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ABSTRACT

Transferrin, the serum protein responsible for iron transport, is highly polymorphic in many
specie s , i ncludi ng the horse . In this study, the cDNA sequence of horse transferri n was
determined and used to identify sequence polymorphisms which distinguish some of the many
variants of horse transferrin.

A horse liver cDNA library was constructed, and was screened using the human transferrin
cDNA as a probe. The clones isolated gave 1800 bp of sequence. The remainder of the cDNA
was obtained using PCR. The 2305 bp horse transferrin cDNA sequence included part of the 5'
untransl ated region and extended to the poly(A) tail. It had 80% sequence identity with the
human transferrin cDNA, and encoded a protein of 706 residues, including a signal sequence
of 19 amino acids. The amino acid sequence was compared to those of related proteins, i.e. the
serum transferrins and lactoferrins of several species and human melanotransferrin. The horse
transferrin sequence had the duplicated structure and conserved iron binding and cysteine
residues which are characteristic of the transferrin family. This is consistent with the structural
and functional similarities within the family. Horse transferrin has 73% amino acid sequence
identity to human transferrin, 62% identity with human lactoferrin, and 53% identity with
chicken transferrin.

Sequence polymorphisms distinguishing the variants of horse transferrin which are found in
thoroughbreds ( D , Fl, F2, H2, 0, R and *) were identified. First, comparison of the horse
transferrin c D N A and protein sequences with two reported amino aci d s ubsti tuti o ns
distinguishing the D and R variants indicated that exons 12 and 15 were likely to b e
pol ymorphic. Therefore, these two regions were analysed by Southern blotting and b y
sequencing PCR products. The D and R variants differed by 10 nucleotide substitutions which
encoded 6 amino acid substitutions. The Fl, F2, H2 and * variants were identical to D, and the
° variant was very similar to R, in the regions studied. The data indicated that the horse

transferrin variants comprise two distinct groups. Secondl y, the positions of differences
between the D and Fl alleles were established by producing Single stranded conformation
polymorphisms. Sequencing then revealed 3 nucleotide substitutions that encode 2 amino acid
s ubstitutions. All 8 of the amino acid substitutions which were observed occurred at positions
which are variable between members of the transferrin family. Location of the polymorphic
residues on the 3-dimensional structure of human lactoferrin revealed that all were clustered at
one end of the C-Iobe.
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CHAPTER 1: INTRODUCTION

"The transferrin gene is of biological interest not only because of transferrin'S importance in
iron binding and cell growth, but also because of its interesting evolutionary history." Yang et
aI. ( 1985)

"The transferrins of all animal species so far examined show a high degree of genetic
polymorphism, yet disorders of transferrin function which are dependent on gene mutations are
extremely rare." Morgan ( 198 1)

"One would like to know, for example, what is the precise nature of the structural differences
between the variant forms of a given enzyme, and whether these are reflected ....in differences
in functional activity." Harris ( 1966)
'
Transferrin is a serum protein involved in iron metabolism. It is essential for the survival of the
animal through its role in iron transport, and has important roles in cell proliferation and
resistance to infection. It is a member of a family of structurally similar proteins, including
lactoferrin, which occurs in milk, and ovotransferrin, a protein in avian egg w hite. Serum
transferrin occurs in all vertebrate classes, and related proteins have been detected in
invertebrates. Transferrin is a highly polymorphic protein; multiple variants have been
described for many species, but little is known of the molecular basis of this variation.

1.1 FUNCTIONS OF TRANSFERRIN

1.1.1 Iron transport

Iron is an essential nutrient for the growth and survival of all eukaryotic cells. Free iron
present in most physiological fluids is likely to be in the Fe3+ oxidation state. The solubility of
these ferric ions in such fluids is very low. Free iron can be toxic through its activity in redox
reactions, which involve production of radicals that can damage cells (Aisen and Listowsky,
1980). Consequently, iron in vivo must be bound by proteins which can stabilize it in a soluble
form, making it available for biological processes. Ferritin, an iron storage protein, stabilizes
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aggregates of iron ions by surrounding them with a protein shell. Transferrin binds iron deep
within clefts in the protein, allowing it to be transported in a soluble form.

