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Summary

Insulin-like growth factors (IGF) are growth promoting peptides which act via cell
membrane receptors (Type 1 and Type 2 receptors). The two forms of IGF, IGF-I and
IGF-I1, are found in the circulation associated with carrier proteins referred to as the insulin-
like growth factor binding proteins (IGFBP). IGFBP are found in two molecular weight
groups, namely the large (40-55 kDa) and the small (24-34 kDa) molecular weight binding
proteins. The large molecular 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
32 kDa He[39]L IGFBP described below) were used in the classification of IGFBP into
three distinct groups according to their relative IGF-binding affinities. The three binding
patterns were determined using competitive binding assays using purified IGFBPs and
IGFs, including IGF-I, IGF-II and a truncated form of IGF-I (des-(1-3)-IGF-I). Earlier
studies in the group determined that the IGF-I variant has a 5-10 fold enhanced biological
activity over the full length IGF-I (Francis et. al., 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 various binding proteins in the modulation of IGF action.

Further studies outlined in this thesis involved the characterization of binding
proteins produced by a human embryonic fibroblast cell line (He[39]L). Techniques such as
Western ligand blotting, immunoblotting and charcoal binding assays were used in the
comparison of IGFBP produced by this cell line with IGFBPs of other human fibroblasts.

He[39]L cells produced relatively low amounts of binding protein when compared
with cell lines used previously as a source of IGFBP purification (Hep G2 human hepatoma
cells, MDBK bovine kidney cells). A series of stimulation experiments revealed that
He[39]L 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 identified as a source for the
purification of novel binding proteins as it presented an unusual IGF-binding pattern. Two
novel binding proteins were isolated and purified using cation exchange chromatography,
affinity chromatography and reverse phase high performance liquid chromatography. A 25
amino acid N-terminal sequence was obtained for a 32 kDa He[39]L binding protein using
the technique of electroblotting and the sequence differed from previously sequenced
IGFBPs. Analysis of the protein revealed a small molecular weight (32 kDa) binding protein



with N-linked glycosylation. The He[39]L binding protein was shown to be
immunologically unrelated to the bovine small molecular weight IGFBP-2.

The 32 kDa He[39]L binding protein did not bind des-(1-3)-IGF-1, and IGF-II
competed for the binding sites 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 was not further characterized.

Having isolated the 32 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 first involved screening a human
embryonic lung fibroblast library 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 corresponding to
amino acids 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. In 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 cDNA was
achieved. Further control experiments suggested a possible RNA secondary structure
problem in the synthesis of cDNA used as a template in the He[39]L PCR.

The results presented in this thesis will be useful in the classification of novel
binding proteins in the future. Further information is provided about the ever increasing
numbers of IGFBPs with the purification of two novel IGFBPs. Isolation of novel IGF
binding proteins and their characterization will ultimately be vital in elucidating the control
mechanisms regulating the action of IGFs.
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CHAPTER ONE

INTRODUCTION AND LITERATURE REVIEW



1.1 INTRODUCTION AND LITERATURE REVIEW

1.1.1 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
cartilage; 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. al., 1963); and finally as multiplication-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 (Daughaday ez.
al. 1987), also avoiding confusion with the term "somatomedin” designated to the various

defined activities (Daughaday 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 first
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 similar

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



Greater differences are seen between avian and mammalian IGFs than between the
mammalian IGFs. Chicken IGF-I differs from human IGF-I by 8 residues (Roberts et. al.,
1987; Dawe et. al., 1988; Kajimoto and Rotwein, 1989; Ballard er. al., 1990a) and there are
significant differences between human and chicken IGF-II in regions of the molecule
believed to play a role in receptor binding and binding to IGFBPs (Kallincos ez. al., 1990).
The sequences of salmon and Xenopus IGF-1 have a similar degree of divergence from
human IGF-I as chicken IGF-], with 10 and 13 different amino acids respectively (Cao et.
al., 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. al., 1991). Agnatha to which the Atlantic hagfish
belongs, is a class of chordates that diverged from the main line of vertebrates 550 million
years ago. Therefore, the IGFs represent a family of slowly diverging, structurally and

functionally - related peptides, and are 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 62% similar
(Rinderknecht and Humbel, 1978b). Both have a similar domain structure to insulin with
IGF-I sharing 25/51 amino 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
presence 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 common 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 elementary role of the peptides in the function of all vertebrates.



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

references from which these sequences are obtained are as follows:

IGFE-1

Man
Cow

Cow [des (1-3)]

Pig

Sheep

Guinea Pig
Rat

Mouse
Domestic fowl
Xenopus
Salmon
Hagfish

IGE-11

Man

Pig

Cow

Sheep

Rat 1

Rat2

Mouse
Domestic fowl

Rinderknecht and Humbel, 1978a
Honegger and Humbel, 1986
Francis et. al., 1986

Francis et. al., 1989b
Francis et. al., 1989a

Bell et. al., 1990

Tamura et. al., 1989

Bell er. al., 1986

Kajimoto and Rotwein, 1989
Kajimoto and Rotwein, 1990
Cao et. al., 1990

Nagamatsu et. al., 1991

Rinderknecht and Humbel, 1978b
Francis et. al., 1989b

Honegger and Humbel, 1986
Francis et. al., 1989a

Dull et. al., 1984

Marquardt et. al., 1981

Stempien et. al., 1986

Kallincos et. al., 1990
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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 (first days) of

embryogenesis of those species (Heyner ez. al., 1989; De Pablo e. al., 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-1I 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. al., 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 appear 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. al., 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. 1981). After puberty
the levels drop and remain constant till old age (>65 years) when they are again reduced
(Donahue et.al., 1990).

Human IGF-1II levels are low in the term infant (282 ng/ml, Bennet et. al., 1983) but
increase after birth and reach a steady level after one year (Rosenfeld et. al., 1986). The level
of IGF-II in the developing fetus correlates with fetal gestational age (Bennet et. al., 1983).
This is in contrast to development in the rat where IGF-II levels are much higher in fetal than
adult serum (Daughaday et. al., 1982a). Also, IGF-II levels are higher than IGF-I in the
developing fetus and IGF-II is believed to play a prominent role in organogenesis and the
development of neural tissue and vasculature as well as in muscle and cartilage (Bondy et.
al., 1990). The significance of the differences in IGF levels between the human and rat is
not as yet understood. However, the situation in the rat is also observed in fetal lamb serum
(Gluckman and Butler, 1983).



Originally it was believed that all IGFs were regulated by growth hormone (GH),
hence the term somatomedin (Daughaday et. al., 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 er. 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. al., 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-1 cDNA clones have also been isolated from several other species (Bell ez. al.,
1986; Travakkol, et. al., 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 arise by alternative splicing of the 3' untranslated region (Rotwein et. al., 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. al., 1987). Indeed, there are many mRNA lengths present
when tissues from both species are probed by Northern analysis. The different mRNAs arise
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. al., 1984). Three mRNA

species arise from the human IGF-1I gene and theses are a result of the presence of four

promotors and two polyadenylation sites. | 4



promoters. The rat IGF-II gene also has the same three promoters but multiple mRNAs are
generated from this gene. This is most likely due to variable RNA processing or

polyadenylation sites (Daughaday 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 25% of the total serum IGF-II (Rinderknecht and
Humbel, 1978b). Alternative processing is the likely origin of a peptide representing the
carboxy terminal extension of the propeptide of IGF-II. The first amino acid of the variant
lies two residues downstream of a potential prohormone processing site (Hykla ez. al.,
1985). Two other variants of human IGF-II have insertions at positions 29 and 33, the latter
having also a carboxy terminal 21 amino acid extension which is derived from the propeptide
E domain (Hampton et. al., 1989; Zumstein e. al., 1985). Six other variants of IGF-I and
IGF-1I separated on the basis of isoelectric point have been isolated from human plasma
(Blum et. al., 1986). 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 variant of IGF-I has attracted substantial attention as it more biologically
active than IGF-L It has been purified from bovine colostrum (Francis et. al., 1986),
human brain (Carlsson-Skwirut et. al., 1986; Sara et. al., 1986), porcine uterus (Ogasawara
et. al., 1989) and human platelets (Karey er. al., 1989). The truncated IGF,
des-(1-3)-IGF-I, has the first three amino acids deleted. In protein synthesis and degradation
assays des-(1-3)-IGF-I has an approximately ten fold greater potency than IGF-1. This
phenomenon is due to a lack of interaction with certain IGFBPs (Szabo et. al., 1988; Bagley
et. al., 1989) 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. In

the human fetus IGF-I is present in all tissues in the form of different sized transcripts (Han



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

in some way be used in tissue specific expression (Hepler et. al., 1990).

IGF-1I is also expressed in a tissue specific manner, being present in all human fetal
tissues except the cerebral cortex and hypothalamus. Messenger RNAs with different §'
untranslated regions arising from three promoters are preferentially expressed in various
tissues (Sussenbach, 1989).In general IGF-II is at higher levels than IGF-I (Han ez.
al.,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 et.
al., 1987a).

Developmental control is also affected with the onset of puberty when there is an
increase in IGF-I levels as mentioned above. This increase appears to be earlier in girls than
boys and the earlier growth 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. al., 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., 1987b) and may be important in the growth and
development of the uterus. In fact, pregnancy in humans results in increased maternal IGF-I
serum levels (Bala et. al., 1981; Hall ez. al., 1984). Placental lactogen can also stimulate the
production of IGF-I and IGF-1I 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, ez. 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. al., 1989; Bornfeldt et. al., 1989). Similar reduction in serum
levels of IGFs was observed in fasting humans (Clemmons et. al., 1981a; Merimee et. al.,

1982). In the liver there is selective reduction in expression of particular IGF-II mRNAs,



again demonstrating the control of IGF expression at the level of mRNA as observed in

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

1.1.7 IGF Cellular Receptors

There are two membrane bound IGF receptors. Both, or usually at least one, are
expressed on the surface of most cells. The type 1 IGF receptor is a heterotetramer
consisting of two o (135 kDa) and two B (95 kDa) subunits linked by disulphide bonds
(Rechler and Nissley, 1985). The B subunits of the type 1 receptor represent the intracellular
domain. Each o and B subunit arises from a single propeptide which is postranslationally
cleaved to form the dimeric structure (Ullrich ez. al., 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. al., 1986). The insulin receptor is also a heterotetramer. Both receptors
have intracellular tyrosine kinase sites (Jacobs et. al., 1983) and in fact the domains in each

receptor containing these sites show 84% similarity.

The type 2 IGF receptor is a single peptide containing no intermolecular disulphide
bonds. It has a short intracellular domain and an extracellular domain consisting of 15
cysteine rich repeats (Morgan et. al., 1987). The cDNA sequence encoding the type 2
receptor revealed sufficient similarity with the bovine cation-independent mannose
6-phosphate receptor that they are now considered identical proteins (Lobel et. al., 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 extracellular 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-Feng et. al., 1985), the
type 1 receptor is on the long arm of chromosome 15 (Ullrich er. al., 1986) and the type 2

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

There is a very limited structural similarity between the type 2 receptor and the type 1
and insulin receptors (Morgan et. al., 1987). This is reflected in the relative abilities of the
receptors to bind the various peptides. With the advent of production of both IGF-I and
IGE-II 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

7



IGF-II to only a slightly lesser extent and binds insulin weakly. The type 2 receptor on the
other hand has greatest affinity for IGF-II and binds IGF-I at a very much lower affinity but
does not bind insulin (Roth, 1988). Previously, using preparations of IGF-I containing trace
contaminations of IGF-II, a less marked difference was noted in type 2 receptor binding
studies (Rechler and Nissley, 1985). Although the type 1 and type 2 receptors are so
different in their primary structure, obviously they must share some conformational

similarity in their IGF binding domains.

There is considerable evidence demonstrating that IGF-II elicits most of its insulin-
like activities through the type 1 receptor rather than the type 2 receptor (Mottola and Czech,
1984; Ewton et. al., 1987). Possibly the mannose-6-phosphate/type 2 receptor acts to
recirculate IGF-II 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
highlighted. Residue 24 of IGF-I and the C domain are important for IGF-I binding to type
1 receptors (see Figure 1.2; Cascieri er. al., 1988a; 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 receptors (see Figure 1.2;
Bayne et. al., 1988). These experiments demonstrate that there are two different receptor
binding sites on IGF-I for the different IGF receptors. Also, each receptor recognises a
different structural determinant on the various IGF peptides. In fact, the IGF determinants
recognised by IGFBPs are also unique and will be discussed in more detail in section

1.2.17.

1.1.8 Biological Effects of IGFs

IGFs are found in serum and other body fluids including CSF (Haselbacher and
Humbel et. al., 1982), amniotic fluid (Merimee et. al., 1984) and saliva (Costigan er. al. ,
1988). They are also secreted by a range of different cell lines including human fibroblasts
(Clemmons and Shaw, 1986), rat liver cells (Marquardt ez. al., 1981), fetal rat calvariae

(Canalis et. al., 1988), Sertoli cells (Smith er. al., 1987) and adrenal cells (Penhoat et. al.,
8



Figure 1.2: Insulin-like growth factor (IGF) receptor binding
domains in the IGF-I, IGF-II and insulin structures

Three dimensional models of IGF-I, IGF-II 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, NY, 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 shared between the three proteins. The domains are shown
in different colours as follows:

A domain, IGF-I, green

A domain, IGF-II, yellow
A domain, Insulin, pale blue
B domain, blue

C domain, red

Residues of IGF-I involved in Type 2 receptor binding (determined by site-
directed mutagenesis) are highlighted. They are Phe?9, Arg™0, Ser31, Arg3
and Arg of the A domain (Bayne et. al., 1988). The corresponding
residues of IGF-II (Phe48, Arg4?, Ser50, Ala54, Lys55) and insulin (ThrAS,
SerA9, TleA10, TyrAl4, GInA1S) are also indicated. Mutation of the C
domain of IGF-I has determined its importance in Type 1 receptor binding
(Cascieri et. al., 1988a; Bayne er. al., 1989).






1989). 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 are growth retarded. Subcutaneous
infusion of IGF-I (103 pg/100 g rats/day) into hypophysectomized rats results in an increase
in body weight (Schoenle et. al., 1985). Similar results were seen with normal neonatal rats.
Their growth 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 7Fe 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-1.

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 earlier (Salmon and Daughaday, 1957; Froesch er. al.,
1963), whereas the cell culture experiments revealed more specifically the abilities to act as
mitogens and to stimulate differentiation. IGF stimulates growth of chicken embryo
fibroblasts measured by an increase in thymidine incorporation (Moses et. al., 1978). IGF-I
and IGF-II promote the differentiation of chicken myoblasts to mature muscle cells in
primary culture as measured by an increase in acetylcholinesterase activity (Schmid et. al.,
1983). Similar experiments using alkaline phosphatase as a marker of differentiation show
stimulation of differentiation by IGF-1 and IGF-II of cultured osteoblasts resulting in

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



oligodendrocytes (McMorris et. al., 1986), erythroid cells (Kurtz et. al., 1985) and ovarian
cells (Veldhuis and Demers, 1985), and so appears to have a broad spectrum of target

tissues in which it can elicit its effects.

1.2 IGF BINDING PROTEINS (IGFBPs)

1.2.1 Identification of IGF Carrier Proteins

For a long time it has been recognized that IGF is found in serum in a large
molecular weight form. Under neutral gel filtration conditions the insulin-like activity was
identified in a 70-150 kDa complex (Biirgi et. al., 1966; Jakob et. al., 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 sites in a charcoal binding assay in which iodinated somatomedin was
separated from somatomedin-carrier complexes by adsorption of the unbound radiolabel to

activated charcoal.

The identification of IGF carrier proteins by Zapf et. 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 first 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 (Daughaday
et. al., 1982b; Zapf et. al., 1975a; Martin and Baxter, 1985). Both gel filtration and
ultracentrifugation 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 (Hintz and Liu,
1976; 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 characterized. In 1989 a general concensus for the

10



nomenclature of binding proteins was agreed upon. Following the isolation of a cDNA clone
for a novel binding protein it is named as IGFBP-1, IGFBP-2 etc. according to the order of
published sequence (Ballard et. al., 1990b). Up to late 1990 four distinct binding proteins
have been sequenced at the cDNA level. Others have been purified and partial amino acids
sequences have been reported. Table 1.1 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 Western 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 are
the high molecular weight and several low molecular weight binding proteins (< 40 kDa).
This observation was confirmed by others using crosslinking techniques (D'Ercole and
Wilkins, 1984; Wilkins and D'Ercole, 1985; Ooi and Herington, 1986). It should be noted
that identification of binding proteins having the same molecular 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. al., 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 remarkable conservation of the
relative positions of 18 cysteines. The cysteines are obviously playing an important role in
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hIGFBP-1

1IGFBP-2

bIGFBP-2

hIGFBP-3

1IGFBP-3

pIGFBP-3

hIGFBP4

1IGFBP4

PREVIOUS

NAME NAME

AFBP

HEP G2 BP

Placental
protein 12
(PP12)

BRL3ABP

MDBK BP

BP53

IDF45

BPS3

SOURCE

human amniotic fluid

human hepatoma cell
(HEP G2)
conditioned medium

human decidua

rat liver cell (BRL 3A)
conditioned medium

rat serum

bovine kidney cell
(MBDK) conditioned
medium

human serum

ovarian follicular fluid

rat serum

porcine serum

human bone cell
conditioned medium
human seminal plasma

ratl serum

35-40 kDa
32 kDa

31 kDa
32kDa

34kDa

36 kDa

33kDa
32kDa

53 kDa, 47 kDa

40 kDa

45 kDa, 42 kDa,
31kDa

45 kDa
79 kDa
48 kDa, 44 kDa

45 kDa, 42kDa

45 kDa, 37 kDa,
22-28 kDa

45kDa, 41 kDa
24 kDa

25kDa
32kDa

REFERENCE

Drop et. al., 1984a
Povoa et. al., 1984a
Clemmons ef. al., 1986
Busby et. al., 1988
Busby ef. al., 1989
Povoa et. al., 1985

Koistinen et. al., 1986

Mottola et. al., 1986
Lyons and Smith, 1986
Romanus et. al., 1987
Zapf et. al., 1988
Szabo et. al., 1988

Baxter and Martin, 1987
Martin and Baxter, 1986
Grant et.al., 1987

Zapf et. al., 1990a

Blat et.al., 19892
Baxter and Martin, 1987
Zapfet. al., 1988
Shimonaka ef. al., 1989
Walton et. al., 1989
Mohan et. al., 1989
Rosenfeld et. al., 1990
Shimonaka et.al., 1989

Table 1.1: Purification of IGFBPs. The purification of IGFBP 1, 2, 3 and 4 has been performed by the

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

and molecular weight measured in each purification are also listed.




IGFBP TYPE
hIGFBP-1

tIGFBP-1
hIGFBP-2

bIGFBP-2
1IGFBP-2

hIGFBP-3

1IGFBP-3
pIGFBP-3
hIGFBP-4
IGFBP4

SOURCE

Human decidua cDNA library
Human placenta cDNA library
Human decidual cDNA library
HEP G2 cDNA library

HEP G2 ¢DNA library

Human genomic library
Human leukocyte genomic library
Rat decidual cDNA library
Fetal liver cDNA library

HEP G2 c¢DNA library

MDBK cDNA library

BRL 3A cDNA library

Adult rat liver cDNA library
Rat genomic library

Human liver cDNA library
Human liver cDNA library
Human genomic library

Rat liver cDNA library

Porcine ovarian cDNA library
Osteocarcinoma cell cDNA library
Rat liver cDNA library

REFERENCE

Brewer et. al., 1988
Brinkman et. al., 1988a
Julkunen et. al., 1988
Luthman et. al., 1989
Lee et. al., 1988
Brinkman et. al., 1988a
Cubbage et. al., 1989
Murphy et. al., 1990
Binkert et. al., 1989
Zapfet. al., 1990a
Upton et. al., 1990
Brownet. al., 1989
Margot et. al., 1989
Brown and Rechler, 1990
Spratt et. al., 1990
Wood et. al., 1988
Cubbage et. al., 1990
Albiston and Herington, 1990
Shimasaki et. al., 1990a
LaTour ef. al., 1990
Shimasaki et. al., 1990a

—_—

Table 1.2: Cloning of IGFBPs. IGFBP 1, 2, 3 and 4 have been cloned from

c¢DNA libraries. The 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 structure 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 areas of greatest similarity between the different binding proteins with a nonconserved

region connecting them (see Figure 1.3).
1.2.4 IGFBP-1

The first binding protein to be purified was the small molecular weight binding
protein now termed hurﬁan IGFBP-1 (hIGFBP-1). 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 (HEP G2; Povoa et. al., 1985) and placental
protein 12 (PP12) when purified from human decidua (Koistinen et. al., 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 electrophoresis (SDS-PAGE) led to
reports of 28 kDa (nonreduced, Baxter et. al., 1987) and 32-35 kDa (reduced, Drop et. al.,
1984a; Povoa et. al., 1984a; 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. al., 1988a).

