNA of the

IMR 90 human embryonic lung fibnoblast cell line. I chose this libnary for several reasons.

Firstly, both cell lines are of a simila¡ origin and are therefore likely to produce simila¡

binding proteins. In fact rWestern ligand bloning revealed they do produce binding proteins

of similar sizes (see section 4.2.2).In addition, the SV 40 transformed IMR 90 cell line

(Ag 28M) secretes a binding protein with an almost identical N-terminal amino acid

sequence as the He[39]L binding protein (Martin et. a1.,1990). In section 4.2.1| reported

that the IMR 90 cells have a different competition binding pattem to ottrer fibroblasts tested.

However, this does not mean that the cells are not producing the He[39]L binding protein.

Therefore, the information available suggests that this cell line is likely to produce a binding

protein similar to the He[39]L binding protein.

A number of the N-terminal amino acids of the He[39]L binding protein sequence

could be encoded by several alternative codons. The level of degeneracy in sequences

encoding the He[39]L amino acids caused significant problems in the design of specific

oligonucleotides and this will be discussed in section 6.2. Although successful screening of

libraries with degenerate oligonucleotides has been reported (Sambrook et. a1.,1989) this

procedure is certainly more difficult than screening with longer, homologous probes. Hence

the need for an alternative, parallel approach to the isolation of He[39]L binding protein

cDNA clones.

The alternative strategy was to use the polymerase chain reaction (PCR) in an atæmpt

to amplify He[39]L cDNA sequences from cDNA synthesized from He[39]L cellular RNA.

Having amplified a long, homologous He[39]L sequence it would then be used in screening

the cDNA library. PCR involves the amplification of a particular sequence by a heat stable
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DNA polymerase isolated from the thermophilic bacterial species Tlwrmus aqwticus (Taq;

Saiki er. ¿/., 1985; Mullis and Faloona, 1987) and is schematically described in Figure 6.1.

Two oligonucleotides able to hybridize to opposite strands of that sequence act as primers

for the DNA polymerase. By repeated cycles of denaturation, annealing and elongation at

appropriate temperatures a specific sequence can be ampliñed 2n dmes, where n equals the

number of cycles completed. At the comrrìencement of this work the use of PCR was a novel

approach not yet used in the isolation of binding protein clones.

Having already designed an oligonucleotide specific to the N-terminal amino acid

sequence I had to design a second oligonucleotide for use in PCR and which would be

specific for the He[39]L sequence. As purification yields from large volumes of He[39]L

conditioned medium were relatively low and the He[39]L binding protein was particularly

unstable (see Chapter 5) I chose not to isolate intemal peptides for use in design of the

second oligonucleotide. Therefore, it was necessary to make some important assumptions

when designing the second oligonucleotide for PCR. The most striking feature of IGFBP

oDNA clones sequenced at the time (IGFBPs l, 2, 3 and 4 from several species) was the

conservation of 18 cysteines throughout. Human IGFBP-4 has two additional cysteines in

the middle of the cDNA sequence and possibly one at the C-terminus. \ilhen comparing all

IGFBP cDNA sequences, the central region contains the least conserved sequences whereas

the N- and C-terminal ends show striking homology between all IGFBPs (see Figure l.l for

sequence comparison of the human IGFBPs 1,2,3 and 4). From this information it seemed

reasonable to assume that the l8 cysteines found in all the IGFBP sequences play a role in

the formation of a coûìmon IGF-binding structure and would therefore be conserved in

newly isolated binding protein sequences.

The N+erminal He[39]L sequence indicated a possible difference to other binding

proteins. The sequence contained unassigned residues which were potentially cysteines at

positions 13 and 17. These could not be aligned with the N-terminal cysteines of known

binding protein sequences. This suggested an extension in the N-terminal region of the

He[39]L binding protein, possibly containing t\po extra cysteines. Despite the different

N+erminal region, the He[39]L binding protein had a simila¡ IGF-binding pattern to

bIGFBP-2 (section 5.3) which inferred the two IGFBPs have a similar binding structure and

suggested the 18 cysteines found in previously sequenced binding proteins were maintained
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FIRST CYCLE

Þ Primers annealed to denatu¡ed
target DNA s€quence<.-lt

Primer extension

SECOND CYCLE

Denaturation, annealing and
extenslon

THIRD CYCLE

DenaturatiorL annealing and
extension

Nth CYCLE

Major PCR product

Figure 6.1: Diagramatic representation of the polymerase chain reaction (PCR).

Specific primers ( r ) are annealed to denatured template DNA and Taq

polymerase synthesizes sequences in a 5'to 3' direction, complementary to tlte

template. In subsequent cycles producls already generated cån act as template for

further amplification. Therefore, in x cycles 2Nproducts will be amplified by this

procedure. Double stranded DNA is represented as ÏTffÍÏiÏ.

+

+

+
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by the He[39]L binding protein sequence. On this assumption the second oligonucleotide for

PCR reactions was designed using binding protein sequences encoding cysteines and other

conserved residues.

Having designed the second binding protein specific oligonucleotide the aim was to

combine this primer with the oligonucleotide encoding the least degenerate region of the

Het3gll sequence to amplify a specific probe for screening the IMR 90 cDNA library.

The aim of this chapter, therefore, was to isolate a cDNA clone encoding the

Het3gl|- binding protein using two approaches. Having such a probe would allow the

analysis of tissues for the abundance and specific localization of the binding protein as well

as providing a tool for examining factors influencing the expression of the He[39]L binding

protein.

6.2 RESULTS AND DISCUSSION

Although both the PCR and direct library screening approaches were carried out

simultaneously I will describe the different series of experiments separately. I will discuss

the PCR experiments fint.

6.2.1 Original Polymerase Chain Reaction (PCR) Approach

There are many variables in the conditions of a PCR reaction which can be altered to

achieve optimal conditions. In the following section I will describe the basic approach

undertaken to systematically test va¡ious reaction conditions with the aim of finding optimal

amplification conditions. I will describe the fust reaction in detail as an exrlmple of the

design process of further reactions, since each PCR amplification of a particular sequence

needs to be optimized seParatelY.

Generally, in designing a new PCR reaction amounts of template and concentrations

of the other components were chosen from examples in the literature. Innis and Gelfand,

(19p0) present a set of useful guidelines for setting up PCR reactions. The following Table

outlines the PCR reaction conditions used in the original PCR reaction. The basic reaction is

also described in section 2.4.1. Concentrations of reaction components adhere to tl¡e
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reconurcndations of the manufacturer of the Taq polymerase (Bresatech Ltd., Adelaide,

Australia).

Templaæ

Primer concentrations

dNTP concenmtions

Tris-HCl pH 8.8
MgCl z

Ammonium sulphate

Triton X-100
gelatin

Ta4 polymerase

REACTION CONDITIONS

l. Temperatures

Denaru¡ation

Annealing

Extension

2. Times

Denanration

Annealing

Extension

ORIGINAL REACTION
(concentrations/l 00¡rl)

IMR 90 cDNA libnary: 1¡rl

orHuman genomic DNA: l00ng

1.5-2pM each

200pM

67mM
2mM
l6.6mM
0.45Vo

2ffi¡tg/rnl
5units

940C

37 0C

72o.C

I minute

2 minutes

I minutes

Template DNA was denatured at94 oC for 5 minutes prior to amplification.

The first primer designed to the N-terminal amino acid sequence of the He[39]L

binding protein is shown in Figure 6.2 (P23). The oligonucleotide of 23 bases was acrually

a mixtue of all possible sequences encoding the amino acids 15 to22.There were 1024

different sequences represented in this mixture. Residues 15 to2}were chosen as the most

suitable when designing this oligonucleotide as they represented the least degenerate stretch

of sequence (see Figurc 6.2). This primer is the equivalent sequence to mRNA i.e.

represents the coding sequence.
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A second primer (P15), complemenmry to the coding sequence, was designed from

all binding protein sequences available at the time (see Figure 6.3). These included human

IGFBP-I (hIGFBP-I), hIGFBP-2, bovine IGFBP-2 (bIGFBP-2), TIGFBP-2 and

hIGFBP-3. The position of the sequence from which the primer was derived is ma¡ked in

Figure 6.4, which shows the entire protein sequence of bIGFBP-2. The 15 bases encoding

these 5 amino acids a¡e highly conserved throughout all 5 binding protein sequences and the

oligonucleotide had only four degeneracies. A schematic representaúon of the PCR reaction

involving P23 and P15 is presented in Figure 6.5.