Iron is a necessary component of several proteins. The major requirement for iron in
vertebrates is for the production of haemoglobin, the oxygen-carrying protein of the blood.
Consequently, the haematopoietic tissues which produce erythrocytes must be efficiently
supplied with iron. The liver is the major source of iron, being a site of both erythrocyte
catabolism, and of iron storage. The intestinal mucosa is another important source, supplying
iron derived from the diet. Erythrocyte catabolism occurs in the Kupffer cells of the liver and
macrophages of the spleen. Transferrin is required to transport iron from these sites of storage,
absorption, and catabolism to the haematopoietic system, and to proliferative cells such as
lymphocytes. During pregnancy it also facilitates delivery of iron to the placenta for the foetus
(Brock,

1985).

The accepted model for the delivery of transferrin-bound iron to cells is receptor mediated
endocytosis. Thi s involves the binding of transferrin, with its attached iron, to a specific
receptor on the cell surface. The iron-transferrin-receptor complex is internalized as part of an
endocytotic vesicle. The receptor returns to the cell surface, and the transferrin is released back
into the bloodstream. Enns et

al. (1983) demonstrated the co-internalization of

transferrin and

its receptor in an erythroid cell line. They also observed that binding of transferrin to the
receptor promotes capping, a process known to lead to internalization.

Transferrin binds iron with a high affinity, so a specific mechanism is required for the release
of iron. Removal of iron may occur within endocytotic vesicles, where the pH could be
lowered to reduce the transferrin-iron affi nity. At physiological pH, binding to the receptor
increases the affi nity of transferrin for ferric ions, so that iron is not lost at the cell surface. At
lower pH (pH

5.6), that of endocytotic vesicles, iron dissociates more readily from receptor

bound transferrin than from free transferrin. Therefore, once inside the cell, the receptor
facilitates iron release (Bali et

al. , 1991). This

effect is mainly due to changes in the C-Iobe,

the N-Iobe being more consistent (Bali and Aisen,

1991).

The uptake of transferrin-bound iron may also occur by other mechanisms. Zaman et

al. (1980)

n

showed that iron uptake by rat reticulocytes exceeded tra sferrin uptake, and concluded that
two different processes must occur. It has been suggested that reductive iron release may be a
more important process than receptor mediated endocytosis (Thorstenson and Romslo,

1990).
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In the reductive iron release model, diferric transferrin is again bound to the transferrin
receptor. Ferric ions are reduced to ferrous ions by NADH:ferricyanide oxidoreductase located
in the cell membrane close to the receptor, which weakens the transferrin-iron bond. The
ferrous ion is released from transferrin and transferred to a membrane protein which is specific
2
for Fe +. The ferrous ion passes through the membrane and is released to a cytosolic protein.
Iron uptake may occur by both processes, but their relative importance may differ between cell
types or circumstances.

Apotransferrin has a lower affinity for the receptor than iron-saturated transferrin (Kornfeld,

196 9 ), so it is readily released from the receptor after iron removal. Some transferrin is
degraded within the cell, but most is released into the bloodstream for reuse (Brock,1985).

The transferrin receptor is a glycoprotein of molecular weight 170,000 - 200,000, made up of
two identical subunits (Fernandez-Pol and Klos, 1980 (rat); Trowbridge and Omary, 1981
(human); Goding and Harris, 1981 (mouse». It is covalently bound to palmitic acid, which is
thou ght to anchor the receptor in the cell membrane (Omary and Trowbridge, 198 1).
Transferrin receptors are found at highest density on erythrocyte precursor cells, but also occur
on mammary gland cells, fibroblasts, lymphocytes, hepatocytes, spleen cells, thymus cells
(Brock, 1985) and on many tumour and leukemic cell lines (Sutherland et al., 1981). The
number of receptors on erythroid precursors decreases as the cell matures, indicating a
decreasing requirement for iron. The receptor is specific for transferrin and will not bind the
related molecules lactoferrin and ovotransferrin. Optimal binding of transferrin to its receptor
occurs at pH 7-8 (Brock, 1985).