Both human and rat cDNA sequences are now available (see Table 1.2 for
references). There is approximately 66% similarity between the IGFBP-1 of the two species
with most similarity in the amino and carboxy terminal domains of the protein (Murphy ez.
al., 1990). The gene for IGFBP-1 has been isolated and spans over 5 kb with four exons
(Brinkman et. al., 1988b; Cubbage er. al., 1989). The gene is localized on chromosome 7
(Brinkman et. al., 1988b). It gives rise to a single mRNA of approximately 1.4-1.5 kb. Rat
IGFBP-1 (rIGFBP-1) is thirteen amino acids longer than its human counterpart due to amino
acid substitutions in two sites of the sequence. IGFBP-1 sequences contain an Arg-Gly-Asp
(RGD) motif near 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.

12



I1GFBP-1 AP--uoElaPBlsAEkLALEP PUSAR---~------------ sPlsevirsAcicEllr nfllaLPLGARES
IGFBP-2 ceuLrrBlrPBlTPERLAAGPPPURPPARAVARUAGGARNPIIAREL UREP GG MMNS Ufsla R L EGE A[EG
{GFBP-3 6ASSG6G6LGPUUREIEPEoD ARALAQEIAPPPRA--------------- vEllREL uREP GEGISMNL TIlA L S EG QPG
IGFBP-4 pERIHElP PRBlS EEKLARBIRPP - - - - - - - - - - - - - - - - velllEE LVREP G oMlR THllA L GL GNPl
1GFBP-1 VATARIMIARRGLSEIRALPGEQOPLHALTRGOGAPIUQES - - -~ ------- DASAPHARERGSPESPESTEITE
IGFBP-2 uyTraflc o LRy PHPGSELPLOQALUNGEGTIMEKRR - - - - - -~ -~ - - DAEYGASPEQUADNGDDHSE- - -
1GFBP-3 rvTeERMssoLrorSPDERRPLOALLDGRGLEAUNAS ---~-------- AUSRLRAYLPRAPPAP ------- L
IGFBP-4 vvrralloscLalvrrrovekpiruTinHooouneLnerentoestopsokoecorpnNisFspfsanonnfd
1GFBP-1 EELLDNFHLNAPSEEDHS----1LUDRAIST------ YOGSKALHUTHNIKKHKE -—==--==—===--=----=
IGFBP-2 @ - ------ GGLUENHUD---STHNNLGGGG6SAGRKPLKSGHKELAUFREKUT-EQHRQNGKGGKHHLGLEE
\GFBP-3 = - -~ - = -~ GNASESEEDRSAGSUESPSUSSTHRAUSDPKFHPLHSK!I I I IKKGHAKDSQRYKUDYESQSTDT
IGFBP-4 - ---- - LOKHFAKIRORSTSGGKNKUNGAPREDARPUP QG - ==~ --==--==---==---=----~--~---
I6FBP-1 === == === - - - pBdR I ELYRUUESLAKARQETSGEE | ----SKFYLPNMNKNGFYHSROQEIETSNDGERG
IGFBP-2 PKKLRPPPART ---PEM00ELDOQULERISTHRLPDERGPLEHLYSLHIPNEIOKHGLYNLEKOEMKNSLNGQRG
IGFBP-3 UNFSSESKRETEYGPRIRAENEDTLNHLKFLNULSPRGU - - -~ - - - H1PNEOKKGFYKKKOEIRPSKGRKRG
IGFBP-4 = - - - - - - - - - - - - -~ B0 SELHRALERLAASQ--S-RTH-EDLY ! IPIPNEBIORNGHNFHPKOEIHPARLDGQREG
IGFBP-1 L UYPUNGKRIPGSPEIRGDPNEIONYFNUQN

IGFBP-2 E JuNPNTGEKLIQGRPTIRGDPERHLFYNEQQEARBPGcUHT QRN

IGFBP-3 F UDKYGQPLPGYTTKGKEDUHoY sSnQsk

IGFBP-4 K UDRKTGUKLPGGLEPKGELDMHQLADSFARE

Figure 1.3: Sequence comparison of four human insulin-like growth factor binding proteins (IGFBPs). The amino
acid sequences of human IGFBP 1, 2, 3 and 4 were deduced from cDNA sequences. Eighteen cysteines are conserved throughout.
Human IGFBP-2 has two extra cysteines in the central nonconserved 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.



1.2.5 Factors Affecting Serum Levels of IGFBP-1

Soon after its purification a radioimmunoassay (RIA) was developed for hIGFBP-1
and levels were measured in serum (Drop et. al., 1984b; Povoa et. al., 1984b). Adult serum
has lower levels of hIGFBP-1 than amniotic fluid (9 ng/ml and 37 ng/ml respectively; Busby
et. al., 1988b; Baxter er. al., 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
sen_linal fluids (Rosenfeld et. al., 1989; Rosenfeld et. al., 1990).

As a member of the small molecular weight binding protein complex identified by
neutral gel chromatography, hIGFBP-1 is classed as GH-independent (Cohen and Nissley,
1976; White ez. al., 1981). 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., 1984b). Also, using rIGFBP-1 cDNA as a probe, Seneviratne et. al.
(1990) showed that hepatic rIGFBP-1 mRNA levels are increased following
hypophysectomy but reduced by subsequent GH treatment. However, Baxter and Cowell
(1987) showed by RIA that serum hIGFBP-1 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-1 mRNA. These discrepancies remain unexplained.

Baxter and Cowell (1987) also showed that hIGFBP-1 levels fluctuate throughout a
24 hour period. 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. al., 1988; Busby
et. al., 1988b). Prolonged fasting leads to elevated hIGFBP-1 concentrations 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-1 (Suikkari et. al., 1988; Unterman ez.
al., 1990).

Although hIGFBP-1 levels are increased in insulin-dependent diabetes (decreased
insulin levels), there is no correlation with IGF-I levels, which are decreased, remain normal
or are increased according to different reports (Suikkari er. al., 1988). The effect of insulin

on IGFBP-1 levels has been confirmed by in vitro studies using human hepatoma cells
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(HEP G2). Increasing concentrations of insulin in the culture medium leads to an decrease in
IGFBP-1 production by those cells (Cotterill ez. al., 1989; Conover and Lee, 1990). 50%
reduction of IGFBP-1 secretion by cultured human fetal explants resulted after exposure to
insulin (Lewitt and Baxter, 1989).

1.2.6 IGFBP-1 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., 1984b). Western ligand blotting was used to confirm 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 women (Donahue et. al., 1990). Looking at rat liver binding proteins by Northern
analysis rIGFBP-1 mRNA levels also decreased with maturation (Ooi et. al., 1990).

There is a switch in the distribution of serum IGF from predominantly small
molecular weight binding proteins to high molecular weight IGFBP during the late stages of
human fetal development (D'Ercole et. al., 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 molecular weight IGF-binding protein complexes.

IGFBP-1 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. al., 1990). The deciduoma provides the neighouring
placenta with immunoreactive hIGFBP-1 not produced by this tissue (Rutanen et. al.,
1985). The concentration of hIGFBP-1 in amniotic fluid is an indicator of fetal maturity as it
declines with time (Baxter er. al., 1987).

Maternal serum binding protein concentrations change during pregnancy. In general,
prenatal and one day postpartum hIGFBP-1 levels are greatly elevated over those found in
the non-pregnant adult (Ooi et. al., 1990). Western 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., 1990). 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. al., 1990;

Guidice et. al., 1990; Hossenlopp et. al., 1990).

In fetal tissues immunostaining with anti-IGFBP-1 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 er. al., 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. al., 1990). This suggests that the liver may be the primary source of non-pregnant
adult hIGFBP-1. In the adult rat, fIGFBP-1 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-1.

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 etz. al., 1989) and
cows (Hossner et. al., 1988) and by cross-linking to radiolabelled IGF in pigs (McCusker
et. al., 1988). However, IGFBP-1 has not yet been purified from these sera. Both large and
small molecular weight binding proteins are present in chicken serum (Armstrong et. al.,

1989; Francis et. al., 1990).

1.2.7 IGFBP-2

IGFBP-2 was originally purified from serum-free medium conditioned by rat liver
cells (BRL 3A, Mottola et. al., 1986) and bovine kidney cells (MDBK, Szabo et. al., 1988).
It has a molecular weight of 40 kDa under reducing conditions and 34 kDa under non-
reducing conditions (Szabo et. al., 1988; Mottola et. al., 1986). Although an antibody for
rIGFBP-2 fails to detect the protein in adult rat serum, rIGFBP-2 has been purified from this
source (Zapf et. al., 1988). The antibody detects significant levels of IGFBP-2 in fetal rat
serum and the binding protein has therefore been implicated in fetal development (Romanus
et. al., 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-1 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 er.

al., 1990).

Not only the rat (Brown et. al., 1989; Margot et. al., 1989) but also bovine (Upton
et. al., 1990) and human IGFBP-2 (Binkert et. al., 1989; Zapf et. al., 1990a) cDNA clones
have been isolated (see Table 1.2). The deduced molecular weight of each IGFBP-2 is
approximately 30 kDa which is significantly lower than is visualized by SDS-PAGE.
However, all IGFBP-2 appear not to be glycosylated, so this can not account for the
differences in observed molecular weights. The 18 cysteines are conserved in each species
as they are for IGFBP-1. The rat sequence has four in-frame deletions in comparison with
the human and bovine IGFBP-2 and there is a 82% and 88% similarity when comparing
bovine IGFBP-2 with rat and human, respectively (Binkert et. al., 1989; Upton et. al.,
1990). The single messenger RNA encoding IGFBP-2 is approximately 1.5-2 kb. Like
IGFBP-1, IGFBP-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 molecular weight binding protein, it too
is influenced by the circulating levels of GH. In acromegaly hIGFBP-2 serum levels are
reduced, noted in Western ligand blots as a decline in the 34-36 kDa species (Hardouin er.
al., 1987). 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 are increased by 10-20 fold, and this is reflected in serum levels (Orlowski et.
al., 1990a). Administration of GH alone barely reverses the IGFBP-2 levels but GH given
in conjunction with Ty, cortisone acetate and testosterone reduces IGFBP-2 to 50% 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 et. al., 1990; Orlowski et. al., 1990a). More specifically, rIGFBP-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 (Bo6ni-schnetzler et. al., 1990) but short term
administration does not (Ooi et. al., 1990; Unterman et. al., 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-2 levels vary throughout pregnancy. Human maternal serum levels gradually
decrease as the pregnancy progresses (Guidice et. al., 1990). A similar pattern is seen for
pregnant rats with the concentrations returning to normal as soon as 2 days post partum
(Gargosky et. al., 1990b). Interestingly, blood IGF-I levels follow much the same pattern as
rIGFBP-2 during and after pregnancy, suggesting some coordination in their expression

during pregnancy.

In the developing rat fetus, the serum levels of IGFBP-2 are generally higher than in
an adult. Then several days postpartum serum levels begin to fall as do the rat serum IGF-II
levels (Donovan et. al., 1989; Orlowski er. al., 1990a). At term gestation rIGFBP-2 mRNA
is most abundant in the liver and is present at lower levels in most other tissues (Brown et.
al., 1989). Of note is the large difference in concentrations of rIGFBP-1 mRNA versus
rIGFBP-2 mRNA in fetal kidney (8 fold more rIGFBP-2) and fetal brain (25 fold more
rIGFBP-2) perhaps indicating specific developmental roles for IGFBP-2 in these tissues
(Ooi et. al., 1990).

Looking at specific cellular localization of rat IGFBP-2 and IGF-1II 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-1I 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 rIGFBP-2 mRNA is undetectable in the heart and muscle (Margot
et. al. 1989; Binkert et. al., 1989). Human IGFBP-2 mRNA is also found in adult human
liver (Zapf et. al., 1990a).

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 a 34 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 (Hintz
and Liu, 1976). Much speculation has arisen over the subunit nature of the 150 kDa complex

with two models arising from different sources of evidence.

Several low molecular weight binding proteins having some characteristics similar to
the 150 kDa complex such as glycosylation and GH-dependence were identified by cross-
linking in high molecular weight preparations. Using this evidence, Wilkins and D'Ercole
(1985) 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 chromatography, 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
not bind IGF itself and can only associate with IGFBP-3 when IGFBP-3 is bound to IGF
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(Baxter, 1988). Therefore, this model accounts for a multisubunit structure containing a

single IGF binding site.

The smaller cross-linked IGFBPs identified by Wilkins 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 (Martin and Baxter, 1986;
Baxter and Martin, 1989). Indeed Shimonaka et. al. (1989) and Zapf ez. al. (1990a) have
isolated IGFBP-3 truncated at the carboxy-terminus. Another smaller species (16-18 kDa)
which cross reacts with antiserum directed against hIGFBP-3 (Baxter and Martin, 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 1s unknown.

An assay for the ALS has been developed and used to follow its purification from
human plasma (Baxter, 1988; Baxter er. al., 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.

Low 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
molecular 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. (1983)
sho;:vcd the susceptibility of the complex to serum proteases. A role of proteases in
pregnancy sera has also been proposed (Guidice er. al., 1990; Davenport ez. al.,1990;
Hossenlopp et. al., 1990). These may be mechanisms by which IGF is released from the
binding protein in a form which is readily accessible to cellular receptors and which can pass

from the blood stream into the extracellular space to target cells.
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1.2.11 IGFBP-3

Human IGFBP-3 has been purified from Cohn fraction IV of plasma (Martin and
Baxter, 1986; Grant ez. al., 1987) and it appears as a doublet of 47 and 53 kDa after SDS-
PAGE under nonreducing conditions. The two species are due to different glycosylation
forms (Martin and Baxter, 1986). Human IGFBP-3 is immunologically unrelated to
hIGFBP-1 (Baxter et. al., 1986).

Porcine, rat and mouse IGFBP-3 have also been purified (Baxter and Martin, 1987,
Zapf et. al., 1988; Walton et. al., 1989; Blat er. al., 1989a). Their molecular weights are
similar to hIGFBP-3 although rat serum IGFBP-3 can appear as a triplet of 43, 41 and
39 kDa on ligand blots (Hossenlopp er. al., 1987). Human, porcine and rat IGFBP-3
cDNA sequences are available (see Table 1.1, Wood et. al., 1988; Shimasaki ez. al., 1989,
Spratt et. al., 1990; Shimasaki ez. al., 1990a; 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 18 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 two potential O-linked
glycosylation sites, whereas rat has an extra N-linked glycosylation site (Wood et. al., 1988;
Shimasaki et. al., 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. al., 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 are GH-dependent (Binoux et. al., 1984;
Furlanetto, 1980; Baxter and Martin, 1986). Circulating hIGFBP-3 levels are significantly
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decreased in patients with GH-deficiency and increased 2-3 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 reverses this effect (Clemmons et. al., 1989). Hypophysectomized pigs show the

same pattern of responses (Walton and Etherton, 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., 1990b). Similar 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 diurnal rhythm associated with IGFBP-3 levels which
remain constant at approximately 6 pg/ml (Baxter and Martin, 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. al., 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
similar situation applies for ALS (Baxter, 1989). By Western ligand blotting a gradual
decrease of IGFBP-3 in aging women was also identified (Donahue et. al., 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
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hIGFBP'3 recognizes a 30 kDa protein in pregnancy serum while the 47 and 53 kDa
IGFBP-3 doublet are essentially absent (Hossenlopp et. al., 1990). It is possible the 30 kDa
IGFBP is the same as the truncated IGFBP-3 purified by Zapf ez. al. (1990a). Two smaller
IGFBP (21.5 and 21 kDa) appear at the same time as the 30 kDa immunoreactive species
and all may be products of the enzymatic degradation. Interestingly, Baxter and Martin
(1986) measured mildly elevated maternal serum levels of hIGFBP-3 in the third term of
pregnancy, suggesting the presence of immunoreactive IGFBP-3 in an altered form not

detectable by Western ligand blotting.

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). Similar levels are measured in
porcine colostrum and follicular fluid and lower concentrations are 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 molecular weight binding protein levels are low in the
developing fetus (D'Ercole ez. 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).

1.2.14 IGFBP-4

A fourth binding protein has been recently characterized. Its presence in serum and
conditioned medium of various cell lines as a 24 kDa IGFBP has, however, been noted for
some time (Hossenlopp et. al., 1987; Ocrant et. al., 1989; Conover et. al., 1989; Thrailkill
et. al., 1990). It is also present in seminal plasma (Rosenfeld er. al., 1990). The binding
protein has been purified by three groups; Shimonaka er. al.(1989) have purified rat serum
IGFBP-4, Mohan et. al. (1989) isolated IGFBP-4 from conditioned medium of human
osteocarcinoma 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 molecular
weight binding protein, it appears to respond to GH in a similar 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 are 30 and
24 kDa (Hossenlopp et. al., 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
24 kDa binding protein decrease as seen for IGFBP-1 and IGFBP-3 (Donahue et. al.,
1990). It appears that the 24 kDa binding protein has some characteristics common to both
large and small binding proteins. Until specific probes 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,
liver and ovary cDNA libraries (Shimasaki ez. al., 1990b). IGFBP-4 is quite unusual in that
it has two 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 §%. Again 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 ez. al., 1990;
Martin et. al., 1990) and cerebrospinal fluid (Roghani et. al., 1989). It is a 32 kDa,
glycosylated binding protein with a similar IGF-binding pattern to one of the three classes of
binding proteins defined on the basis of IGF binding affinity (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. al., 1990a).

23



1.2.16 Actions of IGFBPs

The specific actions of IGFBPs are not yet understood. In vivo it is generally
accepted that IGFBPs act to increase the half lives of IGF-I and IGF-II (Kaufmann et. al.,
1977; Cohen and Nissley, 1976). This phenomenon has also been demonstrated in lambs
(Francis et. al., 1988a). Thus upon reduction of 1251 IGF-I and its infusion into lambs, its
half life was greatly reduced in comparison with that of native IGF-1. This was due to the
incorrect 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 towards distinct and opposite actions of IGFBPs. They can
inhibit or potentiate IGF action. Support for these concepts comes from many in vitro
experiments. Meuli er. 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 various cells (Knauer and Smith, 1980; Rutanen et. al., 1988; Gopinath et. al., 1989).
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 choriocarcinoma
cells (which do not produce binding proteins) the addition of IGFBP-1 along with IGF-I
lead to an inhibition of IGF-I - stimulated aminoisobutyric acid uptake (Ritvos et. al., 1988).
This was via an inhibition of IGF-receptor binding. A similar line of experiments was
performed by Ross er. 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 cultures

containing IGF.

Quite the opposite effect has been reported, initially by Clemmons et. al. (1986) and
then by his colleagues (Elgin et. al., 1987). Incubation of human fibroblasts with IGF-I and

IGFBP-1 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-1
did not enhance the response to IGF-I (Ross et. al., 1989). Evidently an unknown plasma

associated factor can act to enhance the response to IGF (Clemmons and Gardiner, 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 action 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 (De 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 cellular 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. In 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 similar 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-1 has been isolated which is amino-terminally truncated. A
similarly sized IGFBP-2 lacking some of the carboxy-terminus has also been reported
(Huhtala er. al., 1986; Wang er. 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 Western ligand blotting, i. e. still able to bind IGF (Zapf et. al.,
1990a). Ooi et. 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 the 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 structure of
IGFBPs by the common cysteines is important in retaining the IGF binding site. The fact
that the 18 cysteines are conserved throughout all IGFBP sequences supports this concept.
An expression vector containing IGFBP-1 cDNA but lacking the sequence encoding the last
24 amino acids produces a truncated form of IGFBP-1 which is unable to bind IGF.
Presumably the removal of the carboxy-terminal cysteine disrupts 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 16 and 35 with serine also disrupts IGF

binding (Powell et. al., 1989).

More information is available on the IGFBP binding site on the IGF peptide. The
variant of IGF-I, des-(1-3)-IGF-1, has been used to determine an area of the IGF-I sequence
important in binding to IGFBPs. Ross et. al. (1989) observed that IGFBP-2 failed to inhibit
the action of the biologically more active IGF, des-(1-3)-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-1 and IGFBP-2 but not IGFBP-3 (Forbes ez. 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. al., 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. al., 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-1, 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 16 of IGF-I to residues found in insulin and at position
4 (Thr# to Ala%) reduces the binding to serum 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 1.4: 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-II 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, NY, U.S.A. IGF coordinates
were determined by comparison with the insulin structure and predictions
made by Blundell er. al., (1983). The models highlight the similarity in
tertiary structure shared between the three proteins. Residues Glu3, Thré,
Gln15, Phel6, and Tyr0 IGF-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 ez. al., 1988b; Moss et. al., 1991).
The corresponding residues of IGF-II (GluS, Thr7, Gln18, Phel?, Tyr9)
and insulin (GlnB4, HisB53, TyrB16, Leu B17, TyrAl9) are also highlighted.






fold. Mutations in the A, C and D domains have minimal effect on binding to acid stable,

serum binding proteins.