For the Y23lPl5 reaction I chose to use human genomic DNA or IMR 90 cDNA

library as template DNA. The IMR 90library was chosen for conventional oligonucleotide

screening for reasons described in section 6.1. It therefore was an obvious choice also for a

templaæ in this PCR. However, it was also possible that the libra¡y would not contain

clones encoding the He[39]L binding protein. In case of this eventuality I chose to use

genomic DNA as a æmplate in parallel experiments. At the time of designing this reaction the

hIGFBP-3 gene had been sequenced. No introns were present in the fust 404 bp of the

coding region for hIGFBP-3 (includes the leader peptide). On the basis of this information

and also knowing that previously sequenced binding protein cDNA clones showed

rema¡kable homology in this region, I thought it unlikely that the He[39]L sequence would

have an intron within the fust 200 nucleotides encoding the N-terminal amino acids.

PCR products arc generally identified on the basis of expected size. On comparison

with known binding protein sequences I estimated that the product resulting from PCR with

P15 and P23 would be in the order of 100 to 200 base pairs, taking into account the

possibility that the He[39]L binding protein may have an N-terminal extension (see section

6.1). PCR with Pl5 and primers encoding the first N-terminal amino acids of the IGFBPs

sequenced at the time would result in products with the following sizes:

IGFBP
hIGFBP.I
hIGFBP-2

bIGFBP-2
TIGFBP-2

hIGFBP-3

base oain
105

r53
138

lll
129
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Another more accurate means of identifying a PCR product is to probe with an

oligonucleotide derived from sequence between the two PCR primers. In this case I did not

have any internal sequence data or suitable sequences common to all binding proteins to

make a probe against

The annealing temperature (Tm) of the most A"/T rich sequence in the P23 mixrure is

6loc, based on the formula Tm = 2'C (AfD + 4oC (G/C) -5 oC (Miyada and Wallace, 1987).

The lowest annealing temperature of the binding protein specific P15 is 45oC. However, my

strategy was to sta¡t with conditions which would definitely allow amplification of the

desired product even if some nonspecific products resulted from the low stringency

conditions. Once a product of the expected size was visualized then reaction conditions could

be optimized to remove any unwanted products.

A length of 200 bases would under optimal conditions be synthesizúby Taq

polymerase in several seconds. Innis er. a/. (1988) have reported an extension rate of >60

nucleotides per second at 70oC. However in practise longer extension times are chosen

(Innis and Gelfand, 1990).

Under these conditions I failed to obtain any PCR products in the size range

expected, although the buffer, dNTPs, Taq polymerase and conditions were suitable for

amplification of other DNA and primers used as a control (see section 6.2.2).

Even after sequential variation of the components, as specifically indicated in the

table following, no products were evident. For each template DNA (genomic DNA or

IMR 90 library cDNA) the other components were systematically varied in separate

¡eactions. The primer concentration \ /as raised in one reaction in case the concentration of

the conect sequence in the degenerate primer was limiting. Two different concentrations of

library DNA were used in case the abundance of clones was too low for amplification at the

lower concentration. Also several annealing temperatures up to the Tm for Pl5 (45oC) were

tested. None of these variations le¿d to the amplification of a PCR producr
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REACTION COMPONENTS

Template

Primer concentrations

REACTON CONDMONS
l. Temperatures

Denaturation
Annealing

Extension

2. Times

Denatu¿tion
Annealing

Extension

IMR 90 cDNA library: lpl or 5pl

1.5-2pM each or 3-4pM each

94oC

37oC or 42t or 45oC
720C

I minute

30 seconds or lminute

1 minute or 2 minutes

The reason for this result was not evident at rhe time. 32P hbelled Pl5 had been used

as a probe in Southern analysis of bIGFBP-2 cDNA and it specifically detected the binding

protein DNA (data not shown). However, I was unable to amplify an He[39]L binding

protein sequence. I decided that perhaps the l5mer and 24mer oligonucleotides were too

short for specific annealing when such degeneracies were involved. Two new

oligonucleotides were designed to overcome the problems of length and degeneracy. Also,

another PCR was designed using bIGFBP-2 sequences as a model system for the He[39]L

PCR (see section 6.2.2).

I was to discover later in the process of writing this thesis that neither the size of the

binding protein specific Pl5 primer nor the degeneracy of Y23 were in fact the cause of the

problems with the above reaction. I was provided with a preprint of the complete cDNA

sequence of hIGFBP-6 (Shimasaki et. al., l99la) which encodes a binding protein with the

identical N-terminal amino acid sequence to the He[39]L binding protein. The cDNA

sequence revealed that, unlike any other binding proteins sequenced so far, hIGFBP-6 has

only 16 cysteine residues. The two missing cysteines are found at the end of the Gly Cys

Gly Cys Cys motif chosen as the conserved sequence encoded by P15 (see Figure 6.6 for a

comparison of the hIGFBP-6 protein sequence with other human IGFBP sequences). This

explains why the P23/Pl5 PCR would not produce the expected product. Shimasaki et. al.

(1991a) had also been unsuccessful with a PCR using oligonucleotides encoding the same
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sequence as P15 and the N-terminal hIGFBP-ó sequence. The implications of the lack of the

two cysteines in hIGFBP-6 will be discussed later in this chapter.

6.2.2 PCR of bIGFBP-2 sequences

Without the knowledge of the hIGFBP-6 sequence I continued to presume the

problems with the first He[39]L PCR lay in the degeneracy and length of the primers. I

decided to set up a model bIGFBP-2 PCR system to optimize the conditions for the

amplifrcation of binding protein sequences. A bIGFBP-2 cDNA clone was previously

isolated in our laboratory (Upton et. a1.,1990) and was used as the template for the model

reaction.

Availability of the bIGFBP-2 cDNA sequence made design of the primers easy. The

primers used for the amplification of bIGFBP-2 sequences are shown in Figure 6.3 (P30)

and 6.4 (P24). P30 was complementary to mRNA and was directed to a sequence conìmon

to all binding protein sequences available at the time. It was a mixtu¡e of 32 oligonucleotides

encoding the same sequence. This a¡ea of common sequence was significantly longer than

the P15 sequence. It also allowed for a longer product to be amplified which would assist in

the ultimate aim of deducing the cDNA sequence of the He[39]L binding protein. This PCR

would amplify sequenc€ in the centre of the He[39]L binding protein, a region normally not

conserved between different binding proteins (see Figure 6.6). An Eco RI restriction

endonuclease site was included at the 5'end to allow easy cloning of PCR prducts.

The second primer for the bIGFBP-2 PCR (P24) encoded the first 8 amino acids of

the bIGFBP-2 sequence. It was a homologous primer and was the same sequence as mRNA

@gure 6.4). The product I expected from this reaction using the full length bIGFBP-2

cDNA clone as a template (Upton et. a1.,1990) was 672 bp. Figure 6.5b represents the

bIGFBP-2 PCR.

I chose to amplify the bIGFBP-2 sequence at 55oC as the Tm's of P30 and P24 were

55oC and TgoC,respectively. The re¿ction conditions were basically the same as described

above except the reaction was carried out in a smaller volume (20ttl). A product of the

correct size was amplified under these conditions (see Figure 6.7). The product was digested

with Sma I and Not I restriction endonucleases to give the sizes of digestion fragments

89



expected from the known bIGFBP-2 cDNA sequence. This was convincing evidence that

the product was in fact the desired bIGFBP-2 sequence.