Transferrin may have a role in the transport of metal ions other than iron, such as Al3 + (van
3
Ginkel et al., 1990). Transferrin facilitates the entry of A1 + into the central nervous system
(Roskams and Connor, 1990).

1.1.2 Growth factor

Transferrin appears to be essential for cell prOliferation. Most serum-free cell culture media
require transferrin as an essential component for cell transformation and proliferation.
Transferrin stimulates proliferation and differentiation of muscle cells (Beach et al., 1983),
kidney cells (Ekblom et al. (1983), lymphocytes (Tormey and Mueller, 1972) and hepatoma
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cells (Shapiro and Wagner, 1989). Transferrin also enhances the mitogenic effects of thyroid
stimulating hormone, forskolin and dibutyryl cAMP on rat thyroid follicular cells, but has little
effec t on it s own (Lombardi et al., 1989). Transferrin is required for the growth and
differentiation of rat embryos in culture, and prevents anaemia in the embryos (Gulamhusein et
al.,

1990).

The growth promoting properties of transferrin are thought to be a consequence of its ability to
supply iron. Laskey et al. (1988) have produced evidence that iron is essential for DNA
synthesis, and that transferrin functions as a growth factor solely by supplying iron. It has been
suggested that transferrin has a role in cell proliferation other than that of supplying iron, but
this has not yet been demonstrated.

1.1.3 Bacteriostasis

All microorganisms, with the single possible exception of the lactobacilli (Archibald, 1983),
require iron for growth. Therefore transferrin, with its high affinity for iron, can retard
microbial growth by making iron relatively unavailable. This effect is reversed if iron is in
excess. A wide range of organisms show increased virulence in an iron-loaded host (Weinberg,

1978). Many microorganisms produce iron chelators capable of removing iron from transferrin
in order to overcome its antimicrobial effect (Neilands, 1981), whereas others have cell surface
receptors for transferrin (Schryvers and Gonzalez, 1990).

Transferrin also performs a more active antimicrobial role. It releases lipopolysaccharide from
the outer membrane-of Gram-negative bacteria which damages the membrane and alters its
permeability (Ellison et al., 1988).

1.2 IRON BINDING

Transferrin binds two ferric ions per molecule, at specific sites. It can also bind ferrous ions
which are rapidly converted to Fe3+ in the presence of oxygen (Kojima and Bates, 198 1).
Transferrin can bind other di-, tri- and tetravalent metal ions, but few have been shown to be
bound in vivo. A13+ is bound (Roskams and Connor, 1990), and possibly Zn2+ (Harris, 1983).
Apotransferrin is colourless, whereas transferrin with iron bound is red-brown.
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Iron binding requires synergistic binding of an anion. Gelb and Harris (1980) produced
evidence that the anion bound in vivo is bicarbonate, although carbonate has also been
suggested. Iron binding induces a conformational change which makes the transferrin protein
more compact. Kourilsky and Burtin (1968) found immunochemical differences between iron
s a turated transferrin and ap o transferrin which suggested that i r o n binding causes
conformational changes which hide certain antigenic sites.

Binding does not appear to be co-operative between the two sites, as apo-, mono- and diferric
transferrin all occur (Wenn and Williams, 1968). However the two sites are not identical
chemically, nor in their iron affinity. Under physiological conditions the affinity constants of
the two sites are in the range 1-6x1022/M (Aisen and Listowsky, 1980). Harris (1977) observed
differences in the metal binding properties of the two sites, and found that at physiological pH,
iron is preferentially bound to the A (C-Iobe) site. Zak and Aisen (1986) analysed the relative
amounts of iron bound at the N- and C-Iobes in monoferric transferrin and found results varied
considerably between samples, but there was a weak relationship with iron saturation. The
distribution of iron between the two was non-random. The relative iron-donating abilities of
the two sites have been the subject of conflicting reports. This may be because the ability of
each site to donate iron is influenced by environmental variables such as atmosphere and
medium (Zak and Aisen, 1990). The N-Iobe releases iron less easily than the C-Iobe at pH 7.4,
but at pH 5.6 the situation is reversed. Despite numerous studies, no clear evidence has been
produced for functional differences between the two sites (reviewed by Brock, 1985).