Clemmons et. al. (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 16 of IGF-I still reduce IGFBP-1 binding, but 10
fold less than for acid stable, serum binding proteins. Mutation of the whole B domain has
less effect on IGFBP-1 binding (200 fold reduction in IGF-I binding) and substitutions in
positions 49-56 of the A chain alter IGFBP-1 binding. Therefore a distinction can be made
between IGFBP-1, 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 corresponding residue (Tyr 59) of IGF-II. Both
tyrosines are found within the structures of IGF (see Figure 1.4) 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 IGF-binding protein
interactions and the differences which lead to the various affinities for IGF-1, 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 two 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 little 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 our 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 variation in size between similar 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
commencement of this work. However, western ligand blotting had been used to identify
five binding proteins in human serum (Hossenlopp er. al., 1987; Hardouin ez. al., 1987).
Therefore, at least two and possibly more binding proteins had not yet been purified.

Apparently the control 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-(1-3)-IGF-1) in our laboratory provided me with a
unique opportunity to do this using competitive binding assays. The second aim was to
analyze the binding of different binding proteins to des-(1-3)-IGF-1 and to thereby aid in the
explanation for the enhanced biological activity of this truncated form of IGF-I. The final
aim was to isolate and characterize 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
(R250), 5-bromo-4-chloro-3-indolyl phosphate (BCIP), deoxynucleotides,
ethylenediaminetetraacetic acid (EDTA), ethidium bromide, N-2-hydroxyethyl-piperanzine-
N’-2-ethanesulfonic acid (Hepes), MgCl,, 2-mercaptoethanol, 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, Sweden. Methyl-o.-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 reverse 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.

Nitrocellulose and Nytran membranes were from Schleicher and Schuell whereas
polyvinylidenedifluoride (PVDF) was supplied by Millipore, Bedford MA., USA.
Colony/Plaque Screen filters (NEN Research products, Boston, MA., USA.) were used for
cDNA library screening.

2.1.2 Antibodies and Protein Standards

Goat Anti-rabbit IgG coupled to biotin and molecular weight markers (6H) were
purchased from Sigma Chemical Co., St. Louis, 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-1 were kind gifts of Drs. R. C. Baxter (Camperdown, NSW; Antibody A2) and P.
D. K. Lee (Texas Children's Hospital, Houston, Tx, USA.). Goat anti rabbit gamma
globulin and rabbit IgG were from Silenus Laboratories, Hawthorn, Australia. 14C-Labelled
rainbow markers for ligand blots were obtained from Amersham, North Ryde, NSW.,
Australia.

2.1.3 Peptides and Hormones

IGFs were obtained from different sources for various experiments and will 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 IGFBP-1 used as a
standard for ligand blotting and in lectin affinity 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 et.
al. (1988).

Platelet-derived growth factor (PDGF), epidermal growth factor (EGF) and bovine
fibroblast growth factor (bFGF) for stimulation of cultured cells were provided by Chiron
Corporation, Emeryville, California. Dexamethasone and estradiol were from Sigma
Chemical Co., St. Louis, MO.,USA. Insulin (Actrapid) was from Commonwealth Serum
Laboratories, Melbourne, Australia.

2.1.4 Cell Culture Materials

Plasticware for routine cell assays was from Nunc, Kamstrup, Roskilde, Demark, as
was 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 10% (v/v) fetal calf serum (FCS; Flow Laboratories, North
Ryde, NSW., Australia) and 100 mg/ml streptomycin and 60 mg/ml penicillin (both from
Glaxo, Boronia, Victoria, Australia) unless stated otherwise. Hepes buffer was made with
0.1M Hepes, SmM KCl, 1.2mM MgS04.7H;0, 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 80-150 Ci/g using the Chloramine T
method as described by Ballard et. al. (1987). L-[4,5-3H] leucine (40-60 Ci/mmol) was
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from New England Nuclear Research Products, Boston, MA. USA. [a-32P] dATP,
[-35S] dATP and [y-32P] dATP were purchased from Bresatec Pty. Ltd., Adelaide, South
Australia.

2.1.6 Cell Lines

He[39]L cells Commonwealth Serum Laboratories, Parkville, Victoria, Australia.
Hep G2 cells American Type Tissue Culture (ATCC HB 8065), Rockville, MD, USA.
L6 myoblasts Dr. J. M. Gunn, Texas A&M University, College Station TX., USA.
IMR 90 cells Adelaide Children's Hospital, South Australia.

MDBK cells Flow Laboratories, North Ryde, NSW., Australia.
Ag2804 Institute of Medical Research, Camden, NJ, USA.
SF1972 Adelaide Children's Hospital, South Australia.

WI38 cells Flow Laboratories, North Ryde, NSW., Australia.

2.1.7 Enzymes and Kits for Molecular Biology

T4 DNA ligase [EC 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 [EC 3.1.3.1] was from Boehringer Mannhein
Australia, Sydney, Australia. 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 Research Laboratories, Life Technologies Inc.,

Gaithersburg, MD, USA.
2.1.8 Oligonucleotides

Oligonucleotides were synthesized by Dr. R. Warren in the Department of

Biochemistry, University of Adelaide, South Australia.

MDBK 24-mer (P24) 5’- GAG GTG CTG TTC CGC TGC CCG CCC -3’
Directed against sequence encoding the first 8 amino acids of
bIGFBP-2
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He[39]L 23-mer (P23) 5’- GGA(G,C,T) GGA(G,C,T) 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 are shown in brackets.

He[39]L 29-mer (P29)  5’- TGC(T) CCI GGI GGI TGC(T) GTI GAA(G) GAA(G)
GAA(G) GA- ¥
Directed against sequence encoding amino acids 13-22 of the
He[39]L IGFBP. Degeneracies are shown in brackets and

inosine residues are denoted as 1.

IGFBP 30-mer (P30) 5’- GAG GAA TTC G(T)CC A(C)TG(T) CTT GTC(T)
A(G)CA GTT GGG -3’
Directed against a sequence common to IGFBPs 1,2 and 3
(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 15-mer (P15) 5'- GCA A(G)CA A(G)CC GCA GCC -3
Directed against a sequence common to IGFBPs 1,2 and 3
(encoding the amino acids GCGCC) at the N-terminal end of
the IGFBP sequences.

2.2 METHODS
2.2.1 Charcoal Binding Assay

The charcoal 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 with 1251-IGF-I or 1251 IGF-1I (4000 dpm/tube) for 1 hour at room temperature
in assay buffer (10mM sodium phosphate pH 7.4, 150mM NaCl, 2 mg/ml BSA). Unbound
tracer was adsorbed by activated charcoal (Smg/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 10,000g for 10 minutes. The amount of IGFBP present was determined by

counting the radioactivity in the supernatant.

32



2.2.2 Polyethylene Glycol (PEG) IGFBP Assay

IGFBP-1 was detected using a PEG separation method rather than the charcoal
binding assay as described by Baxter et. al. (1987). Following incubation of IGFBP-1 with
1251-IGF-1 or 125I-IGF-II in assay buffer (10mM sodium phosphate pH 7.4, 150mM NaCl,
2 mg/ml BSA), binding protein - IGF complexes were separated from unbound, iodinated
peptide using a specific polyclonal antibody for IGFBP-1 (Antibody A2, 1/3500, 4°C,
overnight). A second antibody, goat anti rabbit gamma globulin (1/164), and carrier rabbit
IgG (1/2050) were added for 30 minutes at 4°C and then precipitated with 3.9% (w/v) PEG,
0.1M NaCl by centrifugation at 4000 rpm for 25 minutes at 4°C. 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 detection of binding proteins. The method for the radioreceptor is described by Ballard
et. al. (1986). Briefly, cells were grown to confluence in 24 place multiwell trays and
washed in Hepes/0.25% (w/v) BSA (2 hours, 4°C) before adding 1251 IGF-I or 1251 IGF-II
(10,000 cpm in the same buffer) and competing ligand. Cells were incubated overnight at
4°C and subsequently washed in Hanks balanced salts (Flow Laboratories, 2x1ml,
1x2.5ml). Following solubilization with 0.1% (v/v) Triton/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
Waters Protein Pak 125 column (Waters/Millipore, Lane Cove, NSW, Australia) in mobile
phase (0.2M acetic acid, 0.05 M triethylamine and 0.5% (v/v) Tween 20). Fractions were
collected at 0.25 minute intervals (250411) and 501 were assayed in triplicate for the presence
of IGFs.

The measurement of IGF-I content in He[39]L conditioned medium was determined

using the radioimmunoassay described by Owens et. al. (1990). Fractions from the Protein
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Pak column or standards in mobile phase were assayed by the addition of 30ul TrisCl pH
7.5 (0.4M), 200u1 RIA buffer (30mM NaH;POy, 0.2% (w/v) protamine sulphate, 10mM
disodium EDTA, 0.2% (w/v) NaN3 and 0.05% (v/v) Tween 20 at pH 7.5), 50ul 125] IGF-1
(20,000 cpm) and 50ul anti-IGF-I antibody in RIA buffer (1/40,000). After 18 hours at 4°C
50ul goat anti-rabbit serum (1/20) and SOpl rabbit serum (1/250) were added to each sample
for 1 hour at 4°C. Cold PEG 6000 (1ml, 6% w/v) in 150 mM sodium chloride was added
and the tubes were centrifuged at 4000 rpm for 30 minutes at 4°C. The supernatants were
aspirated and the pellet counted in a gamma counter. The limit of detection of the IGF-I RIA

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. (1986). Following Protein Pak
separation S0y of fractions or standards in mobile phase were assayed by the addition of
30ul TrisCl pH 7.5 (0.4M), RRA buffer (10mM TrisCl, 0.5% (w/v) BSA and 10mM CaCl,
at pH 7.4), 50ul 1251 IGF-1I (20,000 cpm) and 100yl ovine placental membranes (final
concentration of 0.2mg protein/ml) in RRA buffer. This amount of membranes was
sufficient to bind 30-40% of 1251 IGF-II in the abscence of competing ligand. Samples were
incubated overnight at 4°C. Cold 10mM TrisCl, 0.5% (w/v) BSA and 10mM CaCl, at pH
7.4 (1ml/tube) was added and tubes were centrifuged at 4000 rpm at 4°C. Supernatants were
aspirated and the pellets were 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. (1986). It involved the incorporation of [3H] leucine (0.5mM in PBS/0.1% (w/v)
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 (37°C, 5% (v/v) CO,).
The cells were washed at 0°C twice with Hank's salts, twice with 5% (v/v) trichloroacetic
acid over 10 minutes and once with glass distilled water before solubilizing in 0.1% (v/v)
Triton/0.5M NaOH. Activity is expressed as a percentage of the total counts incorporated

into control wells with no added growth factor (=100%).
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2.2.7 Collection and Concentration of Conditioned Media

Cells were grown to confluence in DME containing 10% (v/v) FCS at 37°C in
5% (v/v) CO,. 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 before storage at -20°C. Serum-free 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 similar 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 cultured for 48 hours at 37°C in
5% (v/v) CO, before collection of medium. 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 13cm x 0.15mm and were electrophoresed at 30mA for several hours. 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 40% acrylamide/0.32% bis. Molecular
weight markers (Sigma SDS-6H) consisted of myosin (Mr 205,000) B 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

marker 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 30% (v/v) ethanol and 10% (v/v)
acetic acid. The method for silver staining followed that of Heueshoven and Demick (1985).
After fixation gels were washed in glass distilled HyO to remove excess fixer and treated
with a solution of 1.5% (w/v) potassium ferricyanide, 3% (w/v) sodium thiosulphate and

0.5% (w/v) sodium carbonate for 30 seconds. Gels were washed quickly under a
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monodistilled H,O tap, then in glass distilled HyO for 15 minutes and were subsequently
stained with 0.1% (w/v) AgNO;3 for 30 minutes. Staining was developed with 2.5% (w/v)
Na;COj3 and 0.5% (v/v) formaldehyde, changing the developer several times until proteins

became evident. The reaction was stopped with 1% (v/v) acetic acid.
2.2.11 Western Ligand Blots and Immunoblots

Proteins were separated by 12.5% (w/v) SDS-polyacrylamide electrophoresis under
non-reducing conditions as described by Laemmli (1970). They were transferred to
nitrocellulose at 300mA for 3 hours using a Hoeffer Transphor TE24 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-HC1 pH 7.4, 0.05 mg/ml sodium azide containing 3% (v/v) Nonidet P40 for 10
minutes followed by a 2 hour wash in the same buffer containing 1% (v/v) RIA grade BSA
and a 10 minute wash in buffer containing 1% (v/v) Tween 20. The filters were incubated
with 1 x 106 cpm 1251-IGF-II overnight at 4°C in buffer containing 1% (v/v) BSA and

1% (v/v) Tween 20. Following 2 x 45 minute washes in buffer to remove unbound tracer,
filters were exposed to X-ray film (A8323, Konica, Tokyo, Japan) for 2-4 days at -80°C

with 2 intensifying screens.

Immunoblots were blocked in phosphate buffered saline (PBS) with 2% (v/v) BSA
at least 3 hours, washed 3 times in PBS containing 1% (v/v) Tween 20 and incubated with
polyclonal antibody (1/100) overnight at 4°C in the same buffer. After a similar washing
procedure the filters were incubated with a second antibody-biotin conjugate (1/1000
dilution; 2-3 hours), washed again and incubated with avidin-alkaline phosphatase (1/1000
dilution; 1 hour). Following 3x20 minute washes in Tris-HCl buffer pH 9.5 (100 mM Tris-
HCl1 pH 9.5, 100 mM NaCl, SmM MgCl,) the reaction was developed after several minutes
incubation with NBT (0.3mg/m!) and BCIP (0.2mg/ml) in the same buffer, as described by
Bers and Garfin (1985). The reaction was stopped with 1 mM EDTA.

2.2.12 Affinity Chromatography

Lectin 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 NayPOy plus 0.5 M NaCl pH 6.5 containing 0.25% (w/v) BSA. A 3 ml wash

(0.2 ml/minute) in the same buffer preceded elution. Glycosylated proteins binding to the
wheatgerm agglutinin were eluted in a stepwise fashion with 0.5 M N-acetyl-glucosamine,
whereas elution of the concanavalin A column was with 0.5 M methyl-a- mannopyranoside.
Both elutions were at a flow rate of 0.2 ml/minute. IGFBPs were detected by either charcoal
binding assay (IGFBP-2 and IGFBP-3) or PEG precipitation assay 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 containing
10% (v/v) 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 10% (w/v) FCS. The conditioned medium was stored at -15°C.
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 with 6 M HCL.
Following filtration through Whatman No. 1 paper the medium was pumped onto a
S-Sepharose Fast Flow cation exchange column (3.2 x 25 cm; Pharmacia, Uppsala,
Sweden) at 10 ml/minute at 4°C. 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 Bacitracin,
5 mM EDTA, 0.5 mM PMSEF. Fractions were eluted at 5 ml/minute and collected at 2.8
minute intervals using a 1.2 1 gradient from 50 mM ammonium acetate pH 6.0t0 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 2.2.1 and by interference in IGF-II radioreceptor assays described in

section 2.2.3.
2.3.3 IGF-1 Affinity Chromatography

IGFBP active fractions from S-Sepharose purification were pumped at 4°C with a

flow rate of 1 ml/minute onto an IGF-1 affinity column equilibrated in 50 mM Tris-HCI,
37



150 mM NaCl pH 7.0. The affinity column was provided by Dr. P. E. Walton, 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 ml/min.

2.3.4 High Performance Liquid Chromatography (HPLC)

The final purification step involved adsorption of IGFBP pooled fractions to a
reverse-phase HPLC aquapore butyl cartridge (4.6 mm x 3.0 cm; Applied Biosystems,
Santa Clara, CA. USA.) in 0.1% (v/v) trifluoroacetic acid. A 25-45% (v/v) acetonitrile
gradient over 40 minute was used to elute the IGFBP. Chromatography was performed at
low flow rates using equipment purchased from Waters M (Millipore Corporation) and
eluted material was monitored using a flow-through ultraviolet detector (Waters, model
490). Data and pump management were controlled by Waters ExpertTM Chromatography
software on a Digital Electronic Corporation P350 personal computer. Following rpHPLC
purification He[39]L binding protein was stored lyophilized at -80°C.

2.3.5 Peptide Sequencing

Samples for peptide sequencing were prepared using the electroblotting method of
Matsudaira (1987). He[39]L binding protein was transferred to polyvinylidenedifluoride for
15 minutes using 10 mM 3-[cyclohexylamino]-1-propanesulphonic acid plus 10% (v/v)
methanol, stained for 10 minutes with Coomassie Brilliant Blue (Ry50) in 50% (v/v)
methanol and 5% (v/v) acetic acid and destained for 10 minutes in 50% (v/v) methanol and
10% (v/v) acetic acid. Protein bands were cut out and stored at -20°C or immediately applied
directly submitted for sequencing with an Applied Biosystems 470 A Sequenator. The
peptides were subjected to Edman degradation as described by Hunkapiller et. al. (1983).
Peptide sequencing was kindly performed by Ms. Denise Turner, Department of

Biochemistry, 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 Taq polymerase buffer (67mM Tris HCI pH 8.8, 16.6 mM ammonium
sulphate, 0.45% Triton X-100, 200pg/ml gelatine), 2mM MgCl, 2 primers (100ng of
30-mers or 1ug of degenerate 23-mer) and 0.5 units of Tag polymerase to template DNA.
Polymerase chain reactions (PCR) were performed with a Perkin Elmer Cetus Thermal
Cycler (Norwalk, CT, USA). Following a cycle of 94°C for 5 minutes, 55°C for 3 minutes,
72°C for 3 minutes PCR products were amplified for 30 cycles (94°C for 45 seconds, 55°C

for 3 minutes and 72°C for 3 minutes) unless stated otherwise.

The cDNA clone encoding bIGFBP-2 (10ng/reaction; Upton et. al., 1990) was used
as template DNA. cDNA was also synthesized from total cellular RNA (isolated as described
in Sambrook et. al., 1989) and used as template for PCRs. cDNA synthesis involved
heating RNA (2pg) in the presence of 0.5 units RNasin at 65°C for 5 minutes.
Deoxynucleotides (2mM), BRL-reverse transcriptase buffer (1x = 250mM Tris-HCI] pHS.3,
375mM KCl, 50mM DTT, 15mM MgCl,), RNAsin (0.5 units) and BRL-reverse
transcriptase (200 units) were added to a 20 pl reaction for 40 minutes at 37°C. Newly
synthesized cDNA was added directly to PCR reactions.

2.4.2 Northern Analysis

RNA extraction from tissue culture cells was performed by a guanidium/caesium
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 1% (w/v) agarose gel
prepared in 6.5% (v/v) formaldehyde and transfer to Nytran membrane. Hybridization with
a 32P nick translated probe was at 42°C in 50% (v/v) formamide, 5x Denhardt's solution
(100x Denhardt's is 1% (w/v) polyvinylpyrrolidone, 1% (w/v) BSA and 1% (v/v) ficoll),
0.1mg/ml denatured salmon sperm, 0.1% (w/v) SDS and 5x SSPE (20X SSPE is 3M NaCl,
0.2M NayP04.H,0, 0.02M EDTA). Blots were washed at a final temperature of 50°C in
0.1% (v~v) SSPE /0.1% (w/v) SDS and exposed to X-ray film (Konica) at -80°C with 2
intensifying screens. Radioactively labelled marker RNA was also included on the Northern
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blot (0.24kb-9.5kb RNA ladder, Bethesda, Research Laboratories, Gaithersburg, MD
USA)).

2.4.3 cDNA Library Screening

A human lung fibroblast cell line (IMR 90) lambda gt11 cDNA library was a gift
from Dr. P. Morris, Adelaide Children's Hospital, Adelaide, South Australia and was
originally purchased from Clontech Laboratories Inc., Palo Alto, CA., USA. (catalogue No.
HL1011). A single copy of the original library stock contained 2x100 phage. The library had
been amplified once by Dr. P. Morris.

Phage were incubated with Y1090 cells in L-broth (LB; 10g/1 bacto-tryptone, 5g/1
bacto-yeast extract, 10g/l NaCl) for 20 minutes at 37°C They were mixed with 0.7% soft
agar in LB + 0.2% maltose/10mM MgSOy4 and poured as an overlay onto agar plates made
with the same medium. Plates were incubated for 7 hours at 37°C. Phage were lifted onto

duplicate Plaquescreen filters and crosslinked using a fixed dosage of ultraviolet light
(120,000 Joules).