6.2.3 The second He[39]L PCR reaction

Having established the conditions for the amplification of a binding protein sequence

I could apply these conditions to the amplification of the Het3gll- sequence. In this way I
could at least be sure that the P30 was a suitable primer for amplification of binding protein

sequences. In addition another He[39]L specific primer was designed. This primer (p29)

encoded the amino acids 13 to22 and was complementary to the noncoding strand

(Figure 6.2). This time codons having 3 or 4 alternatives for bases in the third position were

substituted with inosine in these positions. Inosine is a neutral nucleotide and can form base

pain with all dNTPs. In this 'tway some of the problems of using a degenerate primer are

eliminated @atil and Dekker, 1989). Only one oligonucleotide was synthesized rarher than a

mixture. Therefore the primer concentration should not be a limiting factor. Also, the base

pairing of inosine with each conventional base is of equal strengrh allowing more stringent

hybridization conditions to be used. The addition of inosines in this sequence made this

primer also appropriate for screening the IMR 90 cDNA library as described later in section

6.3.

As P30 lies 3' of two intron/exon boundaries of the hIGFBp-3 gene there was a

possibility that an intron might also be present in simila¡ locations in the gene encoding the

He[39]L binding protein. Therefore, it was decided that genomic DNA was inappropriate for
the amplification of He[39]L sequences using P29 and P30. Insread, cDNA synthesized

fromHe[39]L total cellular RNA was chosen as the template DNA for the p2glp30He[39]L

PCR. The synthesis of cDNA from RNA is outlined in section 2.4.1.

Using the information available from the binding protein cDNA sequences I
predicted the He[39]L PCR product with P29 and P30 would be between 500 and 700bp.

The predicted length of products resulting if similar PCRs were performed with p30 and
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primers encoding N-ærminal amino acids of the binding proteins sequenced at the time are as

follows:
IGFBP base pairs

hIGFBP-1 553

hIGFBP-2 687

bIGFBP.2 672

¡IGFBP-2 629

hIGFBP-3 650

A diagram of the P29lP30 PCR is shown in Figure 6.5c.

Like the bIGFBP-2 specific primer (P24), the He[39]L specific primer had a Tm of

79"C. Since the Tm's of the primers in both reactions were identical I could use the same

reaction conditions for the He[39]L PCR as used for the amplification of bIGFBP-2

sequences, particularly as the length of the He[39]L product tüas expected to be similar to

the bIGFBP-2 PCR product.

I was unsuccessful in the He[39]L PCR in amplifying any products using identical

conditions as used for the bIGFBP-2 PCR. Even when the amounts of cDNA template (2,5

and 10¡tl of a 20¡rl cDNA reaction) were varied, products were not formed. In an attempt to

enæurage the formation of PCR products three rounds of annealing at 37oC preceded the

usual 30 cycles of 55oC. However, no products were formed under these conditions either.

An important control reaction was included in tl¡ese experiments. Using the cDNA

from He[39]L RNA as a template the &aminolevulinate synthetase (ALAS) cDNA was

amplified with two 25bp primers resulting in a 415 base pair product (see Figure 6.7). The

primen for this reaction were kindly provided by T. Cox, Department of Biochemisury,

University of Adelaide, Australia. The ALAS product could be amplifred from 5¡rl of

He[39]L cDNA under both annealing conditions described above. The fact that a product of

4l5bp could be amplified indicated that the cDNA synthesis was working.The distance

from the poly A tail of the cDNA encoding ALAS to the 5' primer site is 890bp. Therefore,

the cDNA synthesis had produced products of the desired size for the amplification of

Het3gll- sequences. In fact, when a 32P dATP was incorporated into the cDNA synthesis
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reaction and products were separated on a lVo agaroseÆBE gel (section 2.4.5) the length of

cDNA synthesized appeared to be from <300bp up to several kb.

. The bIGFBP-2 PCR was also repeated with cDNA made from MDBK bovine

kidney cells (the original source of bIGFBP-2; Szabo et. a1.,1988). Incorporation of a
32p dAtp into MDBK cDNA synthesis also indicated producß from <300bp up to several

kb. Again the PCR reaction conditions chosen were identical to those for the amplification of

the same bIGFBP-2 using the cloned DNA as a template (section 6.2.2).Interestingly, no

products were obtained under these conditions. Variation of template amounts and reaction

conditions as for the He[39]L PCR described above did not result in amplification of

bIGFBP-2 sequences.

In summary, bIGFBP-2 sequences could be amplified using the full length

bIGFBP-2 cDNA clone as a template. However, when cDNA made from RNA was used as

a template for either the bIGFBP-2 or the He[39]L PCRs no producß were amplified. A

control PCR with ALAS primers and He[39]L cDNA as a template resulted in the

amplification of a specific product.

At this stage I received the hIGFBP-6 cDNA sequence which proved useful in the

analysis of these PCR experimenß. Although the Pl5 (Gly, Cys, Gly, Cys, Cys) sequence

rwas not present in hIGFBP-6 the P30 sequence was conserved in this sequence.

Comparison of the oDNA sequence and P30 showed identity in 16 of the 21bp encoding the

Pro, Asn, Cys, Asp, His, Arg, Gly motif. Most importantly the fint 5bp at the 3'end of

P30 are identical to the corresponding cDNA sequence. This is the priming end of the

oligonucleotide and at least the first nryo bases must match for priming to be successful

(Sommer and Tautz, 1989). This information confirms that P30 was an appropriate choice

of primer for the amplification of He[39]L sequences. In addition, the degenerate He[39]L

binding protein specific probe, P29, contained the sequence homologous to the clone

sequence encoding Cys, Pro, Gly, Gly, Cys, Val, Gln, Gln, Gln, Asp. The combination of

P29 andFfìO should result in amplification of He[39]L sequences.

The total hIGFBP-6 clone length was only 918bp which is considerably shorter than

other binding protein clones, the major difference being in the nonconserved region in the
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centre of the sequence (see Figure 6.6). Analysis of the hIGFBP-6 sequence showed that the

product I should be amplifying with P29 and P30 is 465bp, which is slightly smaller than I
was expecting. Thus in theory the shorter length product should be easier to amplify.

The fust consideration when rying to explain the puzzling PCR results was perhaps

that the message levels produced by these cell lines were too low for the amptifîcation of
binding protein sequences using this method. However, there a¡e several arguments against

such an explanation. Fintly, bIGFBP-2 mRNA can be easily detected by Northern analysis

of MDBK RNA (see Chapter 5, Figure 5.8), Also, the ALAS gene is of relatively low

abundance and is difficult to detect by Northern analysis (Dr. H. Healey, personal

communication). The amount of RNA used in cDNA synthesis (zttÐ was suffrcient for the

amplification of rare mRNA species of I to 10 copies per cell (Kawasaki, 1990). When the

amounts of RNA percell are considered (approximately l0pg/mammalian cell), then 2pg

RNA is equivalent to 200,000 cells or the same number of mRNA molecules of a rare

transcript. This number of target molecules should be easily amplified, even using higtrly

degenerate primers (Knoth et. a1.,1988).

An explanation for the inability to amplify bIGFBP-2 and He[39]L binding prorein

sequences from cDNA synthesized from cellular RNA may lie in the secondary structure

formed by the RNA encoding these sequences. It is possible that the RNA forms such a

stable structure that the incubation at 65oC for 5 minutes is insufficient to unfold the structure

completely. This would mean that the synthesis of cDNA encoding the bIGFBP-2 or

He[39]L sequences would be inefficient or perhaps impossible under these conditions. In

turn,levels of full length cDNA for amplification by PCR would be exrremely low and

therefore problems would arise in detecting the PCR products using the primers described

above. In conEast, it is possible to amplify ALAS cDNA synthesized from ALAS 6RNA,
indicating that RNA secondary structure is not a problem in this case.

Predicitions of secondary structures formed by the RNA of hIGFBP-6, bIGFBp-2

and ALAS were performed using the FOLD program (Zucker and Steigler, l98l). The

results of the hIGFBP-6 structure prediction are shown in Figure 6.8. The free-energy (AG)

value calculated for the 9lSbase hIGFBP-6 RNA secondary srructure is -1432klmole
(-342 kcaVrnole) which is comparable to an example presented by Cech er. al. (1983) for the
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proposed intron-splicing structure of Tetrahymen¿ ribosomal RNA, suggesting that the

formation of such a structure by hIGFBP-6 RNA is at least possible. An even lower free-

energy value was calculated for the l395base bIGFBP-2 RNA (-2384 kJ/mole or -

569 kcaVmole). In comparison the ALAS RNA (2056bp) is less likely to form significant

secondary structure as the calculated ÂG value is substantially higher for this length of RNA

(-27WkJlmole or -646 kcaVmole). Therefore, the predictions indicate that RNA secondary

structurc could be forming in both IGFBP RNAs whereas this is less likely for ALAS.