1.3 OCCURRENCE, SYNTHESIS AND DEGRADATION

Transferrin has been found in representatives of all vertebrate classes and has also been
detected in some invertebrates (Palmour and Sutton, 1971; Welch, 1990). Transferrin is
primarily a protein of the blood, but it is also present in other tissues, particularly the testes and
brain. Aldred et al. (1987) studied the levels of transferrin synthesis in different tissues of the
rat by detecting levels of mRNA using Northern hybridization. The highest rates of synthesis
were found in the liver and parts of the brain. Synthesis was also detected in the testes,
placenta, stomach, spleen, kidney, muscle and heart. Yolk sac, small intestine and adrenal
glands showed no detectable transferrin synthesis. Transferrin synthesis has also been
demonstrated in bovine liver and testes (Gilmont et al., 1990) and human lymphocytes (Soltys
and Brody, 1970) . Transferrin has been detected in the milk of some mammals, such as the
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rabbit, rat (Grigor et ai., 1988), possum (Grigor et ai., 1991), echidna and platypus (Teahan
and McKenzie, 1990). Mouse milk contains both transferrin and lactoferrin (Leclercq et al.,
198 7). Transferrin, referred to as ovotransferrin, is also synthesized in the chicken oviduct,
where its glycosylation is different from the serum transferrin (Williams et ai., 1962).

The liver is the major site of transferrin catabolism. The removal of transferrin from circulation
occurs when the carbohydrate chains attached to the transferrin molecule have lost sialic acid
residues, enabling transferrin to be bound by the hepatic asialoglycoprotein receptor (Young et
ai., 1983).

1.4 STRUCTURE OF TRANSFERRIN

The molecular weights of the serum transferrins lie in the range 72,000-83,000 (Welch, 1990).
The molecular weight of human transferrin has been calculated from amino acid sequence data
(MacGillivray et ai., 1983) to be 79,570.

MacGillivray et al. (1983) determined the amino acid sequence of human transferrin. It
consists of 679 amino acids. The sequences of the two lobes, residues 1-336 and 337-679, can
be aligned by introducing gaps, revealing an internal homology of 42%. Human transferrin has
8 disulphide bridges in the N-Iobe and 11 in the C-Iobe. There are two N-linked glycan chains
attached to residues in the C-Iobe of human transferrin.

The primary structure of rabbit transferrin has been partially determined, and has 78% identity
to human transferrin (Junanker et al., 1990). N-terminal amino acid sequences of the serum
transferrins of a few other species have been determined, including that of the pig (Baldwin et
al., 1990), cattle (Maeda et al., 1980), horse (Chung and McKenzie, 1985), possum (Grigor et
al., 1991), echidna and platypus (Teahan and McKenzie, 1990).

The cDNA sequences of the serum transferrins of several species have been determined. Yang

et ai. (1984) published a human transferrin cDNA sequence of 2.3 kb, including 57 bp coding
for a leader sequence, and 2037 bp coding for the mature protein. This predicts a 679 amino
acid sequence which is identical to the protein-derived sequence reported by MacGillivray et
al. (1983), with the exception of nine residues. Porcine transferrin eDNA was sequenced by

Baldwin and Weinstock (1988) and found to encode a 696 residue protein with 70% identity to
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human transferrin. This is not a complete sequence; it lacks the signal peptide. Banfield et al.
(199 1) reported the cDNA sequence of rabbit transferrin. Its derived protein sequence consists
of 694 amino acids with 79% and 69% identity to human and pig transferrins respectively.
Moskaitis et al. (1990) determined the transferrin cDNA sequence for the frog Xenopus laevis,
using liver tissue. The 2279 bp cDNA encodes a protein of 717 residues, with 46% and 47%
identity to human and chicken transferrins respectively.

Partial cDNA sequences of the serum transferrins of rat (Aldred et al. , 1984, Huggenvik et at. ,
1987), mouse (Chen and Bissell, 1987) , hamster (Duguid et at. , 1989) , cattle (Gilmont et al. ,
1990) and sheep (Tu et at. , 1991) have been determined. In addition, Idzerda et a l. (1989)
isolated clones comprising the entire mouse transferrin gene, and published sequence data for
each end of the gene.