A total of 5 x 103 plaques (approximately 1/4 of the library prior to amplification)
were screened with two oligonucleotides on separate occasions (P29 and P30; see Chapter
6). Oligonucleotides were radiolabelled using 32P y dATP by kinasing (Sambrook et.al.,
1989). Filters were hybridized at 42°C in 5 x Denhardt's solution, 0.1% (v/v) SDS,

1.0 M Na(l, 0.05 M Tris-HCI pH 7.5 and 100 pg/ml denatured salmon sperm DNA.
Nonspecific hybridization was removed by 2 x 30 min washes with 5 x SSC (1 x =150 mM
NaCl, 15 mM sodium citrate pH 7.0), 0.1% (v/v) SDS at 42°C. For some oligonucleotides
filters were washed further at 50°C for 30 minutes. Filters were exposed to X-ray film

(Konica) for 2 to 3 days at -80°C with 2 intensifying screens.
2.4.4 Preparation of Lambda gtll DNA

Cultures of Y1090 bacteria were grown to O.D.g 0.5 in 20ml LB+0.2% (w/v)
maltose, 10mM MgCl,. Lambda phage picked as plaques from library screening were eluted
into 1ml phage storage buffer (0.01M TrisCl pH 7.4, 0.1M NaCl, 0.01M MgCl,, 0.05%
(w/v) gelatin) overnight at 4°C and 2001 were added to the Y1090 cultures. After 4 hours at
37°C lysis of bacteria had occured and a few drops of chloroform were added. The
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preparations were RNase (2.5p1g/ml) and DNase (2.5ug/ml) treated for 1 hour at 37°C and
pelleted at 12,000, 4°C. Pellets were resuspended in 5.7ml NaCl/3.0ml PEG 6000 (50%
w/v) for 2 hours at 4°C. Lambda DNA was pelleted at 10,000 rpm for 20 minutes at 4°C
before resuspending in S500ul PSB and proteinase K treatment (1.6mM EDTA, 0.16% (w/v)
SDS and 4ug/ml proteinase K at 65°C for 30 minutes). DNA was phenol extracted 3 times
and ethanol precipitated.

2.4.5 Southern Blotting

Southem blotting of lambda gt11 cDNA was performed as described in Sambrook
et. al. (1989). Briefly, DNA was separated on a 1% agarose/TBE (90mM TrisCl pH 8.3,
40mM borate, 2.5mM EDTA) gel at 30mA. DNA was transferred to nylon membranes by
diffusion in 10 x SSC and cross-linked to the membrane by exposure to ultraviolet
irradiation (120,000pJoules). 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 1% (w/v)
agarose/TBE gels and eluted either by centrifugation at 5000g 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 molar ratio of 1:3 in ligase buffer
(66mM TrisCl pH 7.6, 6.6 mM MgCl,, 66uM ATP) containing T4 DNA ligase (1 unit per

ligation) overnight at 14°C.
2.4.8 Transformation of Bacteria

Cultures of bacteria were grown up overnight at 37°C in LB containing antibiotics
when appropriate. A subculture of these bacteria were grown to an O.D.g of 0.6, placed
on ice for one hour and then pelleted. Cells were resuspended in 50mM CaCl,,
50mM MgCl, and left on ice for 30 minutes. After repelleting the cells were resuspended in
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80 mM CaCl,. Ligated DNA (1 to 10pg) was added to competent cells at 37°C for 30
minutes. Cells were heat shocked at 42°C for 90 seconds, on ice for 5 minutes, at room
temperature 5 minutes and were finally spread over agar plates (made from LB containing

appropriate antibiotics). Plates were incubated overnight at 37°C.
2.4.9 Preparation of Double Stranded Plasmid DNA

Ovemight 2ml cultures of bacteria transformed with plasmid DNA were pelleted at
6000g for 1 minute. Cells were resuspended in 1 volume 25mM TrisCl pHS8.0, 10 mM
EDTA, 50 mM glucose and 2 volumes of 0.2M HaOH/0.1% 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 Plasmid DNA

Cultures of transformed XL1-B cells in 2YT (16g/1 bacto-tryptone, 10g/1 bacto-yeast
extract, 5g/l NaCl) containing tetracycline (10pg/ml) were grown to an O.D.¢y, of 0.5
before inoculating with the helper phage M13K07. Cultures were grown for 2 hours at 37°C
and for a further 18 hours at 37°C in the presence of kanamycin (70pg/ml). Phage particles
were precipitated from culture supernatants in the presence of 700mM NaCl/5.5% PEG
6000 at 12,000g for 10 minutes. The pellet was resuspended in TE, extracted with phenol

and single stranded DNA was precipitated with ethanol.
2.4.11 DNA Sequencing

DNA was sequenced either by the single stranded sequencing method of Sanger ez.
al. (1977) or double stranded DNA sequencing described by Chen and Seeburg (1985).
Both methods involved the synthesis of DNA with either a-{33S]-dATP or a-[32P]-dATP
using the Sequenase sequencing kit (United States Biochemical Corporation, Clevland,
Ohio, U.S.A)) or the Klenow sequencing kit from Bresatec Pty. Ltd., Adelaide, South
Australia.

Reactions were separated at 1600mA on 6% polyacrylamide gels (acrylamide:bis,
19:1) containing 8M urea in TBE buffer. Gels were dried following washing with
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12% acetic acid and 20% ethanol to remove the urea and exposed to X-ray film (Konica) at

room temperature.
2.5 COMPUTER PROGRAMMES

Homology searches were made by screening the GENBANK (release 67.0, 1991),
EMBL (release 20, 1989), National Biomedical Research Foundation (NBRF) protein
identification research (release 23, 1989) and nucleic acid (release 36, 1990) databases. The
collection of programmes from the Genetics computing Group of the University of
Wisconsin (Devereux et. al., 1984) were used for database searches, in particular with the
WORDSEARCH and FASTA programmes which identify sequences similar to query
sequences in the databases using the Wilbur and Lipman (1983) and the Pearson and Lipman
(1988) style searches, respectively. Localized protein sequence similarities were also
identified using SEQHP (Dayhoff et. al., 1978; Goad and Kanehisa, 1982) from the
ANALYSEQ suite of programmes (Staden, 1982).

Chromatographs were produced from printed output 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 versions 5.00 and 4.00 A respectively (Microsoft Corporation).
Diagrams, graphs and tables were produced using MacDraw II (Claris), Cricket Graph
(Claris) and Excel (Microsoft Corporation). Protein models shown in Chapter 1 were
constructed 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 Westermark, 1989). IGFs are 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 characterized
growth factors such as platelet-derived growth factor, epidermal growth factor, fibroblast
growth factors, nerve growth factor, transforming growth factors o and B and the

interleukins or colony-stimulating factors.

IGFs are, however, not unique peptides in their association with binding proteins.
Some hormones exist in the circulation bound to carrier proteins. Indeed growth hormone
(GH), which regulates the production of IGFs, has a specific carrier protein. However, the
carrier/binding 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 IGF-binding species in
adult human serum as identified by Western ligand blotting. At the commencement of this
study we were aware of the numbers of binding proteins in serum but little was known

about the IGF-binding capabilities of the individual binding proteins.

In the earliest studies identifying the existence of IGF-binding proteins a method was
developed for the separation of radiolabelled IGF complexed to IGFBP from unbound IGF.
The method involved the adsorption of unbound IGF to activated charcoal (Zapf et. al.,
1975a). After modification of the original method the competitive binding assays were
developed, using increasing amounts of IGF to compete with iodinated peptide for binding
to IGFBPs (Zapf er. al., 1977; 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-1.

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 their relative



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 purified IGF-I or IGF-I as radioligands and competing
ligands. Two distinct binding patterns were revealed. In addition, a comparison of normal
human adult serum with fetal human serum demonstrated two 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 (D'Ercole et. al.,

1980).

The competitive binding assay has been used in the analysis of binding proteins in
other body fluids and culture 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
serum binding proteins (Binoux et. al., 1982; Hossenlopp et. al., 1986) but the serum-free
culture medium of bovine vascular endothelial cells binds IGF-I to a greater extent than
IGF-II (Bar ez. al., 1987). These relative binding patterns reflect the combined binding
abilities of all binding components of the conditioned medium, body fluid or serum rather

than the individual binding protein input.

As different isolates of purified binding proteins were reported there was much need
for clarification of their nomenclature and classification. The purified binding proteins were
distinguished purely on the basis of size as some confusion arose 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 various research groups. For example, rat IGF-II (MSA) was 2.5% as potent as
IGF-1 in displacing iodinated IGF from the placental protein 12 (human IGFBP-1,
hIGFBP-1) purified by Ritvos et. al. (1988). Using the same protein Baxter et. al. (1987)
reported that IGF-II was 60% as potent as IGF-I in competitive binding assays. The

differences may have been due to the different preparations of IGFs and binding proteins
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used in the assays. Also Baxter er. al. (1987) noted that, unlike IGFBP-2 and IGFBP-3, the
IGF-IGFBP-1 complex is partially absorbed by charcoal and therefore the charcoal binding
assay is not appropriate for this IGFBP. Instead they used an antibody/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 patterns of three
binding proteins available at the time (human amniotic fluid binding protein now called
hIGFBP-1, bovine kidney cell (MDBK) binding protein or bIGFBP-2 and the human serum
binding protein, hIGFBP-3). The assays were performed under standardized conditions to
clarify reports of different binding patterns of various 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 opportunity was also available at the time of this study to test the ability of
the three IGFBPs to bind des-(1-3)-IGF-1. Our group had purified a truncated variant of
IGF-I from bovine colostrum (Francis er. al., 1986) and it has also been isolated from adult
and fetal human brain, porcine uterine tissue and platelets (Carlsson-Skwirut er. al., 1986;
Sara er. al., 1986; Ogasawara et. al., 1989; Karey et. al., 1989). The variant showed an
enhanced biological activity over the full length IGF-I (Francis et. al., 1988b; Sara et. al.,
1986) and an explanation was sought for this phenomenon. As des-(1-3)-IGF-1 exhibited a
nearly identical receptor binding to IGF-I (Ballard er. al., 1987) a solution was sought in the
binding of des-(1-3)-IGF-1 to binding proteins. As a result the enhanced biological activity
of the IGF-I variant has been explained. Classification of binding proteins on this basis has
allowed not only the distinction of one type of binding protein from another but also

speculation on the functions of individual binding proteins.

46



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. al. (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 demonstrated a
nonspecific adsorption of the complex to charcoal. This phenomenon also arose in our hands

and prompted us to use antibody separation with polyethylene glycol precipitation.

In order to standardize the IGFs used as ligand in the competition assays, each
peptide was measured by high performance liquid chromatography (HPLC) against a
weighed amount of recombinant human IGF-I (thIGF-I), as weighable amounts of IGF-II
and des-(1-3)-IGF-1 were unavailable at the time. I assumed that the absorbances at 215 nm

of the same amounts of IGF-1, 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-II tracers to determine the amount of binding protein which bound at least 30 % 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 tracer 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 ((IGFBP-1, bIGFBP-2, hIGFBP-3) were tested for their
IGF-binding characteristics using rhIGF-I tracer. Bovine IGF-1I (bIGF-II) competed at
slightly lower concentrations than rhIGF-I for binding to hIGFBP-1 (Figure 3.2a),
bIGFBP-2 (Figure 3.2b) and hIGFBP-3 (Figure 3.2c).

With bIGF-I tracer a marked difference between bIGFBP-2 and the other binding
proteins was evident. Bovine IGF-II competed 40 fold better than rhIGF-I for binding to
bIGFBP-2 this time (Figure 3.3b). In contrast, competition for hIGFBP-1 (Figure 3.3a) and
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hIGFBP-3 (Figure 3.3c) remained similar to the pattern seen for rthIGF-I tracer with a
slightly better binding of bIGF-II than rhIGF-1.

To establish that the IGF-binding patterns observed with rhIGF-I and bIGF-II as
competing ligands were not a result of a species specific interaction of the ligands with the
three binding proteins or a difference in the natural form of IGF-I versus thIGF-1, the

competition assays were repeated using preparations of IGF from various species.

Human IGF-1I was assayed in parallel with bIGF-II and the results are shown in
Figures 3.2 and 3.3. With all three binding proteins and both the rhIGF-I and bIGE-II
tracers there was an identical binding pattern for hIGF-II and bIGF-II. Furthermore, olGF-I
and oIGF-II exhibited the same binding potencies as rhIGF-I and bIGF-II using rhIGF-I
and bIGF-1I tracers in bIGFBP-2 competition assays (see Figure 3.4).

Another series of assays (Figure 3.5) was performed with hIGF-I and hIGF-1I as
tracers rather than rhIGF-I and bIGF-II tracers. These assays were performed in
collaboration with Dr. R. C. Baxter, Camperdown, NSW, Australia. Using hIGF-1,
hIGF-II and bIGF-II 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 IGE-II
used in these assays indicates significant homology between species. Ovine and human
IGF T have identical sequences. Bovine and human IGF-II 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 to the three IGFBPs used in the

assays described above.

My binding patterns confirmed the previous reports of Baxter et. al. (1987) and
Martin and Baxter (1986) for hIGFBP-1 and hIGFBP-3 respectively. Baxter and Martin
(1987) obtained similar competition for binding to rat IGFBP-3 to that shown here for

binding to hIGFBP-3. Sequence data now available indicates substantial amino acid

48



homology of IGFBPs between species. It is likely that isolates of IGFBP 1, 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-(1-3)-IGF-1 binding has been noted between hIGFBP-3
and ovine IGFBP-3 in competition binding assays (Walton etz. al., 1991). Whether this
attributable to glycosylation at this stage has not been established, 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-1I to porcine IGFBP-3, which is also
glycosylated, is essentially the same as to hIGFBP-3 (Walton ez. al., 1989).

The difference between the binding patterns of bIGFBP-2 with rthIGF-I tracer versus
bIGF-II tracer probably results from two factors. Most likely, IGFBP-2 interacts with both
IGF-I and IGF-II at a common binding site but the binding of IGF-II incorporates another
part of the bIGFBP-2 structure which does not interact with IGF-1. A greater affinity 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-II competition for binding to IGFBP-2 using IGF-II tracer rather than IGF-I1.

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-II)
compared with 127 ] oIGF-II was described, using either human IGF-I (hIGF-I) or hIGF-II
as tracers. The 127 I oIGF-II was 2.5 and 5 fold less potent than noniodinated oIGF-II in
each respective competitive binding assay. The result of iodination of IGF-II 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 in iodinated IGF-II in the presence or
absence of bIGFBP-2. It was concluded that TyrS59 is either directly involved in IGFBP
binding or lies in a region of the IGF-II structure enveloped by bIGFBP-2 binding (Moss ez.
al., 1991).
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Although the 127 [ 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 curves 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.

With this information we can conclude that the iodination of IGF-II 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-II
binding by bIGFBP-2 still exists.

3.2.2 Competition binding assays with des-(1-3)-IGF-I as the competing
ligand

The second aspect of this study was to determine which binding proteins bind the
truncated form of IGF-I, des-(1-3)-IGF-1. Very different binding patterns were found when
des-(1-3)-IGF-1 was tested with each binding protein (Figures 3.2 and 3.3). With both
rhIGF-1 and bIGF-II tracers there was little or no detectable competition of the synthetic
des-(1-3)-IGF-1 for bIGFBP-2 (Figures 3.2b and 3.3b). Up to 100 fold higher
concentrations of des-(1-3)-IGF-1 than rthIGF-I were needed for binding to be detected to
hIGFBP-1 (Figures 3.2a and 3.3a). However, the variant was able to compete for binding
to hIGFBP-3 at just two to three fold higher concentrations than hIGF-I (Figures 3.2c and
3.3¢). -

Upon observation of the striking differences between the three binding proteins with
respect to their ability to bind des-(1-3)-IGF-1 I defined three binding protein classes.
Firstly, the large molecular weight binding protein, hIGFBP-3 (38-43 kDa), is able to bind
des-(1-3)-IGF-1 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 molecular weight
binding proteins is based on the preference of bIGFBP-2 to bind IGF-II over IGF-I and is
facilitated by the marked affect of iodination of IGF-II 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-II and its inability to bind des-(1-3)-IGF-1.

50



The three 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 suggests that alteration to
IGF-II through iodination can also affect the binding to binding proteins than other
bIGFBP-2. It also confirms that there are at least three IGF-binding patterns exhibited by
IGFBPs 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 er. al., 1989). Other approaches have
also implicated this residue in binding to IGFBPs. Bayne et. al. (1988) produced a mutant of
IGF-T 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 small 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 1.2.17
mutation of the B chain of IGF-I disrupts binding to all IGFBPs (DeVroede et. al., 1985;
Cascieri er.al., 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 important in

binding to small molecular binding proteins.

The large molecular weight binding proteins are the major carrier proteins of IGF in
the circulation and have been shown to increase the half life of IGF-I in clearance studies
(Kaufmann et. al., 1977). Similarly, after infusion of rats with des-(1-3)-IGF-1 the small
proportion which was bound to free carrier in rat serum remained whereas unbound
des-(1-3)-IGF-1 was rapidly cleared (Ballard ez. al., 1991a). The des-(1-3)-IGF-1 initially
in the bound form was, however, cleared at a faster rate than IGF-L This is probably a
reflection of the fact that des-(1-3)-IGF-1 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 clearance studies levels of des-(1-3)-IGF-1, IGF-I and IGF-II were
measured in various organs and tissues of the infused rats. Interestingly, des-(1-3)-IGF-1
remained in higher levels than IGF-I and IGF-II in the adrenals, brain and gut organs
whereas the opposite pattern was seen in the blood. Receptor levels are unlikely to account
for the differences in IGF-I and des-(1-3)-IGF-1 levels in these tissues as both peptides have
the same receptor binding characteristics (Ballard et. al., 1987). However, as demonstrated
in this chapter, des-(1-3)-IGF-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-1 in those tissues.

The fact that only certain tissues in the des-(1-3)-IGF-1 clearance study had higher
levels of des-(1-3)-IGF-1 bound to receptors than IGF-I must be a reflection of the types of
binding proteins in those tissues. The enhanced biological activity of des-(1-3)-IGF-1 in
vitro is due to the inability of the smaller binding proteins to bind des-(1-3)-IGF-1. Ross e.
al. (1989) have confirmed this with an in vitro model based on a cell line which does not
produce IGFBPs. On addition of bIGFBP-2 and des-(1-3)-IGF-1 an enhanced response
was seen in comparison with the response to IGF-1. However, it has not as yet been
established whether the small molecular weight binding proteins predominate in the adrenals

Y

brain and gut of rats.

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 are found in the
different tissues. Currently we have two indicators of the types of binding proteins found in
different tissues. Firstly, 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 ez. al., 1991). In contrast, similar levels of IGFBP-3 are present in
rat lymph and serum (Gargosky et. al., 1990c). In the human at least, the low levels of
IGFBP-3 in lymph suggest that the small molecular weight binding proteins modulate the
action of IGFs within the tissues whereas IGFBP-3 and the large binding protein complex

are important in IGF circulation.
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Secondly, cell lines or organ cultures have been shown to produce a range of
differently 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 chapters I will describe the characterization of IGF binding proteins produced by

various human fibroblast cell lines, in particular the He[39]L embryonic lung fibroblasts.
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Figure 3.1: Determination of binding protein binding capacity

Increasing amounts of binding protein were incubated with either A rhIGFI
tracer or B bIGF-II tracer. Separation of IGF-binding protein complexes
from unbound IGF was achieved by charcoal adsorption (section 2.2.1) or
in the case of hIGFBP-1 by PEG precipitation of antibody A2-IGFBP-2
complexes (section 2.2.2). Human IGFBP-3 curves are represented by the
squares (0), bIGFBP-2 by the circles (O) and hIGFBP-1 by the triangles
(4). 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 (5% for IGF-I tracer and 10% for IGF-II tracer)
was not subtracted. Standard errors 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 rthIGF-I
(D), bIGF-1I ( @), hIGF-II (O ) and des-(1-3)-IGF-1 (® ) as competing
ligands. thIGF-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 al., 1987), bIGF-II was purified by the
method of Francis et al. (1988b) and hIGF-II was from Dr. R. C. Baxter,
Camberdown, NSW, 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. Standard deviations are shown for
curves with thIGF-I and are representative of the error for each curve. The
same assays were performed twice.

A. Bindingto hIGFBP-1 (2.5ng) By=35% NSB=52%
B. Binding to bIGFBP-2 (10 ng) B,=31% NSB=7.1%
C. Binding to hIGFBP-3 (1 ng) B,=58% NSB =6.2%
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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 thIGF-I
(0), bIGF-1I (@), hIGF-II (O ) and des-(1-3)-IGF-1 ( ® ) as competing
ligands. thIGF-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 al., 1987), bIGF-1I was purified by the
method of Francis ef al. (1988b) and hIGF-II was from Dr. R. C. Baxter,
Camberdown, NSW, 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. Standard deviations are shown for
curves with thIGF-I and are representative of the error for each curve. The
same experiment has been performed twice.