However, these predictions must be interpreted with reservation as they do not take into

account any enviromental factors which may be affecting the formation of secondary

structure or the influence of tertiary structure. Despite the recognized limitations of this

prediction it appears that secondary structure may be a problem in the synthesis of cDNA

from hIGFBP-6 and bIGFBP-2 RNAs.

Kiefer et. al., (1991) recently reported the amplification of an approximately 80bp

hIGFBP-6 sequence commencing at the P30 site described above but with the second primer

site towa¡ds the end encoding the C-terminal amino acids Cys, TIp, Cls, Val. This PCR

protocol was also used to amplify sequences of IGFBP 2,4 and 5. The template for the

PCRs was oDNA synthesized from poly A+ RNA. 2.5ltgpoly A+ RNA was used in cDNA

synthesis and 1/100 of the products were used in subsequent PCRs. It appears that under

these conditions cDNA of sufficient length and in high enough concentrations can be

synthesized for the amplification of detectable PCR products.

Albiston and Herington (1990) also recently amplified cDNA encoding C-terminal

TIGFBP-3 sequences. Again poly A+ RNA was used in the synthesis of cDNA (5pg) and

this time one tenth of the products were used in PCR reactions. According to the above

calculations and assuming that poly A+ RNA represents 7-2Vo of the total RNA, these

amounts of template are in significant excess. It is possible that some difficulty in producing

high enough levels of cDNA due to simila¡ reasons I have suggested may have warr¿nted the

use of such high levels of template RNA.

Neither of the reports described above amplified sequences across the central region

of binding protein sequences. It is possible that this region of the RNA is involved in tight

secondary structure (see Figure 6.8).

94



I{aving received the sequence of the cDNA encoding the hIGFBP-6 I decided not ro

continue with this approach in the attempt to isolate a He[39]L cDNA clone. In the light of
the problems discussed above in the amplification of binding protein sequences spanning the

central nonconserved region, my next approach to the PCR of binding protein sequences

would be to design PCRs resulting in short product lengths derived from sequences

encoding the carboxy terminal end.

6.2,4 Oligonucleotide Screening of the IMR 90 cDNA library

Using the oligonucleotide P29 described in section 6.2.3 thelamMa gtl l IMR 90

library was screened for He[39]L binding protein clones at rhe s¿rme time as conducting the

PCR reactions described above. The screening method is outlined in detail in section 2.4.3.

The hybridiz¿tion and washing conditions were similar to those used previously in the

isolation of cDNA clones from libraries using inosine-containing oligonucleotides

(Sambrook et. a1.,1989). Half a million plaques (equivalent¡o ll4 of the total original

library) were transfened to nylon membranes and screened in duplicate in the fi¡st round

witlr 32P hbelled Y29.Tbte same filters were screened with 32P labeled P30 (the binding

protein specific probe also used in PCR) and 6 plaques were positive with both probes.

Plugs (5mm in diameter) containing the 6 plaques were picked from the agar plates on which

the phage were grown and replated at a lower density. Phage were hansferred again to nylon

membranes and subjected to a second round of screening with P29. Four positives were

rescreened for a third time. Three of the 4 plaques remained positive with the P29 probe.

I-ambda DNA was isolated from the 3 clones hybriditng with P29 in the thi¡d round

of library screening (method described in section 2.4.4). Eco RI released all three clones

from the vector, as this enzyme was used in the original construction of the lamMa library.

The three clones were approximately 700bp, l.25kb and l.75kb. The longer clones were

chosen as likely candidates for full length cDNA clones on tÌ¡e basis of the sizes of
previously sequenced small molecular weight binding protein cDNA clones (IGFBP-I and

IGFBP-2 clones are 1.41.6kb). Following restriction endonuclease digestion the lambda

DNA of the 1.25 and 1.75kb clones was analyzed by Southern bloning as described in
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section 2.a 5 @igure 6.9). The clone inserts were identified by probing with 32P labelled

P29 (see Figure 6.9b).

A restriction map constructed from the sized fragmens following digestion with a

number of enzymes is shown in Figure 6.10. The map reveals that the 1.25 and l.75kb

clones are of different cDNAs. The restriction fragments containing sequences

complementary to theP29 probe a¡e indicated on the map for each clone.

After reprobing the Southern blot and the third round library screen filters with the

binding protein specific probe"(P30) it was revealed that the clones selected with P29 did not

contain the P30 site but P30 did hybridize specifically with bIGFBP-2 cDNA on the same

Southern blot. These results suggested that the lamMa clones may not be He[39]L binding

protein cDNA clones (see Figure 6.9c). This was conhrmed by sequencing of the 550bp

Pst VBgl II fragment of the 1.25kb clone which had been subcloned into the Bluescript

BKS+ vector. The sequence is shown in Figure 6.1 1. The site to which P29 binds is 82Vo

homologous to the P29 sequence if a single base insertion is made. Flanking sequence does

not shown any similariry to known binding protein sequences as determined by searching

forlocalized homologies with the SEQHP progmmme from the ANALYSEQ suiæ of

progr¿ürmes (Staden, 1982).

Both the 700bp and 1.75kb lambda inserts were subcloned into the Bluescript BKS+

vector and were sequenced from both ends. Again, no sequence homologous to other

binding protein sequences was identihed. The distance sequenced (approximately 250þ in

each case) should have been sufficient to identify at least the leader sequence ofthe binding

protein clones. By comparison with other binding protein clones, the leader sequence lies

within approximately the first 80-200bp of the 5' end of the clones. Considerable hornology

is seen between the amino acid sequences of the binding protein leader peptides. Iæucine is

particularly common in these sequences.

As the 700bp and 1.75kb clones are completely different to the 1.25 clone as

determined by resriction analysis (data not shown for 700bp fragment) and they did not

contain P30 sequences it was concluded that none of the clones encoded the He[39]L

binding protein.
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It is srange that in the first round of screening of the IMR 90 library all6 clones

chosen for fu¡ther screening were positive with both P29 and P30, but in the third round

those remaining positive with P29 did not hybridize to P30. In berween probings the filters

were stripped and exposed to make sure no signals remained. Following hybridization with

P30 frlten were washed in 5xSSC (1 x =150 mM NaCl, 15 mM sodium citrate pH 7.0),

0.1% (vlv) SDS at 42"C for 2x30 minutes. The 6 positives in the f,rst round screen \ilere not

the only duplicate positives with P30. There were 15 duplicate positives in total. This was

the expected result as P30 should detect all binding protein clones and IMR 90 cells produce

more than one species of binding protein (see section 4.2.2).I have no explanation for the

binding of P30 to the first round positives when subsequent selection and purification

yielded clones unrelated to IGFBPs and unable to bind P30.

It is quite possible that the IMR 90 cDNA library does contain He[39]L binding

protein clones but more phage have to be screened to isolate thern As discussed above,

comparison of Y29 with the hIGFBP-6 oDNA sequence indicates that this oligonucleotide is

homologous to the corresponding sequence in the clone. It should therefore be a suitable

probe for screening the library. From this round of screening it is evident that the probe does

cross hybridize with other clones in the library which means that more positives need to be

screened until the correct clone is identified. It is encouraging to note that Shimasakt et. al.

(1991a) measured the highest levels of IGFBP-6 mRNA in the lung when probing rat

tissues with a rat IGFBP-6 clone. IGFBP-6 was widely expressed in almost all tissues.

Therefore further screening of the IMR 90 cDNA library with the same probe or a

homologous probe designed using the available cDNA sequence would be the next step

towa¡ds isolating a He[39]L probe.