The 3-dimensional structure of rabbit transferrin has been studied by Bailey et al. (1988).
Rabbit transferrin is made up of two homologous lobes, each of which binds one ferric ion.
The lobes are joined by a linear bridging region . The two lobes can be superimposed by a
rotation of 1670 and a translation. Each lobe is made up of two domains, and the iron binding
site is located within the interdomain cleft (Figure 1). The iron is bound by 2 tyrosine residues
(numbers 95 and 188 in the N-Iobe), 1 histidine (249) and 1 aspartic acid ( 63) (see Figure 2).
The molecule is stabilized by 19 disulphide bridges. Greater detail of the iron binding site,
particularly the residues binding the anion, were reported by Sarra et al. ( 1 990) after studying
the N-terminal half-molecule. The anion is bound by four residues (threonine 120, arginine
124, alanine 126, and glycine 127) which lie at one end of an (X.-helix.

An interesting structural feature is the N-terminal part of domain one of the N-Iobe. This region
is made up of two (X.-helices and two � -strands in a planar configuration, stabilized by two
disulphide bonds (Bailey et al. , 1988) . It is a discrete structure, remotely situated from the iron
binding site and does not include iron-binding ligands. The equivalent region in human
transferrin is encoded by a single exon, exon 2 (Schaeffer 'et at. , 1987) , which suggests that it
may have been incorporated into the transferrin gene by exon shuffling. The amino acid
sequence of this region is homologous to that of the B lym transforming proteins (Section
1 .7.5) , which suggests that this region may be associated with the role of transferrin in the
stimulation of cell growth and proliferation (Bailey et al. , 1988).
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"

Figure 1 . The structure of rabbit transferrin, represented by its (X-carbon chain. The molecule
consists of two structurally homologous lobes, each made up of two dissimilar domains. A
cleft between the domains contains the iron-binding site. Iron atom s are represented by
spheres. The N- and C-termini of the molecule are labelled. From Sarra et al. (1990).
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"
Figure 2. Schematic representation of the iron binding site in the N-Iobe of human lactoferrin,
from Anderson et al. ( 1989). The same arrangement is found in the C-Iobe, and also in rabbit
transferrin (Sarra et aL , 1990). The ferric ion (labelled Fe) and carbonate anion are shown.

10
1 .5 HETEROGENEITY OF TRANSFERRIN

Electrophoresis of transferrin reveals multiple bands, indicating that transferrin is not a
homogeneous substance. The structural differences causing this heterogeneity are of three main
types. These are variations within the polypeptide chain, differences in glycosylation, and
degrees of iron saturation.

1.5.1 Variation in the polypeptide chain

Heterogeneity occurs through genetically determined amino acid substitutions or deletions in
the polypeptide chain. Polymorphism of transferrin has been detected in most species studied
(Morgan, 1 9 8 1 ). Human transferrin occurs i n at least 22 allelic forms. Most of these are
u ncommon, as more than 90% of the population have type C transferrin ( Kuhnl and
Spielmann, 1 978). Type C is actually made up of three subtypes C1, C2 and C 3 (Kuhnl and
S peilmann, 1 979). DChi is the only other common v ariant. It occurs mainly in Asian and
American Indian populations.

The variants of transferrin appear to differ by very minor changes to the amino acid sequence.
Single amino acid substitutions have been detected among human transferrin variants. An
aspartate in type C was replaced by a glycine in Dl (Wang and Sutton, 1965) while a glutamic
acid residue in B2 was replaced by a glycine in C (Wang et ai. , 1966). The C and DChi variants
differ by the substitution of a histidine for an arginine (Wang et ai. , 1 967) at pOSition 300
(Yang et ai. , 1 9 84). No other differences were detected between the pairs of variants, but the
possibility of other changes being present was not eliminated. A similar study of bovine
transferrin by Maeda et ai. ( 1984) found three amino acid substitutions. These were glutamic
acid, lysine and aspartic acid in type A substituted for aspartic acid, arginine and glycine in D2
respectively. These differences all occurred in the C-terminal half of the molecule.