A. BindingtohIGFBP-1 (2.5ng) By=35%  NSB=10%
B. Binding to bIGFBP-2 (2.0 ng) B,=30%  NSB=64%
C. Binding to hIGFBP-3 (1 ng) B,=50% NSB=11%
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Figure 3.4: Competition by ovine IGFs for binding to bIGFBP-2

Competition for binding to bIGFBP-2 was with thIGF-I (0), bIGF-II
(@), ovine IGF-I (m) and ovine IGF-II (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 ez al.
(1988b) and ovine IGF-1 and IGF-II were purified as previously described
(Francis et al., 1989a).

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 (N SB) measured in the absence of binding
protein and ligand is not subtracted. Standard deviations (bars) are shown
for curves with thIGF-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
B, = 28.6% NSB = 6.4%

B. Binding to bIGFBP-2 (2ng) and bIGF-II tracer
B, =57%,  NSB=177%



58 :
4 4
&
0
-
E
{- 2 E
= 4
a
&
=
R
| I L | | " 1 M m L s ] i 1 " | R T— | a1
{8 8 8 8 9 8 ° 8 8 8 8 ¢ 8 °
aANNO4 SINNOD TVLOL % ANNO4 SINNOD TVLOL %

100

10

01

PEPTIDE (ng/TUBE)



Figure 3.5: Competition binding to bIGFBP-2 human with IGF
ligands and tracers

Competition for binding to bIGFBP-2 was with rhIGF-I (O), hIGF-II (O)
and bIGF-II (@) 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 et al. (1988b).

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 is not subtracted. Standard deviations (bars) are shown
for curves with thIGF-I and are representative of the error for each curve.
These assays were repeated twice.

A. Binding to bIGFBP-2 (5ng) with hIGF-I tracer
B,=277% NSB=7.7%

B. Binding to bIGFBP-2 (5ng) with hIGF-II tracer
By=457% NSB =122%
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CHAPTER 4

CHARACTERIZATION OF IGFBPs PRODUCED
BY HUMAN FIBROBLASTS



4.1 INTRODUCTION

Cultured 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 Lee, 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
stimulators, 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-1 production in vitro (Lewitt and Baxter,
1989; Conover and Lee, 1990), an effect which is observed in vivo upon induction of
hyperinsulinemia in diabetic and normal patients (Suikkari et. al., 1988). The same effect of
insulin was reported for IGFBP-2 production (Boni-Schnetzler et. al., 1990). Conversely,
insulin has a stimulatory affect on other binding proteins in rabbit articular chondrocytes
(Froger-Gaillard et. al., 1989). Several other factors including epidermal growth factor
(EGF), estradiol and platelet derived growth factor (PDGF) can both stimulate and inhibit
binding protein production in different cell culture systems (Mondschein ez. al., 1990;

Conover (1990); Conover et. al., 1989; Pinzani et. al., 1990).

Model systems have been used to analyze the effect of binding proteins on IGF
action. Fibroblasts 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. al.
(1989) have demonstrated 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. al. (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 fibroblasts with IGFBP-3.

Until the last year little was known about the binding proteins produced by
fibroblasts even though many studies had involved fibroblasts. Human skin fibroblasts 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 er. al., 1984). The skin fibroblasts secreted several binding
proteins (Conover et. al., 1989), one of which was immunologically related to hIGFBP-3
(Martin and Baxter, 1988). Lung fibroblasts produced binding proteins but the nature of
these IGFBPs was not known (Adams et. al., 1984).

Considering that fibroblasts have been used extensively in several studies of effects
of binding proteins on IGF action, I chose to undertake 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 fibroblasts and fibroblasts in general and to

identify which factors may affect the production of those bindin g proteins.

4.2 RESULTS AND DISCUSSION

4.2.1 Competition binding assays with fibroblast conditioned media

My first approach to the analysis of the He[39]L binding proteins was to analyze the
competition binding of binding proteins in He[39]L conditioned medium. The method for
the charcoal binding assay is described in section 2.2.1. Assays were performed with
rhIGF-I and bIGF-II tracers with competing IGF-I, IGF-II and des-(1-3)-IGF-1 (Figures
4.1a 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
determine whether the same binding proteins are produced by all human fibroblasts (Figures
4.1 and 4.2).

The striking result of the competition binding assays was that four of the five
fibroblast cell lines assayed exhibited similar binding patterns. Embryonic lung fibroblasts

(WI 38), SV 40-transformed IMR 90 fibroblasts (Ag 2804) and skin fibroblasts (SF1972)
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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 were, however, very different.
This was not only with respect to competition by thIGF-I and bIGF-II but also in the
des-(1-3)-IGF-1 competition curves. Whereas the He[39]L cells produced binding proteins
which bind IGF-I and IGF-II with equal potency using IGF-I tracer (Figure 4.1a), IGF-I
competed for the binding proteins of IMR 90 cells at lower concentrations than IGF-1I
-(Figure 4.1b). Using IGF-I tracer, competition by des-(1-3)-IGF-1 occurred at similar

concentrations in both cell lines (Figures 4.1a and b).

In contrast, with IGF-II tracer 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-II
were quite different. IGF-II competed with 20 fold greater potency than IGF-I in He[39]L
competition curves but both had similar potency in IMR 90 competition curves (Figures 4.2a
and b). These results indicate variation in competition binding assay patterns between the

three embryonic lung fibroblasts, He[39]L, WI 38 and SF 1972.

A report by Adams et. al. (1984) indicates that variation also exists between different
isolates of skin fibroblasts. Their skin fibroblast conditioned medium exhibited a different
binding pattern to the SF 1972 conditioned medium assayed in this study. Using either
IGF-T or IGF-II tracers, IGF-II had greater potency in their competition assays than IGF-1.
Unlike the He[39]L and SF 1972 binding proteins which exhibited the preferential binding
of IGF-1I in the presence of IGF-II tracer (partially a result of iodination, as described in
chapter 3) the skin fibroblasts assayed by Adams er. al. (1984) did not exhibit this

characteristic. Instead IGF-1II competed better 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-II compared
to IGF-I and in the presence of IGF-I tracer they bind des-(1-3)-IGF-1. As noted in

Chapter 3 this assay demonstrates the sum IGF-binding capacities of all binding proteins in
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the conditioned media and, therefore, I would predict the production of a similar array of

binding proteins by the cells exhibiting the same binding profiles.

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 produce similar binding proteins. The technique is the Western ligand blot first
described by Hossenlopp et. al. (1986) and described in section 2.2.10.

Figure 4.3a shows a Western ligand blot of the IGF-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 of 25, 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.

The 29 kDa species in He[39]L conditioned medium was also present in IMR 90,
WI 38 and SF 1972 (very small amounts) conditioned media. This band on the ligand blot
corresponded in size with hIGFBP-1 run as a standard on the same gel. Ag 2804 cells did
not produce this binding protein. By Northern analysis Conover et. al. (1989) failed to
detect IGFBP-1 production by a number of different cultured human fibroblasts. Therefore 1
can not assume that the band migrating at the same position as IGFBP-1 is in fact the same

binding protein.

An immunoblot probed 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

Figure 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. al., 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 ez. al., 1980) but further characterization of these IGFBPs has
not been 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 WI 38 cells
produced an additional IGF-binding species of approximately 31 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 difficult to speculate on the nature of the binding species on

the basis of size alone as different IGFBPs may migrate to the same extent.

Western ligand blotting of fibroblast conditioned media has essentially confirmed the
prediction made above that fibroblasts exhibiting similar competitive binding assay profiles
may produce the same binding proteins. He[39]L, WI 38 and SF 1972 binding proteins
have greatest similarity, with the extra binding protein produced by WI 38 cells not changing
the overall binding capability of WI 38 conditioned medium when compared with He[39]L

conditioned medium.

In contrast, 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 the
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 2804) exhibit the same binding pattern
as He[39]L conditioned medium. The size of the binding proteins of the Ag 2804 are also
similar 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
proteins as both He[39]L and Ag 2804 cells but the relative concentrations 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 proportions 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 pattern

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 (60-67 kDa) in quantities equalling those of the
small molecular weight binding proteins. Binding proteins of 37-43 kDa were present,
however, their skin fibroblasts did not produce the equivalent of the 25 kDa species found in
all fibroblasts reported here. Clemmons er. al. (1986) also reported the production of
IGFBP-3 as the predominant IGF-binding species in human skin fibroblasts. Bovine skin
fibroblasts, however, did not produce IGFBP-3 (Conover, 1990).

It is not possible to say whether the differences between isolates are indeed due to the
nature of the isolates or due to variation in culture conditions between laboratories.
However, in this study I conclude that all human fibroblasts analyzed on the basis of size
and competition binding assays (except IMR 90 cells in this respect) do produce a

remarkably similar range of binding proteins.

Another common characteristic of the fibroblasts studied here is the relatively low
abundance of binding proteins in general. In each case the equivalent of 800 pl of
conditioned medium was subjected to SDS-polyacrylamide gel electrophoresis. My
experience is that 100-300 ! 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 relatively 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-II; section 2.2.4) conditions
following acid gel chromatography of the conditioned medium. 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 are 11pg and 30pg respectively. These amounts are equivalent to a
concentration of 27 and 78 pg/fraction/ml medium assayed, respectively.

There are several additional reports of measurement of fibroblast production of IGF.
Atkinson et. al. (1980) measured approximately 0.2 ng/ml IGF-I in WI 38 cell conditioned
medium whereas Clemmons et. al. (1981b) measured slightly higher levels (15-20 ng/ml).
Adams et. al. (1984) also measured low levels of IGF-I and IGF-II produced by skin
fibroblasts, although one cell line failed to produce IGF-I. In addition, large molecular
weight (precursor) forms of IGF-I have been purified from human skin fibroblasts (Conover
et.al., 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 RIA.

Although the He[39]L cells do not appear to be producing IGFs they have type 1 and
type 2 receptors (Ballard ez. al., 1988) and are able to bind both IGF-I and IGF-II as
demonstrated in competitive radioreceptor assays (Figure 4.4 and section 2.2.3). Increasing
amounts of IGF-I or IGF-II compete for binding by radiolabelled IGF-I to the type 1
receptor. As seen for many other cell types, IGF-I binds only poorly to the type 2 receptor

and therefore competes poorly for radiolabelled IGF-II binding to type 2 receptors.



4.2.4 He[39]L 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 10% FCS to 120% above basal levels of protein synthesis. In routine protein
synthesis assays using rat L6 myoblasts 10 % FCS stimulates up to 300% above control
levels and IGF-I stimulates up to 150% (Ballard et. al., 1986) . The lack of response to
IGFs by He[39]L cells suggests that He[39]L cell growth is stimulated by another type of
growth promoter.

4.2.5 Stimulation of He[39]L binding protein production

A series of stimulation experiments using various 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 variation was measured in protein content of the different
monolayers. By "increased production” I 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-(1-3)-IGF-1 and long R3 IGF-], also stimulated the
production of the same binding proteins (Figure 4.6). Long 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-(1-3)-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.

61



Since the variants are 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 (Ballard er. al., 1988) to act as receptors
for the variants in signalling an increase in binding protein production. Therefore, since not
only des-(1-3)-IGF-1 and long R3 IGF-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.

Thrailkill ez. al. (1990) observed an inhibition of IGFBP-1 production by human
decidual cells. Using a monoclonal antibody to the type 1 receptor (a-IR3) the action of
IGF-I was blocked, indicating a type 1 receptor mediated response. This experiment
supports my conclusion that an IGF-mediated effect on binding protein production is elicited

via the type 1 receptor.

The IGF-1 variants actually do not stimulate binding protein production as efficiently
as the IGFs. There is a 1.5 fold difference in effect between the variants and IGF-I or
IGF-II, determined by laser densitometry of IGFBP-3 on the Western ligand blot of
Figure 4.6. This has been confirmed on two subsequent occasions. Des-(1-3)-IGF-1 binds
to the type 1 receptors on rat L6 myoblasts with essentially the same affinity as IGF-I
(Ballard et. al., 1987), which means that the 1.5 fold difference in ability to stimulate
He[39]L binding protein production is not due to receptor binding. The difference between
IGF-I and des-(1-3)-IGF-1 stimulation of binding protein production in He[39]L cells may
arise due to the ability of IGF-I to bind to He[39]L membrane-bound binding proteins in
addition to type 1 receptors. Such membrane bound binding proteins are not detectable on

L6 cells by chemical cross-linking (Ballard et. al., 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-1 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
[Q3A4Y15L16] IGF-I to human fetal fibroblasts. [Q3A4Y15L.16] IGF-I is a mutant which is
similar to des-(1-3)-IGF-1 and long R3 IGF-I in that it has a substantially decreased ability
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to bind to binding proteins (Bayne et. al., 1988; Cascieri et. al., 1989). A difference in
receptor binding assays between IGF-I and [Q3A4Y 15L.16] IGF-I was not detected in cells
lacking surface membrane bound binding proteins (McCusker er. al., 1990). This is also
observed using L6 cells with IGF-I and des-(1-3)-IGF-1 (Ballard et. al., 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., 1991b). 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 1 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 32 kDa binding protein by binding to IGF or

insulin receptors on the cell membranes of He[39]L cells.

Using similar 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 concentrations 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 fibroblasts to establish whether the
effects seen on He[39]L binding protein production apply to fibroblasts of other tissues. The
IGF-1, IGF-1I 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 28-32 kDa
bindjng proteins (corresponding to the 29-34 kDa binding proteins in Figure 4.3a) were also
stimulated by all IGF peptides. Again the effect of the variants was 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 cells caused a dramatic decrease in expression of the smallest 25 kDa binding
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protein. A possible explanation for this may be that the 27 kDa 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 kDa 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 fibroblasts in particular there is a specific
mechanism for the regulation of the 25 kDa IGFBP production by IGFs. Inhibition of
binding protein production is not unprecedented. Several examples of hormonal/growth
factor suppression of binding protein production in tissue culture have been reported (Adashi
et. al., 1990; Boni-Schnetzler er. al., 1990; Smith et. al., 1990; Simes et. al., 1991). Until
the identity of the 25 kDa binding protein is known (by either direct protein sequencing or
cross-reaction with antibody directed 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 the 28-32 kDa
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, Martin and Baxter (1990) recorded a 73% increase in IGFBP-3
production by human skin fibroblasts after 72 hours incubation with IGF-I (50 ng/ml). The
same skin fibroblasts produced higher concentrations of 29-31 kDa 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).



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 fibroblasts. 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 been 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 tested did not
alter the production of IGFBPs by He[39]L fibroblasts.

In humans, glucocorticoid excess is associated with growth retardation (Blodgett er.
al., 1956; Loeb, 1976). The mechanisms leading to retarded growth have not been
determined. However, Luo ez. al. (1990) have reported increased hepatic IGFBP-1 mRNA
and IGFBP-1 serum levels in dexamethasone treated rats. IGF-I levels remained unchanged
in these rats and therefore it was suggested that increased IGFBP-1 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 treatment.

In vitro experiments with dexamethasone have also produced a confusing picture of
the role of this glucocorticoid in regulation of binding protein production. Concentrations of
dexamethasone (1uM) equivalent to physiological concentrations of corticosterone
stimulated IGFBP-1 in H4-II-E rat hepatoma cells (Orlowski et. al., 1990b). 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 et.
al., 1989; Corps and Brown, 1991). Human fetal liver explants cultured in the presence of
3 UM dexamethasone also secreted lower levels of IGFBP-1 than control cultures (Lewitt
and Baxter, 1989).

The effect of glucocorticoids on tissue culture cells and on the body remains unclear.
With different cell lines the response varies. He[39]L cells do not respond to dexamethasone
in culture 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 (Figure 4.8). PDGF has been shown to be stimulatory or have
negligible effects with regard to binding protein production (Pinzani et. al., 1990; Conover
et. al., 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 ez. al., 1990).

PDGF is a major mitogen in serum and is believed to play a prominent role in wound
healing (Ross et. al., 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 er. al., 1981b) which may account for some of the
wound healing properties of PDGF. The lack of response of He[39]L fibroblasts and human
skin fibroblasts (Conover et. al., 1989) with respect to binding protein production may play

arole 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 with 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 growth factors and hormones used in these
experiments may be a function of the respective cell surface receptors but the abundance of

growth factor/hormone receptors on He[39]L cells is yet to be investigated.

Using information from the characterization 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 growth
promoter than IGF. However, if IGF is produced by neighbouring cells or is transported
into lung tissues it would stimulate the production of the major carrier 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 turn the elevated levels of IGFBP-3 may enhance the action of IGF on He[39]L
cells, as preincubation of human skin fibroblasts with IGFBP-3 has previously been shown

to enhance the response of those cells to IGF-I (De Mellow and Baxter, 1988).
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Figure 4.1: 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 (@) and des-(1-3)-IGF-1
(m). 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 (B,). 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.
Standard deviations (bars) are shown for rhIGF-I curves and are
representative of the errors for all competing ligands.

A. Binding to He[39]L conditioned medium (50ul). By =76%,
NSB =20 %

B. Binding to IMR 90 conditioned medium (15ul). B, = 70%,
NSB =12.8%

C. Binding to Ag 2804 conditioned medium (15ul). By =51%,
NSB = 12.8%

D. Binding to SF 1972 condtioned medium (15ul). B, = 40.7%,
NSB = 18.2%

E. Binding to WI 38 conditioned medium (50ul). B, = 69.3%,

NSB = 20%
He[39]L cells human embryonic lung fibroblasts
IMR 90 cells human embryonic lung fibroblasts
Ag 2804 cells SV 40-transformed IMR 90 cells
SF 1972 cells human skin fibroblasts

WI 38 cells human embryonic lung fibroblasts
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Figure 4.2: Competition binding assays with fibroblast
conditoned media and bIGF-II tracer

Competition for binding to conditioned media was performed with increasing
amounts of thIGE-1 (0), bIGF-1I (@) and des-(1-3)-IGF-1 (m). The
rhIGF-I and des-(1-3)-IGF-1 were from GroPep Pty. Ltd., South Australia
and recombinant 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 (B,). 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.
Standard deviations (bars) are shown for rhIGF-I curves and are
representative of the errors for all competing ligands.

A. Binding to He[39]L conditioned medium (15u1). 0= 352%,
NSB = 23.4 %

B. Binding to IMR 90 conditioned medium (50p). B, = 40%,
NSB = 23.4%

C. Binding to Ag 2804 conditioned medium (15u1). B, = 57.7%,

NSB = 23.4%

D. Binding to SF 1972 condtioned medium (15ul). 0= 53%,
NSB = 20.2%

E. Binding to WI 38 conditioned medium (50y1). B, = 54.7%,
NSB = 20.2%

He[39]L cells human embryonic lung fibroblasts

IMR 90 cells human embryonic lung fibroblasts

Ag 2804 cells SV 40-transformed IMR 90 cells

SF 1972 cells human skin fibroblasts

'WI 38 cells human embryonic lung fibroblasts
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Figure 4.3: Analysis of fibroblast binding proteins

A. Fibroblast conditioned medium was concentrated using Centricon
microconcentrators prior to separation on 12.5 % non-reducing SDS-
polyacrylamide gels. 800u1 equivalent of each conditioned medium was
analyzed for the presence of IGF-binding protein by Western ligand
blotting (section 2.2.11) following transfer to nitrocellulose. Filters were
probed with 1251 IGF-II (10% cpmyfilter) and exposed to autoradiograph

film for 2 days.

Lanes

1 Purified hIGFBP-1 (10ng)

2 Purified bIGFBP-2 (10ng)

3 Purified hIGFBP-3 (25ng)

4 He[39]L conditioned medium
S IMR 90 conditioned medium
6 Ag 2804 conditioned medium
7 WI 38 conditoned medium

8 SF 1972 conditioned medium

The migration of molecular weight standards is indicated by arrows.

B. The same filter in a) was probed with an antibody directed against
bIGFBP-2 (1/100, overnight at 4°C; see section 2.2.11).
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Figure 4.4: 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 measured. Competing rhIGF-I (O) was from
GroPep Pty. Ltd., South Australia and bIGF-II (@) was a gift from
Monsanto Company, St. Louis, MO, U.S.A. Binding to receptors was
measured after overnight at 4°C. 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 errors are
shown where the error exceeds the size of the symbols on the curves. In
both IGF-I and IGF-II 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 10% 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 100% represents the incorporation into control cells.



Figure 4.6: 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 separated on 12.5 % SDS polyacrylamide
gels (800ul equivalent/lane). Proteins were transferred to nitrocellulose
which was probed with bIGF-II tracer (106 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-II, a gift from Monsanto Company, St. Louis, MO,
U.S.A, and insulin (Commonwealth serum laboratories, Melbourne,

Australia)

Lanes

1 He[39]L cells incubated with serum-free medium
2 IGF-1 (100ng/ml)

3 IGF-II (100ng/ml)

4 Des-(1-3)-IGF-1 (100ng/ml)

5 Long R3 IGF-I (100ng/ml)

6 Insulin (500ng/ml)

The extent of migration of molecular weight standards (left) and purified
binding proteins (right) is indicated by arrows.