6.4 CONCLUSION

The reasons for the failure of PCR to amplify both He[39]L and bIGFBP-2

sequences from cDNA synthesized from RNA a¡e unclear. However, the control reactions

indicated that the PCR reaction conditions were suitable for amplification of bIGFBP-2 and

ALAS sequences. Also, He[39]L cDNA from RNA was used as a template in the latter PCR

indicating that the cDNA synthesis was working. As rare transcripts have been amplified
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from the same amounts of RNA used in these experiments it seemed unlikely that the PCR

reactions \ryere not working due to lack of sufficient template. These controls seem to

suggest that the problem of amplifrcation actually arose specifically in the synthesis of

binding protein cDNA. It is possible that the secondary structure of the binding protein

RNAs is inhibiting the synthesis of full length cDNA. RNA secondary stnrcture predictions

indicated that this indeed might be a problem. However, it is possible that I have not found

the ideal conditions for the amplification of binding protein sequences from cDNA. This

seems less likely as the bIGFBP-2 connol PCR using a plasmid containing the bIGFBP-2

clone was successful.

Attempts to isolate He[39]L cDNA clones from the IMR 90 cDNA library have as yet

been unsuccessful. As the oligonucleotide used in screening procedures was degeneraæ I
isolated clones containing related sequences. Therefore, further screening may result in

isolation of the desired clone. V/ith the availability of the hIGFBP-6 cDNA sequence I have

not continued with either PCR or library screening at this stage.

The cDNA sequences of the human and rat forms of IGFBP-6 are unusual when

compared with the sequences of the five other IGFBP cDNA sequences (see Figure 6.6).

Both hIGFBP-6 and TIGFBP-6 lack2 cysteine residues within the Gly, Cys, Gly, Cys, Cys

motif, which is highly conserved in the other binding protein sequences not only at the

amino acid sequence level but also within cDNA sequences. A further 2 cysteines are

missing in the TIGFBP-6 sequence (the 3rd and 4th cysteines in all other IGFBP sequences).

Also of significance is the fact that 4 independently derived protein sequences of hIGFBP-6

isolated from various sources have an Ala in the position corresponding to the first cysteine

encoded by the hIGFBP-6 cDNA (see Figure 5.15). This information questions the

significance of these 5 cysteines in the formation of the tertiary structure of the binding

proteins and will be extremely useful in future assignment of disulphide bonds forming the

IGFBP tertiary structure.
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He[39]L BP N-TERMINAL SEQUENCE

DNA SEQUENCE

PRIMER ETI
CNOTAL DEGENERACIES=I@¿)

PRIMER H¿9
CTOTAL DECENERACIEI=32)

LRPGPGQOUQßGI{PG GXUEEEDßGG

5'-TGR CCR GGR 6GR CCf, 6GR CRR GGß GTR CRß CCR GGR IGC CCR OGR GGR TGC GTÊ GRR GRR GRß GFC CGR GGß GGR- 3'

5' -GGß GGß TGC GTß Oßfi GRÊ GNR GR- 3'
CCTCGGG
GOG
TTT

5'-TGC CCI OGI GGI TGC GTI GßR GRR GRR GR- 3'
TTG66

cc
G

T

c c c c c G c c G c c T c c c T c G G G C flC C C

G

T

O6 G G G

ITTTT
c
T

GG
ÏT

GG6
TIT

G

T

GGG
TTT

Flgure ó2: Ollgonuclcoddes encodlng Het39lL blndlng protcln B€quenc6¡. All possiblc DNA ¡cquences cncoding rhe fusr 25 amino

æids of the He[39]L btrding proæin a¡c shown below t]re proæin sequence. kimers Pl23 rulrðP29 were designed to correspond to the least

degeneraæ region of that sequence (underlined).TheÐ3 primer pr,eparation contains all possible sequences (lO?1 dl.f,ferørt prirner

sequences) whereas the P29 preparation consists of 32 sequenoes with inosinc ( l) in positions wherc 3 or 4 base pairs may be used. Both

P2:! ard P29 are complcmentsry to noncoding sequences.



GCGCC
hIGFBP.I
hIGFBP-2
bIGFBP-2
TIGFBP-2
hIGFBP.3

PRIMER P15
(DEGENERACIES4)

hIGFBP.I
hIGFBP-2
bIGFBP-2
TIGFBP.2
hIGFBP-3

hIGFBP-I
hIGFBP-2
bIGFBP-2
TIGFBP-2
hIGFBP-3

PRIMER P3O

(DEGENERACIRS=32)

3' -CCG RCG CCR RCR RCG- 5'
GG

.GGC

-GGC
.GGC

-GGC
-GGC

TGC
TGC

TGC
TGC
TGC

GGC

00c
GGC

cc*
GGC

TGC- 3'
TGC- 3'
TGC- 3'
TGC- 3'
TGC- 3'

TGS
TGC
TGC
TGC
TGC

c
c
c
c
c

N

N

N

N

N

P

P

P

P

P

E
0
D

D

D

K

K

K

K

K

G

G

G

G

G

5' -CCÊ
5' -CCC
5' -CCC
5', -CCC
5' -CCC

3' -GGG

RÂC
RRC
RÊC

ÊÊc
RRC

TTG

RRG
RßG
RßG
ÊRG
RRO

TTC

TGË
TGT
TGT
TGT
TGT

RCR

H-ÊC

GRC

GÊC
GRC
GRC

CTG

GT

F_RT

CRT
CRT
CRT
ñßB

GTR

TC

GGH- 3'
GGC- 3'
GGC- 3'
GGC- 3'
6GH- 3'

EcoR I

CCO CTT RRG GRG- 5'
T

Figure 63: Sequence of oligonucleotides encoding sequences common to all

IGFtsP. The cDNA s€quences encoding amino acid sequences cornmon to

IGFBP 1,2 and 3 of various species a¡e shown. Residues or bases which vary

between the sequences a¡e boxed or shaded, respectively. Oligonucleotides were

designed to incorporate all possible sequences arising from the degeneracies

indicated. The upper and lower panels show the sequences used in the design of

Pl5 which has 4 degeneracies and P30 which has 32 degeneracies. P30 has an

EcoR I restriction enzpe site at the 5'end.



Figure 6.4: Location of polymerase chain reaction (PCR)
primers in the bIGFBP-2 sequence

The amino acid sequence of bIGFBP-2 is shown above the cDNA

sequence, reponed by Upton et. al. (1990). Cysteine residues are indicated

by stars. The position of PCR primers P24,Pls and P30 are indicated by

arrows with the pointer showing the direction of synthesis from the

respective primers. The DNA sequence encoding the first 8 amino acids of
the mature peptide was chosen as the bIGFBP-2 specific primer (Y24) nd
is highlighted below the bIGFBP-2 sequence. This figure is adapted from

Upton et. a1.,1990.



P24

P15

P30

(60)

(120)

(180)

(240r'

(300)

(360)

(420l'

(480)

(s40)

( 600)

(660)

ll2ol

(780)

(840)

( 900)