A functionally abnormal variant of human transferrin has been identified (Evans et ai. , 1 982,
1 988). The C-terminal lobe of this variant cannot bind iron as securely as common variants do.
This is due to a substitution of arginine for the glycine at position 394 in type C. This is close
to the aspartate (position 392) which is an iron ligand. A second abnormal variant, with
properties much like the first, was described by Welch and Langmead ( 1 990). It has an
isoleucine substituted for an asparagine, the poSition of which is uncertain.
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Attempts have been made to identify functional differences among the variants of human
transferrin. Wong and Saba

( 1986) could find no Significant differences in total iron binding

capacity in relation to the transferrin variants, but did find differences among the sub-types of
transferrin C. The total iron binding capacity of C1 homozygotes was significantly greater than
that of C 1 C2 heterozygotes and C2 homozygotes. Auconi

et al. (1982)

found that the C2 sub

type was more common among infants born prematurely than in the control sample. In
contrast, Wong and Saba

( 1991) reported that maternal and foetal transferrin phenotypes had

no effect on foetal growth.

Functional studies have also been performed in other species. Kanda

et al. ( 1983) found that rat

transferrin A was a better donator of ferric ions to reticulocytes than type

B . S everal g roups

have found an association between transferrin phenotypes and reproductive performance.
Rasmusen and Tucker

( 1 973) found that in sheep the transferrin types of both parents and

offspring influenced survival of the offspring. In cattle, transferrin heterozygosity appeared to
be advantageous (Ashton,

1965). In laboratory populations of mice, transferrin B appeared to

be superior to the A variant, as determined by numbers of progeny.

Another type of heterogeneity has been observed in bovine transferrin. Two electrophoretic
bands were observed in a homozygous sample after removal of sialic acid. This was found to
be due to a scission in the polypeptide chain of the faster-moving band. Reduction of the
protein to remove disulpbide bonds allowed the break to be detected (Maeda

et al. , 1980).

1.S.2 Glycosylation

Transferrin is a glycoprotein. The carbohydrate content varies between species, and tissues
within a species. Spik

et al. (1988) studied glycosylation in the serum transferrins of a number

of mammals and birds. Carbohydrate content ranged from

2.2 to 5.8%. This was made up of

one or two glycan chains, with a biantennary (two-branched), triantennary or tetraantennary
structure (lrie

et at. , 1988).

The glycan chains are attached by N-glycosidic linkages to specific

residues in the amino acid sequence.

Human serum transferrin has two chains located in the C-terminal half of the molecule. These
may be both biantennary

(82%), both triantennary (1 %), or one of each ( 1 7%) (Spik et al. ,

1 9 8 8 ) . T h e quantit ies of the various types of g l ycan c hains on transferrin fou n d i n
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cerebrospinal, amniotic and synovial fluids differ from those on transferrin in the serum (van
Eijk et al., 1 983). Increased proportions of triantennary glycans occur during pregnancy (Leger

et aI. , 1 989). The functional significance of these variations is not clear.

Differences also occur in the sialic acid content of the glycan chains. The three bands of human
transferrin type C are reduced to a single band by treatment with neuraminidase, an enzyme
which removes sialic acid residues. This demonstrates that the bands differ in sialic acid
content (Regoeczi et al., 1 977). Likewise, bovine transferrin has between 0 and 5 sialic acid
residues per molecule (Stratil and Spooner, 1 97 1 ), and rat transferrin has 2 or 3 (Schreiber et
al.,

1 979).

Glycosylation does not appear to be necessary for efficient iron transport by transferrin.
Kornfeld ( 1 96 8) found that removal of most of the carbohydrate from human transferrin
caused no significant alteration in iron binding capacity, receptor interaction, or the ability to
transfer iron to reticulocytes.

Glycosylation is important in determining the rate of elimination of transferrin from
circulation. Transferrin is removed by interaction of the carbohydrate moiety with the hepatic .
asialoglycoprotein receptor. Removal is more rapid when the sialic acid content is low (Wong
and Regoeczi, 1977).