M: (;000)

69 »

46
30

21
14.3

<afl== hIGFBP-3

~a== hIGFBP-1



Figure 4.7: 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 % SDS polyacrylamide
gels (800u1 equivalent/lane). Proteins were transferred to nitrocellulose
which was probed with bIGF-II tracer (106 cpm/filter) and exposed to
autoradiograph film for 4 days. These experiments were performed twice.

Recombinant peptides were from GroPep Pty. Ltd., South Australia except
for recombinant bIGF-II, a gift from Monsanto Company, St. Louis, MO,
U.S.A, and insulin (Commonwealth Serum Laboratories, Melbourne,

Australia).

Lanes

1 SF 1972 cells incubated with serum-free medium
2 IGF-I (100ng/ml)

3 IGF-II (100ng/ml)

4 Des-(1-3)-IGF-1 (100ng/ml)

5 Long R3 IGF-1 (100ng/ml)

6 Insulin (500ng/ml)

The extent of migration of molecular weight standards (left) 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 factors, 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
separated on 12.5% SDS polyacrylamide gels. Proteins were transferred
to nitrocellulose which was probed with 1251 IGF-II (106 cpm/filter) and
exposed to autoradiograph film for 3 days. These experiments were

performed twice.

Lanes

1 He[39]L cells incubated with serum-free medium
2 IGF-I (100ng/ml)

3 Epidermal growth factor (30ng/ml)

4 Fibroblast growth factor (30ng/ml)

5 Platelet-derived growth factor (30ng/ml)

6 Dexamethasone (1uM)

7 Estrogen (10nM)

The extent of migration of molecular weight markers is indicated by
arrows.
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CHAPTER 5

PURIFICATION AND CHARACTERIZATION OF
He[39]L IGFBPs



5.1 INTRODUCTION

Before the commencement of this study an observation was made in our 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 charcoal
binding assays. The human lung fibroblast cell line (He[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 (Binoux er. al., 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-free conditioned medium of cultured cells containing binding proteins has
been used as an abundant source for purification of several IGFBPs. Moses ez. al. (1979)
first 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 er. al., 1986; Lyons and Smith,
1986; Romanus ez. al., 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. al., 1985).

More recently, the bovine form of IGFBP-2 was isolated from bovine kidney cells
(MDBK, Szabo et. al., 1988), mouse Swiss 3T3 cells were the source of IGFBP-3 (Blat ez.
al., 1989a, 1989b) and IGFBP-4 was isolated from human osteocarcinoma cells (TE89,
Mohan et. al., 1989). Apart from the earliest purification methods, all binding proteins have
been purified using IGF affinity 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 was to purify novel binding proteins
from the serum-free conditioned medium of He[39]L cells. One of the two binding proteins

purified was characterized 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 our 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 5.1A 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 first discuss the

purification of the He[39]L binding protein which I have extensively characterized.
5.2.1 Purification 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 charcoal binding assays and by interference in receptor binding assays
(see sections 2.2.1 and 2.2.3). Active fractions eluted from the cation exchange column
between 0.25M and 0.8M ammonium acetate using a linear gradient of 0.05M to
IM ammonium acetate (pH 6.0-7.5). They were pooled and directly applied to an IGF-I

affinity 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 28% acetonitrile in 0.1% trifluoroacetic acid (Figure 5.1B.i). The
maximum binding protein activity coincided with the protein peak (Absorbance = 215nm;
Figure 5.1B.ii). Approximately 60 p.g of the 32 kDa He[39]L binding protein were purified
from a 15 litre purification of He[39]L conditioned medium.

The rpHPLC-purified protein was separated on a 15% nonreducing SDS-
polyacrylamide gel into three 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). The 32 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, S0mM to 1M ammonium acetate
gradient (pH 6.0 to 7.5)

|

IGF AFFINITY CHROMATOGRAPHY
elution with 0.5M acetic acid

|

REVERSE PHASE HPLC
20 to 40 % acetonitrile/0.1% TFA gradient

|

LYOPHILIZE AND STORE AT -80 C

Figure 5.1A: Steps in purification of He[39]L binding proteins. The series of
chromatography steps used in the purification of He[39]L binding proteins are shown. The
detailed method of purification is described in section 2.3. Following each step fractions
collected were assayed using charcoal binding and radioreceptor binding assays described in

sections 2.2.1 and 2.2.3 respectively.



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 amino acids (Figure 5.3).
Two of the 22 residues were not identified (positions 13 and 17). The lack of signal
suggests that these may represent cysteine residues. The yields of phenylthio-hydantoin
(PTH)-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.

When the He[39]L binding protein was transferred to PVDF for sequencing a second
membrane was placed behind the one applied to the sequencer. A small proportion of the
protein transferred to this second membrane. After Western ligand blotting the major 32 kDa
band was shown to bind IGF-1I tracer. The smaller molecular 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-terminal sequences or possibly that the two smaller species were N-terminally
blocked and therefore did not sequence. If the smaller peptides in the 32 kDa He[39]L
binding protein preparation are indeed breakdown products they must arise from C-terminal

truncation.
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 2.2.11 and Figure 5.5). Clearly this protein differs in size
(32 kDa) from hIGFBP-1 (28 kDa), bIGFBP-2 (34 kDa) and hIGFBP-3 (41.5 kDa and
38.5 kDa). It is important to point out that the 32 kDa He[39]L binding protein described in
this chapter is the same protein described as being 34 kDa in Chapter, Figure 4.3a,
identified by Western ligand blotting in He[39]L conditioned medium. The difference in
sizes arises due to different electrophoresis set ups used in these separate experiments.

70



Immunoblotting (see section 2.2.11 and Figure 5.6) showed that an antibody raised
against bIGFBP-2 did not cross-react with He[39]L conditioned medium. Purified
bIGFBP-2 did cross-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 er. al., 1988).
The amount of He[39]L conditioned medium blotted (800ul) was sufficient for the detection
of binding proteins by Western ligand blotting.

Furthermore, in immunoprecipitation experiments the He[39]L 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 su ggest that
He[39]L binding protein is unrelated to both IGFBP-1 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 strong signal was seen with MDBK RNA
when the Northern transfer was probed with a 1.2 kb bIGFBP-2 ¢cDNA probe (Upton et.
al., 1990). However, the He[39]L RNA did not contain sequences complementary to
IGFBP-2 cDNA as no signal was seen on the same Northern blot, even after extended

exposure of 2 weeks.

Lectin affinity chromatography (section 2.2.12) 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
charcoal 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 to concanavalin A
and was specifically eluted with 0.5 M o-D-mannopyranoside. Neither hIGFBP-1 or

bIGFBP-2 bound to wheat germ or concanavalin A columns.

Further characterization of the He[39]L bindin g protein was on the basis of relative
IGF-binding affinity (Figure 5.10). Competition binding assays were performed with the
various forms of IGF, IGF-1, IGF-II and des-(1-3)-IGF-1, as competing ligands using
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thIGF-I and bIGF-II tracers. Lower concentrations of IGF-II were needed for the same
extent of competition achieved with IGF-1 using IGF-I tracer. Five fold less binding protein
was used in competition assays with IGF-1I tracer and even lower concentrations of IGE-II
were needed to give the same degree of competition as IGF-I. Des-(1-3)-IGF-1 did not
compete significantly for binding with either tracer.

5.2.3 Purification of 17-19 kDa binding protein

Several observations were made in refining the method for the purification of the
32 kDa He[39]L binding protein. Initially the purification procedure involved the use of an
IGF-1I affinity column also used in the purification of bIGFBP-2 (Szabo et. al., 1988) rather
than the IGF-I column described above. The original purification resulted in a single
apparently 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 were apparently very similar as

they both eluted from the IGF-II affinity 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 latter detects bindin g
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 charcoal binding assay.
The rest of the fractions were active in both assays. In this respect the 17-19 kDa He[39]L
binding protein is similar to IGFBP-1 in that both are undetectable by charcoal bindin g

assay.

Following a particularly shallow acetonitrile/0.1% TFA gradient I was able to
separate the fractions containing the 17-19kDa He[39]L binding protein active only in the
radioreceptor assay (Figure 5.11). The protein was sequenced using conventional
sequencing techniques rather than electroblotting. The sequence is shown in Figure 5.12. 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 truncated 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 that it was in fact separated into
two species of 17.5 and 19 kDa (Figure 5.14). Unfortunately, further analysis of the peptide
was not possible. Upon storage the binding protein was degraded and lost IGF-binding

activity.

Subsequent purifications were carried out with an IGF-I affinity column in an
attempt to make the separation of the two binding protein species easier. The IGF-1I 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 32 kDa binding protein.
5.3 DISCUSSION

Characterization of binding proteins is important in understandin g the modulation of
IGF action as binding proteins have been shown to both inhibit and enhance the action of
IGF (Ross et. al., 1989; Ritvos et. al., 1988; Clemmons er. al., 1986). Three binding
proteins have been extensively characterized (IGFBP-1, IGFBP-2 and IGFBP-3) and cDNA
sequences have been determined from several species for each of these (reviewed in section
1.2). The genes for IGFBP-1, IGFBP-2 and IGFBP-3 have been isolated (Cubbage et. al.,
1989; Brown and Rechler, 1990; Cubbage er. al., 1990; Ehrenborg et. al., 1991). A fourth
binding protein (IGFBP-4) has recently been identified and cDNA clones have been isolated
(Shimasaki et. al., 1990b; LaTour et. al., 1990). This bindin g protein has not yet been
Characterized to the extent of the other three. Serum from humans and rats contain each of
these four 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 1,
2,3 and 4.

Three classes of binding protein have been previously defined on the basis of IGE-
binding affinity as demonstrated in competition bindin g assays (Forbes er. al., 1988 and
Chapter 3). The first class is represented by hIGFBP-3 which binds IGF-I and IGE-II with
equal potency. The same competition seen with IGF-I and IGF-II is achieved with two fold
higher concentrations of des-(1-3)-IGF-1. Human IGFBP-1 represents a second class of
binding protein where both IGF-I and IGF-II bind equally but des-(1-3)-IGF-1 is bound
poorly, if at all. The third class is represented by bIGFBP-2 which does not bind
des-(1-3)-IGF-1 and prefers IGF-II. Competition assays described in this chapter
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(Figure 5.10) demonstrate that the 32 kDa He[39]L binding protein does not bind
des-(1-3)-IGF-1 and has greater affinity for IGF-II than IGF-I. In this respect it is similar 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
32 kDa He[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 antibody can not only
cross-react with bovine IGFBP-2 but has also been used to identify related proteins from
other species, in particular in fetal rat serum and medium conditioned by rat liver cells,
BRL 3A (Upton et. al., 1990). However, the bIGFBP-2 antibody did not detect any
proteins in He[39]L conditioned medium, indicating that this protein is not a human form of

IGFBP-2.

Similarly, a 1092 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-1 and bIGFBP-2 failed to cross-react with the 32 kDa He[39]L binding protein
(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-1 and He[39]L binding
protein differ but they are also immunologically unrelated. Finally, all three proteins differ in

molecular weight (Figure 5.5) as determined by Western ligand blotting.

Analysis of glycosylation revealed that both the 32 kDa He[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 (Figure 5.9). This
indicates that the 32 kDa He[39]L binding protein has N-acetyl glucosaminyl sugars but no
a-mannosyl sugars, whereas both are detected on the pIGFBP-3. Based on glycosylation,

relative binding affinities and size the two binding proteins are clearly unrelated.

Lectin affinity 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 He[39]L binding protein
and IGFBP-3 glycosylated but rat and human IGFBP-4 cDNA sequences encode one
potential N-linked glycosylation site (Shimasaki er. al., 1990b). IGFBP-1 has no N-linked
sites but has 5 potential O-linked sites (Brinkman et. al., 1988a). In contrast, IGFBP-2 has
neither N- nor O-linked glycosylations. Neither IGFBP-1 nor IGFBP-2 bound to wheat

germ agglutinin or concanavalin A.

N-terminal protein sequencing revealed that the 32 kDa He[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 the type 1 and type 2 IGF receptors.

An outstanding feature of the binding proteins sequenced before the isolation of the
32 kDa binding protein was the conservation of 18 cysteines across all sequences for
IGFBP-1, IGFBP-2, IGFBP-3 and IGFBP-4 from various 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 characterized 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 the 32 kDa He[39]L binding protein several additional N-terminal
sequences of the same protein have been reported (see Figure 5.15; Roghani er. al., 1989;
Martin et. al., 1990; Zapf et. al., 1990a; Andress and Birnbaum, 1991; Shimasaki et. al.,
1991b). The transformed fibroblast binding protein (TFBP) described by Martin et. al.
(1990) and the cerebrospinal fluid binding protein (Roghani et. al., 1989) exhibit essentially
the same properties as the 32 kDa He[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 TEBP
cross-reacts with an antibody directed against hIGFBP-3 which is interesting when all of the

differences between the two binding proteins described in this chapter are considered. It is
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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 similar to the 32 kDa He[39]L
binding protein and highlights the heterogeneity between these. Considerable variation is
seen in the amino acids corresponding to the first and fifth residues of the He[39]L binding
protein sequence. Interestingly, although both the TFBP and human serum protein
sequences were derived from carboxymethylated protein (Martin ez. al., 1990; Zapf 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 er. al., 1991a). It is now
known as IGFBP-6 (Ballard et. al., 1991b). 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-terminal 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 (Figure 5.15), which suggests

alternative processing of the leader peptide from the mature peptide.

The position of the cysteine residues is most interesting. The fifth 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 e.
al. (1990). Using these two cysteines Shimasaki et. al., (1991a) were able to align the
hIGFBP-6 sequence with IGFBP 1, 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 (rIGFBP-6). This cDNA
sequence encoded a protein similar to that sequenced by Shimasaki ez. al. (1991b) in Figure
5.15. However, the cysteines in the human IGFBP-6 sequence corresponding to positions
13 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 towards the C-terminus. This
information is particularly relevant to experiments performed in Chapter 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 Bimbaum, 1991; Bautista ez. al., 1991, Shimasaki et.
al. 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 are 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 13 to 16; see Figure
5.12). The U-2 osteosarcoma 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 1, 2,
3 and 4.

Interestingly, the protein isolated by Andress and Birnbaum (1991) had a molecular
weight of 23,000 but Bautista er. al. (1991) saw a molecular weight of 29,000. The latter
protein was particularly unstable and degraded overnight at 5°C to 24 kDa and smaller
fragments. The 24 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.

The 32 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, Australia). 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 32 kDa He[39]L binding protein these peptides are not related. No

secondary sequence was detected in sequencing of the 32 kDa preparation, suggesting that
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the smaller peptides in this preparation had the same N-terminal sequence as the 32 kDa
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 blotting. However, the
17-19 kDa He[39]L binding protein preparation was active in inhibiting the binding of

IGF-II 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-2 lacking 3 N-terminal amino acids and with carboxy 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 marked heterogeneity 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 Bautista et. al. (1991)
experienced the same difficulty of detection of the binding protein with the standard 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-1 described in chapter 3. IGF-binding protein complexes were precipitated in the
presence of 2% immune serum globulin and 25% PEG. It should be noted that in my hands
IGFBP-1 at high concentrations can be detected by charcoal binding assays whereas the
17-19 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 er. 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.(1991a)
also reported the rat and human sequences of this binding protein. Full length cDNA clones
encode a protein with a molecular weight of 28,500. The binding protein has now been
classified as IGFBP-5 (Ballard er. al., 1991b).
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The cDNA sequences of IGFBP-5 confirm the conservation of the 18 cysteines
between IGFBPs 1 to 4 (See Figure 6.6 for full sequence comparison). As seen in previous
sequence comparisons the greatest degree of similarity of IGFBP-5 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-II than IGF-I (Bautista et. al., 1991). With the availability of the
cDNA clone as a probe it will be interesting to learn of the factors influencing the expression
of this binding protein. Evidently IGFBP-5 has not been detected in human serum (Kiefer
et. al., 1991) but it has been isolated from three cell lines so far, two of which were bone
cells. Perhaps this binding protein plays a regulatory role in mediating the IGF action in the

extracellular space within various tissues rather than acting as a carrier protein.
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Figure 5.1B: Reverse phase HPLC analysis of the 32 kDa He[39]L
binding protein

The final step in the purification of the 32 kDa He[39]L binding protein
involved reverse phase high-performance liquid chromatography (HPLC).
Pooled active fractions from IGF affinity chromatography were applied to a
reverse-phase HPLC aquapore butyl cartridge (4.6 mm x 3.0 cm; Applied
Biosystems, Santa Clara, CA. USA.) in 0.1% (v/v) trifluoroacetic acid. A
25-45% (v/v) acetonitrile gradient over 40 minute was used to elute the
IGFBP.The absorbance at 215nm is shown in (3). The acetonitrile gradient
(0.2 ml/minute) 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 of 1251 IGF-II (2000 cpm) added
to each tube (10ul/fraction 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 % SDS
polyacrylamide gel electrophoresis under non-reducing conditions and
visualized by silver staining. Arrows indicate migration of molecular weight
markers.



He[39]L BP

hIGF BP-1
1IGF BP-2
hIGF BP-3
hIGF BP-4

LAPGPGQGVQAGXPGGXVEEEDRGG

AP WQICIA
EVLFRICIP
GASSGGLGPVVRI|CIE
DEATH|CIP

PC
=@
P C
PC

SAEK
TPER
DARA
SEEK

LA
LA
LA
LA

LIClp|IPIVS - -
A[C|IGIPIP P VP
QICIAIPIP P - -
RICRRIPIPV G -

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

protein were determined following separation of the protein on a 5-15% linear gradient gel,

transfer to polyvinylidene difluoride (PVDF) and direct application of the membrane to the

sequencer. The method of electroblotting for sequencing was described by Matsudiara

(1987) and is outlined in section 2.3.5.

The sequence of the He[39]L binding protein is compared to the N-terminal sequences of

the four binding proteins for which full length cDNA sequences are available. These are

hIGFBP-1 (Brinkman et. al., 1988a), hIGFBP-2 (Binkert et. al., 1989; Zapf et. al.,

1990a), hIGFBP-3 (Wood et. al., 1988) and hIGFBP-4 (Shimasaki et. al., 1990b; LaTour

et. al., 1990). Unidentified residues are shown as crosses and gaps created when sequences

are aligned are shown as dashes.
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Figure 5.4: Yield 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 (Model 470). 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

Purified binding proteins were separated on 12.5% SDS polyacrylamide
gels under non-reducing conditions. Proteins were transferred to
nitrocellulose. The filter was probed with 1251 IGF-II (106 cpm/filter)
overnight and exposed to autoradiograph film for 5 days at -80°C. The
extent of migration of molecular weight standards is indicated by arrows.

Lanes

1 hIGFBP-1 (25ng)
2 bIGFBP-2 (25ng)
3 He[39]L BP (25ng)
4 hIGFBP-3 (10ng)
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Figure 5.6: Cross-reaction of binding proteins and He[39]L

conditioned medium with an antibody against bIGFBP-2.

Proteins were separated on a12.5% SDS polyacrylamide gel and
transferred to nitrocellulose. The blot was probed with an antibody raised
agaust bIGFBP-2 (1/100, see section 2.2.10) followed by an anti-rabbit
biotinylated antibody and avidin-alkaline phosphatase. Specific binding
of bIGFBP-2 antibody was visualized by developing with the substrates
for avidin alkaline phosphatse. The extent of migration of molecular
weight markers 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]L conditioned medium (800p equivalent)



Figure 5.7: Immunoprecipitation of the 32 kDa He[39]L binding
protein

Binding proteins were incubated with 1251 IGF-I for 1 hour and precipitated
with antibody overnight at 4°C using the method described in section 2.2.2.
Cross-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 (6%).