-26 -14 -7
P roÀl aLeuLeuLeuLeuP roP roLeul€uLeuLeu l,e u l,eul,e uGJ- yÀlaGJ-yGlyGJ. y
CCCGCGCTGCTGCTGCTGCCGCCGCTGCTGCTGCTGCTGCTGCTGGGCGCGGGCGGCæC
-6t+I4ri14
AspCy sGlyAl aÀlaSe rGIuValLeuPheArgCysP roP roCysThrP roGl-uSe rLeu
cÀcIGcGGGGCGGCCAGCTTGCÀCGCCCGAGAGCCTG15*24-34
À1aAJ- aCysLysP roP roP ¡oGlyAl aÀl aÀlaG IyÀIaP roGlyÀspAlaArgvaIP ro
cccGccTGcÀÀGcccccGcccc,GcæcGcGGccGGcGcGcccGGcGAcGcccGcGTGccc
35r * 44 * r r 54
CysGluL,euValÀrgGluProGIyCy sGIyCysCys Se rVaICysÀÌ aArgl,eucÌucl-y
TGCGÀC.ClC.GTCCGCGÀGCCGGGCTGCGGClGCTæTCCGTGTGCGCCCGGClGGAGGGÀ
55*-BZ-*14
cl-uArgCy sc-l-yValTy rThrP roÀrgCy sGlyG I nGIyLe uÀrgcys TyrP roAsnP ro
GÀGCGGTGCGGCG TGTACACCCCCCGCTGCGGTCÀGGGGClGCGGTGCTÀTCCAÀÀCCCG
75 84 * 94
GlySe rGlul,euP roLeuHisÀIal,euValHisGlyGluGJ-yThrCysGluLysHi sGly
GGGTCCGÀGCTGCCCClGCÀCC'cGClC€lCCACGC'cGÀGGGCÀC TTGCG NAJ\ÀGCÀCGGC
95 104 114
SerAJ- aGJ,uTy rSe rÀlaThrP roGluGLnVaIAlaÀspAs nGJ-yGluGluHi s Se rGJ-u
ÀGTGC TGÀGTÀCAGCGCCÀCGCCCGAGCAGG lTGCÀGÀCÀÀCGGCGAGGÀGCAC TCTGÀG
115 124 134
cLyGlyLeuva IGl-uAsnHi sVaJ-AspGJ-yÀsnValÀsnLeuMetcl-yclycLycl-yGly
GGAGGCCTGGTCGÀGAACCÀCGTGGACGGGÀÀCG TGÀÀC TTGÀTGGGAGGTGGÀGGTGG 1
135 L44 154
ÀlaGJ.yArgl,y sP roLeuLysSe rcl-yMetLysGluLeuAlaVaIPheÀrgGluLysVa I
GCCGGlCGGÀÀGCCCC TCÀÀGTCCGGCÀ TGAÀGGÀGCTGGCCGTGTlCCGGGAGAAGGTC
r55 164 L14
ThrGluGlnHi sArgG.l-nMetclyLysGIyG J-yLysHisHi sleuGJ.yleuGluGJ-uP ro
ACGGÀGCÀGCÀCCGGCÀGÀTGGGCAÀGGGTGGCAJ\J\CÀTCACClCGGCC TGGÀGGÀGCCC
175 184 r 194
Lys LysLeuÀrgP roP roP roAJ-aArgThrP roCysGJ-nGlnGIuLeuÀspGlnVaILeu
ÀÀGAÀGCTGCGGCCGCCÀCCTGCCÀGGÀCCCCCTGCCAGCÀGGAÀTTGGACCAGGTCCTG
195 204 2r4
GJ-uArgIleSe rThrMetArgIêuP roÀspcl-uÀrgGJ.yP roLeuGl-uHj-sLeuTy rSe r
GÀGCGGÀTCTCCACCATGCGCCT TCCC,GÀTG AGCC.GGGTCCCCTGGÀGCÀCCTC TÀCTCC275*224*234
I-euHi s ILeP roÀsnCysAspLy sHi sGlyLeuTyrAsnLeuLysGl-nCys LysMet Se r
CÎÀCÀCÀTCCCCÀACTGTGÀCÀÀGCA TGGCC TGTÀCAÀCCTCÀÀÀCÀGTGCÀAGÀTG TC T23s 

-4 

2s4
LeuÀs nGlyGJ-nArgG J-yGluCy sTrpCysValÀsnP roAsnThrGJ.yLys Leu I leGln
CTGÀÀCGGGCÀGCGTGGGGAGTGCTGGTGTGTGAÀCCCTÂÀCÀCCGGGAAGC TGÀTCCAG
255 264 * 214
GIyAJ- aProThrI leArgGlyAspP roGJ- uCysHi s LeuPheTy rÀs nGJ.uGInGlnGJ-y
GGAGCCCCCACCATCCGGGGÀGACCCCGÀGTGTCATCTC TTCTÀCÀÀCGAGCAGCAGGGG
215 284
Al-aArgclyvalHi sAsnGlnÀrgMet Gl-n
GCTCGAGGGGTGCÀCAÀCCÀGCGGÀTGCAGTÀÀACÀTÀGCCÀGCCGGTGCCTGGCACCCC
CACCATCCGGGGAGACCCGÀG TG TCÀCTCTC TTC TÀCÀÀCGAGCAGCAGGGGGC TCGAGG
GGTGCACACCÀGCGGATGCAGTAÀÀCCÀTÀGCCÀGCCGGTCCTGGCÀCCCCCCACCTCTT
CGGAGCGGGCAGAGCÀTGGAGAGCGCATGCGTGGTGGGlGGCGGGGCÀGÀGCTTCCÀGGÀ
GTTCTGÀCATG TGTÀT TTÀTÀ TTTGGÀÀÀGAGACCGGCÀCCGÀGCTCGGCACÀCACCCCC
ccAcccccTlccccAcclTcccccTccccÀGccGGAGÀTGccTGcAcccTcccTGcTccA
GGCCTGCTGGGCAGGAAGGGGÀTGGT TGCAGTGGCÀGÀGClGGGGTAÀÀTGT lTGGGAGA
GGGAJ\AiU\AÀGÀÀÀTT TTTAT TT TTGAÀCCCCTGTG TCTCT TTTGC TTAÀGA TTAÀAGGÀ
ÀGGA'\A'U\TÀ,\GGÀA ( 13 95)

PRI¡.ÍER 2¿¡

+1 +8
Glu Val Leu Phe Arg Cys Pro Pro

5' -GÀG GTG CTG Trc CGC TGC CCG CCC- 3'

(960)
( 1020)
( 1080)
(1140)
( 1200)
(1.260ll
(1320)
(1380)



Figure 6.5: Diagramatic representation of the three IGFBP
polymerase chain reactions (PCR)

Primen (boxes) a¡e shown annealed to target DNA sequences. The

direction of synthesisby Taq polymerase is indicated by arrows and the

expecæd length of PCR product is below each diagram. The original PCR

reaction (A) involved the use of the primers P23 and P15 with genomic

DNA or IMR 90library cDNA as a template. The product was expected to

be 100-200 bp, although Shimasaki et. al. (1991a) have since reported that

the P15 sequence is not present in hIGFBP-6, which corresponds to the

He[39]L IGFBP. The ampliñcation of bIGFBP-2 sequences @) involved

the primers P24 and P30 with a plasmid containing bIGFBP-2 cDNA as

template DNA. A672bp product was amplified. The primers P29 and P30

were used in the second He[39]L PCR (C) in an attempt to amplify a 500-

700 bp sequence using cDNA synthesized from cellular RNA. The

hIGFBP-6 cDNA sequence (Shimasaki et. al., 1991a) indicates this

product should in fact be 465bp.



A 5

3',

Bs,

3'

C 5'

I 00-200bp

3

5

3

53

3'

672bp

500-700bp

p23

Pr5

P23 Pt5

P24

P30

p24 P30

P29

P30

P29 P30



Figure 6.6: Sequences of the six human IGFBPs

The amino acid sequences of six human IGFBPs derived from cDNA

clones so far sequenced are represented in this figure. Cysteine residues a¡e

highlighted. Sixteen cysteines are conseryed throughout all human IGFBP

sequences. Human IGFBP4 has two extra cysteines in the central

nonconserved region. There is a discrepancy between the two reported

hIGFBP-2 sequences over tl¡e cysteine at the C-terminal end @inkert et.

al., 1989; Zapf, et. al., 1990). The two residues of hIGFBP-6 replacing

the cysteines conserved in other sequences are highlighted by a star. The

sequences corresponding to binding protein specific primers (Pl5 and P30)

used in polymerase chain reactions a¡e underlined
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Figure 6.72 Analysis of polymerase chain reaction (PCR)
products

PCR was used to amplify bIGFBP-2 and aminolevulinate synthetase

(ALAS) sequences. A. The bIGFBP-2 product was digested (A) with the

restriction enzymes Not I and Sma I. Undigested product (B) was in
neighbouring tracks. Not I digesæd the bIGFBP-2 PCR product to give

smaller fragmens of approximately 534bp and 138þ as expected. Sma I
digested the bIGFBP-2 DNA reducing the product to approximately 457bp.

The predicted 2l5bp smaller band is not visible on this photograph. These

DNA fragments were compared against SPP-I DNA marken digesæd with
EcoR I. The ALAS product (a15bp) is shown in B and its size was

compared against pUC DNA digested with Hpa I.