125] IGF-I-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 10ng 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 2.4. The RNA (10-15ug) was separated on a 1%
agarose/6.5% formaldehyde gel and transferred to Nytran. The Northern
filter was probed with a 32P nick translated 1092bp bIGFBP-2 cDNA clone
(Upton et al., 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 detection
of glycoproteins. Each column was washed with starting buffer (section
2.3.3) for 15 minutes (3ml) before loading He[39]L binding protein
(500ng). Glycoproteins were eluted with (a) N-acetyl-glucosamine and (b)
methyl-a-mannopyranoside for 25 minutes (5ml) and the column was
washed again in starting buffer for 20 minutes (4ml). Fractions (1ml) were
assayed for binding protein activity using the charcoal binding assay (121
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-1 (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
arrows indicate the active fractions from lectin affinity chromatography.
Broken arrows indicate fractions with low levels of activity.
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Figure 5.10: Competition binding assays with the 32 kDa
He[39]L binding protein

Competition for binding to the 32 kDa He[39]L binding protein was with
rhIGF-I (O ), bIGF-1I (@) and des-(1-3)-IGF-1 (m ). thIGF-I was a gift
from Drs. H. H. Peter and K. Scheibli, Ciba-Geigy, Basle, Switzerland.
Synthetic des-(1-3)-IGF-1 was prepared as previously described (Ballard
et al., 1987) and bIGF-II was purified by the method of Francis et al.
(1988b). Increasing amounts of competing ligand were used in the
presence of tThIGF-I tracer A. or bIGF-II tracer B. Competitive binding
was expressed as a percentage of the counts bound in the absence of
competing ligand (B,). The nonspecific binding measured 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 (B, =
41.2%, NSB = 6.8%) and for IGF-II tracer B. with 2ng He[39]L
binding protein (B, = 62.6%, NSB = 13%). Each point on the
competition curves represents the mean of duplicate tubes. Standard
deviations are shown for thIGF-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 high-performance liquid chromatography
(HPLC). The absorbance at 215nm is shown in (b). The acetonitrile
gradient (0.2 ml/minute) is indicated by the dashed line. Active fractions
were identified by interference in radioreceptor assays (@) and activity is
expressed as the percentage of counts of 1251 IGF-1I bound in the absence
of added sample (Control=100%, Sul/fraction assayed).
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hIGF BP-1
hIGF BP-2
hIGF BP-3
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Figure 5.12: The N-terminal amino acid sequence of the 17-19

kDa He[39]L binding protein. The first13 amino acids of the 17-19 kDa

He[39]L binding protein were determined by automated Edman degradation. The sequence

of the He[39]L binding protein is compared to the N-terminal sequences of the four binding

proteins for which full length cDNA sequences are available. These are hIGFBP-1

(Brinkman et. al., 1988), hIGFBP-2 (Binkert et. al., 1989; Zapf et. al., 1990a), hiIGFBP-3

(Wood et. al., 1988) and hIGFBP-4 (Shimasaki et. al., 1990b; LaTour et. al., 1990).

Unidentified residues are shown as crosses and gaps created when sequences are aligned

are shown as dashes.



Figure 5.13: Yield of PTH-derivatives from the 17-19 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 were analysed by pHPL.C. 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. Two related sequences were derived from Edman degration.
The slightly more 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 rpHPLC purified He[39]L binding protein was separated on a 15%
SDS-polyacrylamide gel under non-reducing conditions. Protein was
visualized using the silverstaining technique described by Heueshoven
and Dernick (1985) and also outlined in section 2.2.10. The extent of
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

1. The 32 kDa He[39]L binding protein N-terminal sequence is compared
with sequences of other isolates of the same protein. Boxes indicate
positions with sequence differences. The amino acid sequence derived
from the cDNA clone corresponding to these proteins is shown below the
sequences of different isolates. Sequences are from the following

references:

CSF BPs Roghani et. al., 1989

TFBP Martin er. al., 1990 (transformed fibroblast
binding protein)

U-2 osteoblast cell BP  Andress and Birnbaum, 1991

Human serum BP Zapf et. al., 1990a

Rat serum Shimasaki et. al., 1991b

Porcine follicular fluid Shimasaki et. al., 1991b

Human IGFBP-6 Shimasaki et. al., 1991a

2. The 17-19 kDa He[39]L binding protein N-terminal sequence is
compared with sequences of other isolates and the amino acid sequence
derived from a cDNA clone encoding the same proteins. Sequences are
from the following references:

U-2 osteoblast cell BP Andress and Birnbaum, 1991

hBP-IGF BP Bautista et. al., 1991 (human bone derived
IGF BP)
Rat serum Shimasaki et. al., 1991b

Porcine follicular fluid Shimasaki et. al., 1991b
Human IGFBP-5 Shimasaki er. al., 1991a



1. N-terminal Sequence of the 32 kDa He[39]L BP and Related Proteins

He[39]L BP L|A
CSF BP (CHILD) L|A
CSF BP (ADULT) xR
Tex Ag BP RiA
U-2 Osteoblast cell BP XX

R
Human Serum L|A

A
Rat serum AL ARIGIR
Porclne follicular fluld AlOIX
Human IGFBP-6 ALARC
(from cDNA sequence)
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P G[X[6 0 6 U QA G|A|P G
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PGCGQGUQAGCPGGCUEEEDGG

2. N-Terminal Sequence of the 17-19 kDa He[39]L BP and Related Proteins

17-19kDa He[®ILBP  L[U]s F U
U-2 Osteosarcoma cell BP FU
hBD-IGF BP F|F u
Rat serum Y
Porcine follicular fluid U
Human IGFBP-5 L6SFUV

(from cDNA sequence)
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x[U]e p[B]o[k[a]n L
HXEPXDEKALSMHXPPSPLGRELUKEPKG
HXEPXDEKALSHKPP
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CHAPTER 6

CLONING OF THE 32 kDa He[39]L IGFBP



6.1 INTRODUCTION

The cDNA clones encoding IGFBP-1, 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 encoding a 259 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 similar clone length as seen for hIGFBP-1. Bovine, rat and
human IGFBP-2 cDNA clones are approximately 1.4 kb and encode 284, 270 and 289
amino acid peptides with leader peptides of 26 to 39 residues (Upton et. al., 1990; Brown
et. al., 1989; Margot et. al., 1989; Binkert et. al., 1989).

While the major serum IGF carrier 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 is 27 residues

long.

By using specific molecular probes a great deal 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 ez. al., 1989).
In addition, IGFBP-1 is expressed in higher levels in fetal human liver than adult human
liver (Brinkman et. al., 1988a) whereas IGFBP-3 is found predominantly in adult liver but

is also present in most other adult tissues (Shimasaki ez. al., 1989).

The same probes have been used to specifically localize which cells within certain
tissues produce particular binding proteins. Using in situ hybridization with cDNA probes
the site of IGFBP-1 production in the endometrium has been localized (Julkunen et. al.,
1990; Croze et. al., 1990). Interestingly, these studies have revealed separate sites of
production of IGFBP-1 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-1 acts to control
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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 studying the control of binding protein
expression. In studies similar 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. Estrogen and progesterone influence the levels of binding protein mRNA in
endometrial stromal cells (Guidice et. al., 1991). Coincubation of rat hepatocytes with
insulin leads to a decrease in rat IGFBP-2 (rIGFBP-2) mRNA (Boni-Schnetzler et. al.,
1990). In animal models tissue RNA has been probed to measure the response to various
factors. Both rIGFBP-1 and rIGFBP-2 hepatic mRNA levels are decreased in response to
the presence of growth hormone (GH) in the hypophysectomized or fasted rat, respectively
(Glassock et. al., 1990; Seneviratne et. al., 1990; Murphy et. al., 1990). Such studies
complement the earlier available methods of measuring binding protein levels and add greatly

to our understanding of the regulation of binding protein production.

Undoubtedly the availability of specific probes for the 32 kDa 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 probe for the 32 kDa He[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 60ug from 15 litres
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
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could specifically 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 amounts of He[39]L
binding protein for the production of a specific antibody. Therefore, I turned to the isolation
of a cDNA clone encoding the He[39]L binding protein in an attempt to produce a specific
probe.

Two strategies were undertaken to isolate a He[39]L binding protein cDNA clone.
The first 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 fibroblast cell line. I chose this library for several reasons.
Firstly, both cell lines are of a similar origin and are therefore likely to produce similar
binding proteins. In fact Western ligand blotting 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 2804) secretes a binding protein with an almost identical N-terminal amino acid
sequence as the He[39]L binding protein (Martin et. al., 1990). In section 4.2.1 I reported
that the IMR 90 cells have a different competition binding pattern to other 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. al., 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 attempt
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 Thermus aquaticus (Tag,
Saiki et. al., 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 amplified 2" times, where n equals the
number of cycles completed. At the commencement 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 internal 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
cDNA clones sequenced at the time (IGFBPs 1, 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. When 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 1.1 for
sequence comparison of the human IGFBPs 1, 2, 3 and 4). From this information it seemed
reasonable to assume that the 18 cysteines found in all the IGFBP sequences play a role in
the formation of a common IGF-binding structure and would therefore be conserved in

newly isolated binding protein sequences.

The N-terminal 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 two extra cysteines. Despite the different
N-terminal region, the He[39]L binding protein had a similar 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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Figure 6.1: Diagramatic representation of the polymerase chain reaction (PCR).
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further amplification. Therefore, in N cycles 2Nproducts will be amplified by this

procedure. Double stranded DNA is represented as LILLLLLL.



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

He[39]L sequence to amplify a specific probe for screening the IMR 90 ¢DNA library.

The aim of this chapter, therefore, was to isolate a cDNA clone encoding the
He[39]L 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 first.

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 various reaction conditions with the aim of finding optimal
amplification conditions. I will describe the first reaction in detail as an example 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,
(1990) 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 the
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recommendations of the manufacturer of the Taq polymerase (Bresatech Ltd., Adelaide,

Australia).

ORIGINAL REACTION
REA N COMPONENT (concentrations/100pul)
Template IMR 90 cDNA library: 1pul
or Human genomic DNA: 100ng
Primer concentrations 1.5-2uM each
dNTP concentrations 200pM
Tris-HCl1 pH 8.8 67mM
MgCl, 2mM
Ammonium sulphate 16.6mM
Triton X-100 0.45%
gelatin 200pg/ml
Taq polymerase Sunits
REACTION CONDITIONS
1. Temperatures
Denaturation 94°C
Annealing 37°C
Extension 72°C
2. Times
Denaturation 1 minute
Annealing 2 minutes
Extension 1 minutes

Template DNA was denatured at 94 °C 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 actually
a mixture of all possible sequences encoding the amino acids 15 to 22. There were 1024
different sequences represented in this mixture. Residues 15 to 22 were chosen as the most
suitable when designing this oligonucleotide as they represented the least degenerate stretch
of sequence (see Figure 6.2). This primer is the equivalent sequence to mRNA i.e.

represents the coding sequence.



A second primer (P15), complementrary to the coding sequence, was designed from
all binding protein sequences available at the time (see Figure 6.3). These included human
IGFBP-1 (hIGFBP-1), hIGFBP-2, bovine IGFBP-2 (bIGFBP-2), rIGFBP-2 and
hIGFBP-3. The position of the sequence from which the primer was derived is marked in
Figure 6.4, which shows the entire protein sequence of bIGFBP-2. The 15 bases encoding
these 5 amino acids are highly conserved throughout all 5 binding protein sequences and the
oligonucleotide had only four degeneracies. A schematic representation of the PCR reaction

involving P23 and P15 is presented in Figure 6.5.

For the P23/P15 reaction I chose to use human genomic DNA or IMR 90 cDNA
library as template DNA. The IMR 90 library was chosen for conventional oligonucleotide
screening for reasons described in section 6.1. It therefore was an obvious choice also for a
template in this PCR. However, it was also possible that the library would not contain
clones encoding the He[39]L binding protein. In case of this eventuality I chose to use
genomic DNA as a template in parallel experiments. At the time of designing this reaction the
hIGFBP-3 gene had been sequenced. No introns were present in the first 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
remarkable homology in this region, I thought it unlikely that the He[39]L sequence would

have an intron within the first 200 nucleotides encoding the N-terminal amino acids.

PCR products are 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 P15 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 base pairs
hIGFBP-1 105
hIGFBP-2 153
bIGFBP-2 138
rIGFBP-2 111
hIGFBP-3 129
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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 mixture is
61°C, based on the formula Tm = 2°C (A/T) + 4°C (G/C) -5 °C (Miyada and Wallace, 1987).
The lowest annealing temperature of the binding protein specific P15 is 45°C. However, my
strategy was to start 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 synthesized by Taq
polymerase in several seconds. Innis ez. al. (1988) have reported an extension rate of >60
nucleotides per second at 70°C. 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, ANTPs, 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
reactions. The primer concentration was raised in one reaction in case the concentration of
the correct 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 P15 (45°C) were

tested. None of these variations lead to the amplification of a PCR product.
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REACTION COMPONENTS

Template IMR 90 cDNA library: 1l or 5ul
Primer concentrations 1.5-2uM each or 3-4uM each

REA N CONDITION
1. Temperatures

Denaturation 94°C
Annealing 37°C or 429 or 45°C
Extension 72°C

2. Times
Denaturation 1 minute
Annealing 30 seconds or 1minute
Extension 1 minute or 2 minutes

The reason for this result was not evident at the time. 32P labelled P15 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 15mer and 24mer oligonucleotides were too
short for specific annealing when such degeneracies were involved. wa 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 P15 primer nor the degeneracy of P23 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., 1991a) 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/P15 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-6 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
amplification of binding protein sequences. A bIGFBP-2 cDNA clone was previously
isolated in our laboratory (Upton et. al., 1990) and was used as the template for the model

reaction.

Auvailability 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 common
to all binding protein sequences available at the time. It was a mixture of 32 oligonucleotides
encoding the same sequence. This area 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 sequence 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 §' end to allow easy cloning of PCR products.

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
(Figure 6.4). The product I expected from this reaction using the full length bIGFBP-2
c¢DNA clone as a template (Upton et. al., 1990) was 672 bp. Figure 6.5b represents the
bIGFBP-2 PCR.

I chose to amplify the bIGFBP-2 sequence at 55°C as the Tm's of P30 and P24 were
55°C and 79°C, respectively. The reaction conditions were basically the same as described
above except the reaction was carried out in a smaller volume (20y1). 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
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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 He[39]L 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 to 22 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
pairs with all dNTPs. In this way some of the problems of using a degenerate primer are
eliminated (Patil and Dekker, 1989). Only one oligonucleotide was synthesized rather 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 strength 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 similar 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. Instead, cDNA synthesized
from He[39]L total cellular RNA was chosen as the template DNA for the P29/P30 He[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-terminal 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
rIGFBP-2 629
hIGFBP-3 650

A diagram of the P29/P30 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 was 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 10p! of a 20u1 cDNA reaction) were varied, products were not formed. In an attempt to
encourage the formation of PCR products three rounds of annealing at 37°C preceded the

usual 30 cycles of 55°C. However, no products were formed under these conditions either.

An important control reaction was included in these experiments. Using the cDNA
from He[39]L RNA as a template the d-aminolevulinate synthetase (ALAS) cDNA was
amplified with two 25bp primers resulting in a 415 base pair product (see Figure 6.7). The
primers for this reaction were kindly provided by T. Cox, Department of Biochemistry,
University of Adelaide, Australia. The ALAS product could be amplified from 5l of
He[39]L cDNA under both annealing conditions described above. The fact that a product of
415bp 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
He[39]L sequences. In fact, when a 32P dATP was incorporated into the cDNA synthesis
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reaction and products were separated on a 1% agarose/TBE 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. al., 1988). Incorporation of a
32p ATP into MDBK cDNA synthesis also indicated products 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 products 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 experiments. Although the P15 (Gly, Cys, Gly, Cys, Cys) sequence
was not present in hIGFBP-6 the P30 sequence was conserved in this sequence.
Comparison of the cDNA sequence and P30 showed identity in 16 of the 21bp encoding the
Pro, Asn, Cys, Asp, His, Arg, Gly motif. Most importantly the first Sbp 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 two 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 and P30 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 first consideration when trying to explain the puzzling PCR results was perhaps
that the message levels produced by these cell lines were too low for the amplification of
binding protein sequences using this method. However, there are several arguments against
such an explanation. Firstly, 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 (2)g) was sufficient for the
amplification of rare mRNA species of 1 to 10 copies per cell (Kawasaki, 1990). When the
amounts of RNA per cell are considered (approximately 10pg/mammalian cell), then 2ug
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 highly

degenerate primers (Knoth ez. al., 1988).

An explanation for the inability to amplify bIGFBP-2 and He[39]L binding protein
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 65°C 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 extremely low and
therefore problems would arise in detecting the PCR products using the primers described
above. In contrast, it is possible to amplify ALAS cDNA synthesized from ALAS mRNA,

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, 1981). The
results of the hIGFBP-6 structure prediction are shown in Figure 6.8. The free-energy (AG)
value calculated for the 918base hIGFBP-6 RNA secondary structure is -1432 kJ/mole
(-342 kcal/mole) which is comparable to an example presented by Cech et. al. (1983) for the
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proposed intron-splicing structure of Tetrahymena 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 1395base bIGFBP-2 RNA (-2384 kJ/mole or -

569 kcal/mole). In comparison the ALAS RNA (2056bp) is less likely to form significant
secondary structure as the calculated AG value is substantially higher for this length of RNA
(-2706 kJ/mole or -646 kcal/mole). Therefore, the predictions indicate that RNA secondary
structure 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 towards the end encoding the C-terminal amino acids Cys, Trp, Cys, Val. This PCR
protocol was also used to amplify sequences of IGFBP 2, 4 and 5. The template for the
PCRs was cDNA synthesized from poly A* RNA. 2.5ug poly 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
rIGFBP-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 1-2% 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 similar reasons I have suggested may have warranted 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).
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Having received the sequence of the cDNA encoding the hIGFBP-6 I decided not to
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 c¢DNA library

Using the oligonucleotide P29 described in section 6.2.3 the lambda gt11 IMR 90
library was screened for He[39]L binding protein clones at the same time as conducting the
PCR reactions described above. The screening method is outlined in detail in section 2.4.3.
The hybridization and washing conditions were similar to those used previously in the
isolation of cDNA clones from libraries using inosine-containing oligonucleotides
(Sambrook et. al., 1989). Half a million plaques (equivalent to 1/4 of the total original
library) were transferred to nylon membranes and screened in duplicate in the first round
with 32P labelled P29. The same filters were screened with 32P labelled P30 (the binding
protein specific probe also used in PCR) and 6 plaques were positive with both probes.
Plugs (Smm 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 transferred 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.

Lambda DNA was isolated from the 3 clones hybridizing with P29 in the third round
of library screening (method described in section 2.4.4). Eco Rl released all three clones
from the vector, as this enzyme was used in the original construction of the lambda library.
The three clones were approximately 700bp, 1.25kb and 1.75kb. The longer clones were
chosen as likely candidates for full length cDNA clones on the basis of the sizes of
previously sequenced small molecular weight binding protein cDNA clones (IGFBP-1 and
IGFBP-2 clones are 1.4-1.6kb). Following restriction endonuclease digestion the lambda
DNA of the 1.25 and 1.75kb clones was analyzed by Southem blotting as described in
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section 2.4 5 (Figure 6.9). The clone inserts were identified by probing with 32P labelled
P29 (see Figure 6.9b).

A restriction map constructed from the sized fragments following digestion with a
number of enzymes is shown in Figure 6.10. The map reveals that the 1.25 and 1.75kb
clones are of different cDNAs. The restriction fragments containing sequences

complementary to the P29 probe are indicated on the map for each clone.

After reprobing the Southern blot and the third round library screen filters with the
binding protein specific probeq(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 lambda clones may not be He[39]L binding
protein CDNA clones (see Figure 6.9¢). This was confirmed by sequencing of the 550bp
Pst I/Bgl II fragment of the 1.25kb clone which had been subcloned into the Bluescript
BKS+ vector. The sequence is shown in Figure 6.11. The site to which P29 binds is 82%
homologous to the P29 sequence if a single base insertion is made. Flanking sequence does
not shown any similarity to known binding protein sequences as determined by searching
for localized homologies with the SEQHP programme from the ANALYSEQ suite of
programmes (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 identified. The distance sequenced (approximately 250bp in
each case) should have been sufficient to identify at least the leader sequence of the 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 homology
is seen between the amino acid sequences of the binding protein leader peptides. Leucine is

particularly common in these sequences.

As the 700bp and 1.75kb clones are completely different to the 1.25 clone as
determined by restriction 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 strange that in the first round of screening of the IMR 90 library all 6 clones
chosen for further screening were positive with both P29 and P30, but in the third round
those remaining positive with P29 did not hybridize to P30. In between probings the filters
were stripped and exposed to make sure no signals remained. Following hybridization with
P30 filters were washed in 5xSSC (1 x =150 mM NaCl, 15 mM sodium citrate pH 7.0),
0.1% (v/v) SDS at 42°C for 2x30 minutes. The 6 positives in the first round screen were 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 them. As discussed above,
comparison of P29 with the hIGFBP-6 cDNA 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 Shimasaki 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

towards 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 are 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 were not working due to lack of sufficient template. These controls seem to
suggest that the problem of amplification actually arose specifically in the synthesis of
binding protein cDNA. It is possible that the secondary structure of the binding protein
RNA:s is inhibiting the synthesis of full length cDNA. RNA secondary structure 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 control 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 degenerate I
isolated clones containing related sequences. Therefore, further screening may result in
isolation of the desired clone. With 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 rIGFBP-6 lack 2 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 rIGFBP-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 L A P 6 P 6 0 6 VU Q A 6 X P G 6 K VU E E E D R G 6

DNA SEQUENCE 5’ -TGA CCR GGA GGA CCA GGA CAR GGA GTA CAR CCA GGA TGC CCA GGA GGA TGC GTA GAA GAR GAR GAC CGA GGR GGR- 3
cc c ¢ ¢ ¢ ¢ 6 ¢ ¢ o6 ¢ ¢c T ¢ ¢ ¢ 1T € 6 6 6 tCARC ¢ ¢
G 6 6 6 6 © 6 G € 6 6 G 6 ] 6 6 6
T T T T T T T T T T T T T T T 1T 71
PRIMER P23 S' -GGA GGA TGC GTA GAA GAR GAA GA- 3°*
(TOTAL DEGENERACIES=1024) c ¢C T ¢C 6 6 6
G 6 G
T T T
PRIMER P29 S5' -T6C CCI GG GGI TGC GT! GAR GAA GAR GA- 3'
(TOTAL DEGENERACIES=32) T T 6 6 6

Figure 6.2: Oligonucleotides encoding He[39]L binding protein sequences. All possible DNA sequences encoding the first 25 amino
acids of the He[39]L binding protein are shown below the protein sequence. Primers P23 and P29 were designed to correspond to the least

degenerate region of that sequence (underlined). The P23 primer preparation contains all possible sequences (1024 different primer

sequences) whereas the P29 preparation consists of 32 sequences with inosine (|) in positions where 3 or 4 base pairs may be used. Both

P23 and P29 are complementary to noncoding sequences.



hIGFBP-1
hIGFBP-2
bIGFBP-2
fIGFBP-2
hiIGFBP-3

PRIMER P15
(DEGENERACIES=4)

hIGFBP-1
hIGFBP-2
bIGFBP-2
rIGFBP-2
hIGFBP-3

hIGFBP-1
hIGFBP-2
bIGFBP-2
riIGFBP-2
hIGFBP-3

PRIMER P30
(DEGENERACIES=32)

5' -GGC
5' -66C
5' -66C
5' -66C
S' -GGC

3' -CCG

U "0 U U ©

S' -CCAR
S' -CCC
S' -CCC
S' -CCC
5' -CCC

3' -GGG

TGC
TGC
TGC
TGC
T6C

ACG

o e i s e 4

ARC
ARC
ARC
ARC
ARC

TT6

6GC
GGC
GGC
GG¥
GGC

ccA

OO0

T6E
TGT
T6T
TGT
TGT

ACA

TG¥
TGC
TGC
TGC
TGC

ACA

o oo olZ]

HAC
GRC
GAC
GAC
GAC

T6C- 3'
TGC- 3°
TGC- 3
TGC- 3
TGC- 3'

RCG- 5

NXIRXRXXRX
R EIX IEZE
OOOOO

ARG BAT GGA- 3'
AAG CAT GGC- 3°'
ARG CAT GGC- 3'
AAG CAT GGC- 3'
ARG HAE GGH- 3'
EcoR |
TTC GTR CCG CIT AAG GAG- S'
TC T

Figure 6.3: Sequence of oligonucleotides encoding sequences common to all

IGFBP. The cDNA sequences encoding amino acid sequences common to

IGFBP 1, 2 and 3 of various species are shown. Residues or bases which vary

between the sequences are 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

P15 which has 4 degeneracies and P30 which has 32 degeneracies. P30 has an

EcoR I restriction enzyme 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, reported by Upton et. al. (1990). Cysteine residues are indicated
by stars. The position of PCR primers P24, P15 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 (P24) and

is highlighted below the bIGFBP-2 sequence. This figure is adapted from
Upton et. al., 1990.



P24

P15

P30

-26 -14 -7
ProAlaleuleuleuleuProProleuleuleulLeuleuleuleuGlyAlaGlyGlyGly
CCCGCGCTGCTGCTGCTGCCGCCGCTGCTGC TGCTGCTGCTGCTGGGCGCGGGCGGCGGL
-6 * +1 4 b b 14
AspCysGlyAlaAlaSerGluValLeuPheArgCysProProCysThrProGluSerLeu
GACTGCGGGGCGGCCAGCGAGGTGCTGTTCCGCTGCCCGSSCTGCACGCCCGAGAGCCTG
15 b 24 34
AlaAlaCysLysProProProGlyAlaAlaARlaGlyAlaProGlyAspAlaArgValPro
GCCGCCTGCAAGCCCCCGCCCGGCGCCGCGGCCGGCGCGCCCGGCGACGCCCGCGTGLCCC
35«% x 44 x * W 54
CysGluLeuValArgGluProGlyCysGlyCysCysSerValCysAlaArgLeuGluGly
TGCGAGCTGGTCCGCGAGCCGGGECTGCGGLCTGCTGCTCCGTGTGCGCCCGGCTGGAGGGA
55 * *64 * 74
GluArgCysGlyValTyrThrProArgCysGlyGlnGlyLeuArgCysTyrProAsnPro
GAGCGGTGCGGCGTGTACACCCCCCGCTGCGGTCAGGGGCTGCGGTGCTATCCAAACCCG
75 84 hd 94
GlySerGluLeuProLeuHisAlaleuValHisGlyGluGlyThrCysGluLysHisGly
GGGTCCGAGCTGCCCCTGCACGCGCTGGTCCACGGCGAGGGCACTTGCGAARAGCACGGC
95 104 114
SerAlaGluTyrSerAlaThrProGluGlnValAlaAspAsnGlyGluGluHisSerGlu
AGTGCTGAGTACAGCGCCACGCCCGAGCAGGTTGCAGACAACGGCGAGGAGCACTCTGAG
115 124 134
GlyGlylLeuValGluAsnHisValAspGlyAsnValAsnlLeuMetGlyGlyGlyGlyGly
GGAGGCCTGGTCGAGAACCACGTGGACGGGAACGTGAACTTGATGGGAGGTGGAGGTGGT
135 144 154
AlaGlyArglysProleulysSerGlyMetLysGluLeuAlaValPheArgGluLysVal
GCCGGTCGGAAGCCCCTCAAGTCCGGCATGAAGGAGCTGGCCGTGTTCCGGGAGAAGGTC
155 164 174
ThrGluGlnHisArgGlnMetGlyLysGlyGlyLysHisHislLeuGlyLeuGluGluPro
ACGGAGCAGCACCGGCAGATGGGCAAGGGTGGCAAACATCACCTCGGCCTGGAGGAGCCC
175 184 L) 194
LysLysLeuArgProProProAlaArgThrProCysGlnGlnGluleuAspGlnvValleu
AAGAAGCTGCGGCCGCCACCTGCCAGGACCCCCTGCCAGCAGGAAT TGGACCAGGTCCTG
195 204 214
GluArgIleSerThrMetArgLeuProAspGluArgGlyProleuGluHisLeuTyrSer
GAGCGGATCTCCACCATGCGCCTTCCGGATGAGCGGGGTCCCCTGGAGCACCTCTACTCC
215 b 224 * 234
LeuHisIleProAsnCysAspLysHisGlyLeuTyrAsnLeuLysGlnCysLysMetSer

CTACACATCCCLAACTGTGACAAGCATGCCCTGTACRACCTCARACAGTGCAAGATGTCT
235 kJ *244 254

LeuAsnGlyGlnArgGlyGluCysTrpCysValAsnProAsnThrGlylysLeuIlleGln
CTGAACGGGCAGCGTGGGGAGTGCTGGTGTGTGAACCCTAACACCGGGAAGCTGATCCAG
255 264 * 274
GlyAlaProThrIleArgGlyAspProGluCysHisLeuPheTyrAsnGluGlnGlnGly
GGAGCCCCCACCATCCGGGGAGACCCCGAGTGTCATCTCTTCTACAARCGAGCAGCAGGGG

7
%lgArgGlyValHisAsnGlnArgMetgfg
GCTCGAGGGGTGCACAACCAGCGGATGCAGTAAACATAGCCAGCCGGTGCCTGGCACCCC
CACCATCCGGGGAGACCCGAGTGTCACTCTCTTCTACAACGAGCAGCAGGGGGC TCGAGG
GGTGCACACCAGCGGATGCAGTAAACCATAGCCAGCCGGTCCTGGCACCCCCCACCTCTT
CGGAGCGGGCAGAGCATGGAGAGCGCATGCGTGGTGGGTGGCGGGGCAGAGC TTCCAGGA
GTTCTGACATGIGTATTTATATT TGGAAAGAGACCGGCACCGAGCTCGGCACACACCCCC
CCACCCCCTTCCCCACCTTCCCCCTCCCCAGCCGGAGATGCCTGCACCCTCCCTGCTCGA
GGCCTGCTGGGCAGGAAGGGCATGGT TGCAGTGGCAGAGCTGGGGTAAATGT TTGGGAGA
GGGAAAAAAAGAAATT TTTATTTTTGAACCCCTGTGTCTCTTTTGCTTAAGATTAAAGGA
AGGAAAAATAAGGAA (1395)

+1 +8
Glu Val Leu Phe Arg Cys Pro Pro

PRIMER 24 5' -GAG GTG CTG TTC CGC TGC CCG CCC- 3

(60)

(120)

(180)

(240)

(300)

(360)

(420)

(480)

(540)

(600)

(660)

(720)

(780)

(840)

(900)

(960)
(1020)
(1080)
(1140)
(1200)
(1260)
(1320)
(1380)



Figure 6.5: Diagramatic representation of the three IGFBP
polymerase chain reactions (PCR)

Primers (boxes) are shown annealed to target DNA sequences. The
direction of synthesis by Tag polymerase is indicated by arrows and the
expected 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 90 library 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 amplification of bIGFBP-2 sequences (B) involved
the primers P24 and P30 with a plasmid containing bIGFBP-2 cDNA as
template DNA. A 672bp 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.
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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 are
highlighted. Sixteen cysteines are conserved throughout all human IGFBP
sequences. Human IGFBP-4 has two extra cysteines in the central
nonconserved region. There is a discrepancy between the two reported
hIGFBP-2 sequences over the cysteine at the C-terminal end (Binkert 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 (P15 and P30)
used in polymerase chain reactions are underlined.
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Figure 6.7: 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 digested the bIGFBP-2 PCR product to give
smaller fragments of approximately 534bp and 138bp as expected. Sma I
digested the bIGFBP-2 DNA reducing the product to approximately 457bp.
The predicted 215bp smaller band is not visible on this photograph. These
DNA fragments were compared against SPP-1 DNA markers digested with
EcoR I. The ALAS product (415bp) is shown in B and its size was
compared against pUC DNA digested with Hpa 1.

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 5ul He[39]L cDNA (for ALAS PCR)

Primers 100ng each (1-2uM)
dNTPs 100uM each
1X Bresa Taq Buffer

Taq polymerase 0.5 units
Reaction Conditions

Denaturation 94°C, 45 seconds
Annealing 55°C, 3 minutes
Extenstion 72°C, 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 structures in the hIGFBP-6
mRNA was predicted using the FOLD program (Zucker and Steigler,
1981). The graphic output was formed using the program SQUIGGLES.
The free-energy (AG) value for the 918base structure was calculated to be
-1432 kJ/mole (-342 kcal/mole). 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 1, Bgl IT and Pst I restriction endonucleases and in various
combinations of those enzymes. A. Digested DNA was separatedon a 1%
agarose/TBE gel and visualized following staining with ethidium bromide.
B. Southern analysis of the clones was performed as described in section
2.4.5. DNA was transferred to Nytran membrane and the filter was probed
with 32P labelled P29 which encodes the He[39]L binding protein N-
terminal sequence. Fragments containing sequences hybridizing with the
probe were identified after exposure to X-ray film overnight. C. The filter
was stripped by placing in boiling water and allowed to cool to room
temperature. Exposure overnight to X-ray film confirmed the removal of the
first probe. Following prehybridization the filter was probed with 32P
labelled P30. Specific hybridization was visualized after exposure overnight
to X-ray film. Fragment sizes were determined by comparison with SPP-1
phage/EcoR I markers.

The DNA in each track was as follows:

SPP-1 markers

bIGFBP-2 cDNA (1.39kb clone)

Lambda with 1.75 kb insert digested with Bgl II/Pst I
Lambda with 1.75 kb insert digested with Bgl II/EcoR 1
Lambda with 1.75 kb insert digested with Bgl II
Lambda with 1.75 kb insert digested with EcoR I/Pst I
Lambda with 1.75 kb insert digested with Pst I

Lambda with 1.75 kb insert digested with EcoR I
Lambda with 1.75 kb insert, undigested

Lambda with 1.25 kb insert digested with Bgl Il/Pst I
Lambda with 1.25 kb insert digested with Bgl II/EcoR I
Lambda with 1.25 kb insert digested with Bgl II
Lambda with 1.25 kb insert digested with EcoR 1/Pst I
Lambda with 1.25 kb insert digested with Pst I

Lambda with 1.25 kb insert digested with EcoR I
Lambda with 1.25 kb insert, undigested

SPP-1 markers
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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 IT) and separated on a 1% agarose/TBE gel. Restriction fragments
were sized against SPP1 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.



BAC TAG JGG ATC JCC CCC CAT
ACA ATA ATA CAR ARA AGT TTT
CCT CAG GAfi GGG CTT CRA AAT
TCT GTG CAG TTG ATT CCC GAT

TIT TTR CCA ARG ATG GCA TTT

GGT GGT GGT GGT TCT ATA ATG
ATT GGG RCA GAR CAT TCT GCA

Figure 6.11: Identification of the P29 site in cDNA sequence of a Bgl II/Pst I
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fragment isolated from the 1.25 kb clone. The Bgl II/Pst I fragment of the 1.25kb

lambda clone isolated from (he IMR 90 cDNA library was subcloned into a Bluescript

BKS+ vector. Sequencing revealed an insert of 542bp. A sequence corresponding to P29

matching in 24/29 positions was identified in the clone. Matches are indicated by vertical

bars. This match is possible if a gap is introduced into the P29 sequence (-). The vector

sequence is underlined.

ARA CAR
TCC AAT
TTC GCT
GCC RCT
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CHAPTER 7

GENERAL DISCUSSION



The last few years has seen an enormous expansion in the IGF binding protein field.
The complexity of the regulation of IGF action by binding proteins was not realized until the
initial reports of the purification of binding proteins. Also, with the development of the
Western ligand blot technique (Hossenlopp et al., 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 in vivo
studies have reparted increased growth in response to IGF-I infusion not only in growth
hormone (GH) deficient (hypophysectomized) but also fasted rats (Schoenle er al., 1985;
Maiter et al., 1988). A similar response was also observed in normal animals (Hizuka et al.,
1986; Philipps et al., 1988). Increased food conversion rates have been observed in nitrogen
restricted rats (Tomas et al., 1991), rats with gut resection (Lemmey et al., 1991),
streptozotocin-induced diabetes or treated with glucocorticoid (Ballard et al., 1991c). These
studies have also reported the positive effect of des-(1-3)-IGF-1 on growth rate. The results
seem encouraging in terms of future administration of IGFs in the treatment 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., 1991).

In this thesis I have approached the problem of defining the role of IGF binding
proteins in two ways. The first was to examine the relative IGF-binding affinities of three
different binding proteins and to thereby define three classes of IGF binding proteins. The
second approach was to purify and characterize 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 structural determinants involved in the binding

of IGFs, a specific aim of our laboratory.

The studies outlined in Chapter 3 relating to the relative binding affinities of
hIGFBP-1, bIGFBP-2 and hIGFBP-3 were a key to identifying the importance of the first

three amino acids of IGF-I in binding to the small molecular weight binding proteins. The
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truncated form of IGF-1, des-(1-3)-IGF-1, is 6-10 times more biologically active in vitro
(Francis et al., 1988b) as a result of its inability to bind the small molecular weight binding

proteins.

The definition of three classes of IGFBP with respect to relative IGF-binding affinity
suggests that each class of binding protein has a distinct function in the modulation of the
IGF action. Previous studies have measured the majority of IGF in the circulation to be in
association with the large molecular weight binding protein complex (Martin and Baxter,
1985). The ability of IGFBP-3 to bind not only IGF-1, IGF-II but also des-(1-3)-IGF-1

supports those observations.

The fact that the smaller binding proteins bind des-(1-3)-IGF-1 poorly, if at all,
suggests that they are involved in an alternative function. To date cDNA clones of a total 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-1 in placental tissue suggests a major role
in the decidualization of the endometrium (Bell, 1989). Thus, IGF associated with the large
molecular weight carrier complex in the circulation 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.

Sara 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-1a form to
des-(1-3)-IGF-1. As des-(1-3)-IGF-1 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 identified which cleave particular
binding proteins (predominantly IGFBP-3) in pregnancy and also as a result of trauma in

surgery (Gargosky et al., 1990a; Guidice et al., 1990; Davenport et al., 1990; Holly et al.,
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1991). Proteolytic cleavage of binding proteins has also been identified in seminal {lasma

and has been attributed to seminal plasma antigen (Cohen er. al., 1991).

N

The identification of binding protein proteases opens a new area of research. Their
presence may be providing a mechanism for the release of IGF from the carrier protein.
Such mechanisms have been demonstrated to play a role in certain hormone carrier systems.
CBG (Corticosteriod binding globulin) and T4 transport protein (TBG) are carrier proteins
which have structural 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 dramatic reduction in steroid binding

activity (Hammond et al., 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-1.
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
concurrent cleavage of IGF-I occurs to form des-(1-3)-IGF-1. Thus, the purification and
characterization 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 IGF-binding protein interaction. IGFBP-1 secreted by tissue culture cells has been
shown to be phosphorylated (Clemmons et al., 1991). The phosphorylated form has a
greater affinity for IGF-I than the non-phosphorylated form. Also, multimeric forms of
IGFBP-1 resulting from intermolecular disulphide bond formation are biologically active

(Busby et al., 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 the 32 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) identifies that
glycosylation may infer different properties to binding proteins. A glycosylated form of the
150 kDa large molecular weight IGF carrier is biologically active when complexed with

IGF-II, whereas the nonglycosylated form bound to IGF-I is inactive in the same assay.
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Several researchers have reported that IGF bound to binding proteins is unable to
bind to IGF receptors (Knauer and Smith, 1980; Ritvos et al., 1987; Ross et al., 1989). The
enhancement of IGF action by binding proteins has also been reported (Clemmons et al.,
1986; Elgin et al., 1987; De Mellow and Baxter, 1988). It is possible that modification by
glycosylation, phosphorylation or other means may confer the stimulatory or inhibitory role

to binding proteins observed by different researchers.

The presence of Arg-Gly-Asp sequences in IGFBP-1 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 types
including fibroblasts. McCusker ez al. (1990) have suggested the membrane bound IGF
binding proteins are 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
fibroblasts have membrane bound binding proteins but the 32 kDa He[39]L binding protein
(hIGFBP-6) does not contain an Arg-Gly-Asp sequence. This may mean that the surface
associated binding protein is not related to IGFBP-6.

Initial characterization of the 32 kDa He[39]L binding protein has not identified any
further modifications to the mature protein such as phosphorylation which might alter its
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 1, 3 and 4.
However, the binding pattern of the 32 kDa He[39]L binding protein is similar 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 affinity lies in the amino acid sequence of the two binding
proteins. These observations are particularly interesting considering that hIGFBP-6 lacks
two cysteines previously thought to be important in the formation of a common binding

protein structure.

With the availability of so many binding protein sequences it will 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 IGF-binding protein interaction.
Systematic mutation of the cysteine residues would be the first important changes to analyze.
In addition, mutation of the common 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 binding site. This would involve modification of tyrosine residues by Chloramine T in
the presence of IGF. Protection from modification of particular tyrosines in the presence of
IGF (determined by the distribution of 1251 incorporation) would indicate the involvement of

that residue in the IGF binding site.

In Chapter 4 I examined factors and hormones which might have an influence on
binding protein expression by He[39]L cells and SF 1972 human skin fibroblasts. Altering
the local production of binding proteins would in turn affect the availability of IGF to bind
the cellular receptors. Both fibroblast types responded to IGF-1, IGF-II, des-(1-3)-IGF-1
and long R3 IGF-I with an increased production of IGFBP-3. A slight increase in
production of the binding proteins with a similar 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
determine the tissue distribution of this binding protein. As yet only rat tissues have been
analyzed for the presence of rIGFBP-6 by Northern analysis (Shimasaki ez. al., 1991a). To
date it appears that the fibroblasts analysed by Western ligand blotting (Chapter 4) all
express a binding protein of similar size to hIGFBP-6. It is possible that all fibroblasts
express this protein. hIGFBP-6 has also been localized in serum, cerebrospinal fluid and is
produced by cultured osteoblasts (Roghani er al., 1989; Zapf et al., 1990a; 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 presented in this thesis will useful in the identification and
classification of novel binding proteins in the future. The isolation of two novel binding
proteins adds to the complexity of the control mechanisms regulating the action of IGFs.
Further characterization of these binding proteins on molecular and structural levels will be

vital for future understanding of the mechanism of IGF-binding protein interactions.
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