The reaction conditions used in the amplification of both bIGFBP-2 and

ALAS sequences were as follows:

Reaction Components

Template DNA bIGFBP-2 clone, 10ng plasmid with 1.39kb insert

or 5pl He[39]L cDNA (for ALAS PCR)

Primers lO0ng each (1-2pM)

dNTPs 100pM each

lX Bresa TaqBuffer
Tø4 polymerase 0.5 units

Reaction Conditions

Denaoration 94"C,45 seconds

Annealing 55oC,3 minutes

Extenstion 72oC,3 minutes
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Figure 6.8 Prediction of secondary structure in the hIGFBP-6
mRNA

The possibility of the formation of secondary stn¡ctures in the hIGFBP-6

mRNA was predicted using the FOLD program (Zucker and Sæigler,

1981). The graphic oulput was formed using the program SQUIGGLES.

The free-energy (AG) value for the 918base stn¡cture was calculated o be

-L432 kÍmole (-342kcallnnle). Residue one corresponds to the 5' end of
the hIGFBP-6 cDNA clone (Shimasaki et.al.,1991a) and residue 918 is at

the 3' end. Paired bases are joined by short lines and base numbers are

indicated in 10 base intervals.
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Figure 6.9 Southern analysis of 1.25kb and 1.75kb lambda gtll
clones

The two clones isolated from the IMR 90 cDNA library were digested with

EcoR I, Bgl II and Pst I restriction endonucleases and in various

combinations of those enzymes. A. Digested DNA was separateÅ on a l7o

agaroseÆBE gel and visualized following staining with ethidium bromide.

B. Southern analysis of the clones was performed as described in section

2.4.5.DN4 was transferred to Nytran membrane and the filter was probed

with 32P hbelled P29 which encodes the He[39]L binding protein N-

terminal sequence. Fragments containing sequences hybridizing with the

pfob were identified after exposure to X-ray film overnight. C. The filter

was sripped by placing in boiling \#ater and allowed to cool to room

temperature. Exposure overnight to X-ray film confrmed the removal of the

first probe. Following prehybridization the filter was probed wittr 32p

labelled P30. Specific hybridization was visualized after exposure overnight

to X-ray film. Fragment sizes were determined by comparison with SPP-I

phage/EcoR I markers.

The DNA in each track was as follows:

Mr. SPP-I ma¡kers

1. bIGFBP-2 cDNA (l.39kb clone)

2. l,amMa with 1.75 kb insert digested with Bgl tr/Pst I
3. I¿mMa with 1.75 kb insert digested with Bgl trÆcoR I
4. LamMa with 1.75 kb insert digested with Bgl tr
5. I¿mMa with 1.75 kb insert digested with FæoR IlPst I
6. I-ambda with 1.75 kb insert digested with Pst I
7 . I¿mbda with 1.75 kb insert digested with EcoR I
8. t¿mMa with 1.75 kb insert, undigested

9. l¿mMav/ith 1.25 kbinsertdigested with Bgl trlPstI
10. I^amMa with 1.25 kb insert digested with BgI IIÆcoR I
11. IåmMa with 1.25 kb insert digested with Bgl tr
12. I¿mMa with 1.25 kb insert digested wittt EcoR I/Pst I
13. I¿mbda \¡/ith 1.25 kb insert digested with Pst I
14. I^amMa with 1.25 kb insert digested with EcoR I
15. I-amMa u'ith 1.25 kb insert, undigested

Mr. SPP-I markers
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A EcoRI PstI

EcoR I Pst I

Pst I Bgltr EcoRI

B Bgltr EcoRI

0 200 bp

Figrue 6.10: Restriction maps of 1.25kb and 1.75kb clones isolated

from IMR 90 cDNA library. Lambda cDNA clones isolated from the

IMR 90 cDNA library were digested with restriction enzymes (EcoR I, Pst I

and Bgl tr) and separated on a lVo agaroseÆBE gel. Restriction fragments

were sized against SPPI markers (Bresatec Pty. Ltd.). Shaded areas are

restriction fragments which hybridized to the P29 oligonucleotide used for

screening the cDNA library (see Figure 6.8). A. The 1.25kb clone. B. The

1.75kb clone.
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Figure 6.11: Identification of the P29 site in cDNA sequence of a Bgl IVPst I

fragment isolated from the 1.25 kb clone. The Bgl IIlPst I fragment of the l.25kb

lam6a clone isolated from the IMR 90 cDNA library was subcloned into a Bluescript

BKS+ vector. Sequencing revealed an insert of 542bp. A sequence correspondinglÐY29

matching n24n9 positions was identified in the clone. Matches are indicated by vertical

ban. This match is posible if a gap is inroduced into ¡he P29 sequence (-). The vector

sequence is underlined.



CHAPTER 7

GENBRAL DISCUSSION



The last few years has seen an enorrnous expansion in the IGF binding protein field.

The complexity of the regulation of IGF action by binding proteins was not realized until the

initial r€ports of the purification of binding proteins. Also, with the development of the

'Westem ligand blot technique (Hossenlopp er aJ., 1986) the numbers of binding proteins

could be estimated in various tissues and fluids.

The importance of understanding the modulation of IGF action by binding proteins

has been stressed in recent times by the interest in the clinical use of IGFs. Several invivo

studies have reported incre.ased growth in response to IGF-I infusion not only in growth

hormone (GH) deficient (hypophysectomized) but also fasted ras (Schoenle et a1.,1985;

Maiter et a1.,1988). A simila¡ response was also observed in normal animals (Hizuka et al.,

1986; Philipps e, øt., 1988). Increased food convenion rates have been observed in nitrogen

resticted rats (Tomas et a1.,1991), raS with gut resection (læmmey et al.,l99l),

streptozotocin-induced diabetes or treated with glucocorticoid (Ballard et al.,l991c). These

srudies have also repofed the positive effect of des-(l-3)-IGF-1 on growth rate. The results

seem encograging in terms of future administration of IGFs in the trsaEnent of polytrauma.

Understanding the mechanisms of regulation of IGF action by IGF binding proteins will be

of extreme importance when considering the clinical applications of IGFs. Already the

beneficial effects of co-administration of IGF-I and IGFBP-3 versus IGF-I alone have been

observed in wound healing. However, the mechanisms leading to the improved wound

healing are not as yet understood (Sommer et.al., t99l).

In this thesis I have approached the problem of defrning the role of IGF binding

proteins in two ways. The first was to examine the relative lGF-binding affinities of three

different binding proteins and to thereby define three classes of IGF binding proteins. The

second approach was to purify and charactenze two novel binding proteins. A detailed study

of one of these (the 32kDa He[39]L binding protein) related the properties of this binding

protein to other known binding proteins. The isolation of novel binding proteins provides

vital information necessary for investigating srucual deærminants involved in the binding

of IGFs, a specific aim of our laboratory.

The studies outtined in Chapter 3 relating to the relative binding afhnities of

hIGFBP-1, bIGFBP-2 and hIGFBP-3 were a key to identifying the importance of the fi¡st

th¡ee amino acids of IGF-I in binding to the small molecular weight binding proteins. The
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truncared form of IGF-I, des-(l-3)-IGF-1, is 6-10 times more biologically active invítro

(Francis et al.,1988b) as a result of its inability to bind the small molecular weight binding

proteins.

The definition of rhree classes of IGFBP with respect o relative IGF-binding affinity

suggests thæ each class of binding protein has a distinct function in the modulation of the

IGF action. P¡evious studies have measured the majority of IGF in the circulation to be in

association with the large molecular weight binding protein complex (Ma¡tin and Baxter,

1985). The ability of IGFBP-3 to bind not only IGF-I, IGF-tr but also des-(1-3)-IGF-1

supports those observations.

The fact that the smaller binding proteins bind des-(l-3)-IGF-l poorly, if at all,

suggests that they are involved in an altemative function. To date cDNA clones of a toal of 5

small molecular weight binding proteins have been purified. The need for so many different

types of small binding proteins is unclear. They may play a role in directing IGFs to specific

tissues. For instance, the predominance of IGFBP-I in placental tissue suggests a maþ role

in the decidualization of the endometrium @ell, 1989). Thus, IGF associated with the large

molecula¡ weight ca¡rier complex in the ci¡culation represents the proportion of IGF having

an endocrine role, whereas the smaller binding proteins are most likely involved in the action

of IGFs at the tissue level.

Sa¡a and Hall (1990) have proposed that the two forms of IGF-I also play different

roles. They suggest that IGF-I and des-(1-3)-IGF-1 arise from the two precursor forms,

IGF-Ia and IGF-Ib respectively. A protease would specifically cleave the IGF-Ia form to

des-(1-3)-IGF-1. As des-(l-3)-IGF-l has only been purified from tissues or a fluid

(colostrum) rich in cells or cell debris Sara and Hall (1990) suggest it acts in an autocrine

manner, whereas IGF-I is found in the circulation and most likely has a paracrine action.

The inability of the small binding proteins to bind des-(1-3)-IGF-1 would therefore facilitate

the autocrine action.

Several other mechanisms have been recently proposed to be involved in the control

of the IGF-binding protein interaction. Proteases have been identifred which cleave particular

binding proteins (predominantly IGFBP-3) in pregnancy and also as a result of trauma in

surgery (Gargosky et al.,l990a; Guidice et a1.,1990; Davenport et al.,1990:' Holly et al.,
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l99l). Proteolytic cleavage of binding proteins has also been identified in scminal

a¡d has been attributed to seminal plasma antigen (Cohen et. a1.,1991).

The identifrcation of binding protein proteases opens a new a¡ea of resea¡ch. Their

pres€nce may be providing a mechanism for the release of IGF from the ca¡rierprotein.

Such mchanisms have been demonstrated to play a role in certain horrnone ca¡rier systems.

CBG (C-orticosteriod binding globulin) and Ta transport protein CIBG) a¡e carrier proteins

which have stn¡ctural homologies with serine protease inhibitors known as SERPINs. Most

SERPINs interact with specific proteases and are then cleaved themselves by the protease. In

the case of CBG, its cleavage by elastase results in a d¡amatic reduction in steroid binding

activity (Flammond et ø1.,1990).

The involvement of proteases in the IGF-binding protein interaction also presents the

possibility of an alternative model for the generation of the truncated form of IGF-I.

Although in the case of CBG the steroid itself is not affected by the proteolytic cleavage

mechanism, it is possible that during release of IGF-I from IGFBPs by proteolysis a

concurent cleavage of IGF-I occurs to form des-(l-3)-IGF-1. Thus, the purification and

cha¡acterization of the binding protein specific proteases will certainly be vital in

understanding the control of IGF action.

Further properties of binding proteins isolated so far may also be involved in altering

the lGF-binding protein interaction. IGFBP-l secreted by tissue culture cells has been

shown to be phosphorylated (Clemmons et a|.,1991). The phosphorylated form has a

greater affrnity for IGF-I than the non-phosphorylated form. Also, multimeric forms of

IGFBP-1 resulting from intermolecular disulphide bond formation a¡e biologically active

(Busby et a1.,1989). However, the significance of these forms is not clear as yet .

The modification by glycosylation may also be significant in the action of binding

proteins. To date IGFBP-3 (Martin and Baxter, 1986), IGFBP-4 (Dr P. E. Walton, personal

communication) and the32 kDa He[39]L binding protein (hIGFBP-6, see Chapter 5) have

been shown to be glycosylated. An interesting report by Cornell et al. (1987) identifres that

glycosylation may infer different properties to binding proteins. A glycosylated form of the

150 kDa large molecular weight IGF ca¡rier is biologically active when complexed with

IGF-tr, whereas the nonglycosylated form bound to IGF-I is inactive in the s¿rme assay.
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Several resea¡chers have reported that IGF bound to binding proteins is unable to

bind o IGF recepors (Knauer and Smith, 1980; Riwos et al.,1987; Ross er øJ., 1989). The

enhancement of IGF action by binding proteins has also been reported (Clemmons et al.,

1986; Elgin et a1.,1987; De Mellow and Baxter, 1988). It is possible that modification by

glycosylation, phoqphorylation or other means may confer the stimulatory or inhibitory role

to binding proteins observed by different resea¡chers.

The presence of Arg-Gly-Asp sequences in IGFBP-I and IGFBP-2 sequences have

been implicated in the possible association of those binding proteins with cellular

membranes. Binding proteins have been identified on the surface of several cell qpes

including fibroblasts. McCusker et al. (1990) have suggested the membrane bound IGF

binding proteins a¡e involved in the stimulatory action of binding proteins, enhancing the

action of IGF by aiding the interaction with IGF receptors. Interestingly, He[39]L lung

fibroblass have memb'rane bound binding proteins but the 32kÐaHe[39]L binding prctein

(hIGFBP-6) does not contain an Arg-Gly-Asp sequence. This may nìean that the surface

associated binding protein is not related to IGFBP-6.

Initial cha¡acterization of the32 kDa He[39]L binding protein has not identified any

further modifications to the mature protein such as phosphorylation which might alter is
interaction with IGFs. In Chapter 5 I described that the He[39]L binding protein is

immunologically unrelated to bIGFBP-2 and is also distinct from IGFBPs l, 3 and 4.

However, the binding pattern of the 32 kDa He[39]L binding protein is simila¡ to that of

bIGFBP-2 (see Chapter 5), which belongs to one of the three classes defined in this thesis.

Comparison of the amino acid sequences of these two binding proteins indicates the greatest

similarities at either end (Figure 6.6). These similarities must confer a structure to bIGFBP-2

and the He[39]L IGFBP resulting in common binding patterns. Therefore the basic

determinant of IGF binding affrnity lies in the amino acid sequence of the nvo binding

proteins. These observations are particularly interesting considering that hIGFBP-6lacks

two cysteines previously thought to be important in the formation of a common binding

protein structufe.

V/ith the availability of so many binding protein sequences it wil be possible to make

predictions of residues which might be involved in the IGF binding site. Site directed

mutagenesis of IGFBP cDNA clones and expression of mutant proteins will be vital in
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determining specific residues of IGFBPs involved in the lGF-binding protein interaction.

Systematic mutation of the cysteine residues would be tt¡e fint important changes to analyze.

In addition, mutation of the coûrmon sequence used as an oligonucleotide in the PCR

reactions described in Chapter 7 would prove interesting.

Chemical modification of particular residues in the IGFBPs using a strategy similar

to the one described by Moss et al. (1991) would also provide useful information about the

IGF bfuding site. This would involve modification of tyrosine residues by Chloramine T in

the presence of IGF. Protection from modiFrcation of particular tyrosines in the presence of

IGF (deærmined by tt¡e distribution of 125¡ ¡çe¡poration) would indicate the involvement of

that residue in the IGF binding site.

In Chapter 4I examined factors and hormones which might have an influence on

binding protein expression by He[39]L cells and SF 1972 human skin fibnoblasts. Altering

the local production of binding proteins would in turn affect the availability of IGF to bind

the cellula¡ receptors. Both frbroblast types responded to IGF-I, IGF-tr, des-(l-3)-IGF-l

and long R3 IGF-I with an increased production of IGFBP-3. A slight increase in

production of the binding proteins with a simila¡ size to hIGFBP-6 was also observed.

Perhaps the production of binding proteins in response to higher levels of IGF is a

mechanism of "fine tuning" the levels of IGF available in the tissues containing these cell

types.

With the availability of the cDNA clone encoding hIGFBP-6 it will be interesting to

deterrrine the tissue disribution of this binding protein. As yet only rat tissues have been

analyzed for the presence of TIGFBP-6 by Northern analysis (Shimasaki et. al.,199la). To

date it appears that the fibroblasts analysed by V/estern ligand blotting (Chapter 4) all

exprcss a binding protein of simila¡ size to hIGFBP-6. It is possible that all fibroblasts

express this protein. hIGFBP-6 has also been localizedin serum, cerebrospinal fluid and is

produced by cultured osteoblasts (Roghani et a1.,1989;7-apf et al.,l990a; Andress and

Birnbaum, 1991). Determination of the levels of expression of IGFBP-6 in diseased states

or in cases of trauma will ultimately help us understand the role of IGFBP-6 in the

modulation of IGF action.
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The observations prcsented in this thesis will useful in the identihcation and

classification of novel binding proteins in the future. The isolation of rwo novel binding

proteins adds o the complexity of the control mechanisms rcgulating the action of IGFs.

Further characterization of tl¡ese binding proteins on rrclecular and structr¡ral levels will be

vital forfr¡tr¡re understanding of the mechanism of lcF-binding prctoin interactions.
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