1.5.3 Iron saturation

In physiological conditions, transferrin is 30% saturated with iron. There are four types of
transferrin present : apotransferrin, monoferric transferrins with iron bound in either the N- or
C-Iobe, and diferric transferrin (de Jong and van Eijk, 1989).

1.6 DISORDERS OF TRANSFERRIN FUNCTION

There have been a few cases reported of humans with exceedingly low levels of transferrin in
the blood. A total absence of transferrin does not occur; presumably this situation would be
fatal. The transferrin deficiency cases reported by Heilmeyer ( 1966) and Goya et al. ( 1 972)
concerned children with low levels of iron in the serum, only traces of transferrin present and a
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deficiency of haemoglobin. The organs, particularly the liver, contained excessive amounts of
iron, except the bone marrow and spleen which had low levels. Treatment with iron had no
effect, while blood transfusions were helpful, as was the administration of transferrin. Iron
absorption from the gut was elevated, as is usual during anaemia. In both cases, the parents '
transferrin levels were approximately half normal values but the parents were not anaemic. The
disorder was inherited as an autosomal recessive. The problems of acute transferrin deficiency
illustrated by these cases reveal the importance of transferrin in iron distribution and
erythrocyte production. They also show that transferrin is not vital .for iron absorption.

A similar disorder occurs in the Hp strain of mice. Homozygotes have less than 1 % of normal
transferrin levels in the serum, and die soon after birth with severe anaemia, unless treated with
mouse serum or transferrin. Treated mice accumulate iron i n the liver and pancreas, are
anaemic, and have low fertility. The mode of inheritance is autosomal recessive (Bernstein,
1 987). The disorder is due to incomplete processing of the transferrin mRNA transcript. Most
of the transferrin mRNA present in brain and liver is 5 kb instead of 2.5 kb, and contains the
last two introns. The gene has no gross abnormality, as determined by Southern blotting, so the
disorder is probably caused by a small deletion or pOint mutation which disrupts splicing
(Huggenvik et al. , 1989).

A few other abnormal transferrin variants have been observed, but as these occurred i n
heterozygotes the effects were minimal. A Single functional transferrin allele produces a serum
transferrin concentration which is half the normal value. This is sufficient for a normal
phenotype. Silent transferrin alleles have been observed in horses. The carriers appear to be
homozygous for their other allele when analysed by electrophoresis of blood proteins, but the
offspring phenotypes fail to show the parental transferrin type (Schmid et aI. , 1 990; Bowling et

al. , 1 9 9 1 ) . This situation may parallel the human and mouse examples above. Two abnormal
human transferrin variants, which bind iron defectively in the C-Iobe, are caused by single
amino acid substitutions (Evans et al. , 1982, 1 988; Welch and Langmead, 1 990), (Section
1 .5 . 1 ).

Several inherited anaemias in mice and humans could be due to disorders of transferrin or its
receptor, but this has not been demonstrated (Morgan, 198 1). Reduction in levels of transferrin
and/or altered glycosylation of transferrin, are associated with several conditions, such as
infection, malignancy, rheumatoid arthritis, liver cirrhosis, haemochromatosis and a paediatric
neurological syndrome (Morgan, 198 1 ; de Jong and van Eijk, 1989; Debruyne et al. , 1984).
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1.7 RELATED PROTEINS

1.7.1 Lactoferrin

Numerous biological fluids of mammals, including milk, semen, tears, saliva, bile, nasal and
genital secretions, contain the protein lactoferrin, also known as lactotransferrin (Masson et al. ,

1 966). Lactoferrin is also present in neutrophiliC leukocytes (Bullen and Armstrong, 1 979) .
The lactoferrins of milk and leukocytes differ in their glycosylation (Derisbourg et al. , 1 990).
The protein occurs largely devoid of iron although its affinity for iron is greater than that of
serum transferrin (Ai sen and Leibman, 1 972). The molecular weights of lactoferrins range
from 78,000- 82,000 (Shimizaki et aI. , 199 1 ; Metz-Boutigue et al. , 1984).

The amino acid sequence of human lactoferrin was determined by Metz-Boutigue et al. ( 1984).
They established a 703 amino acid sequence, with a two-fold internal homology. The sequence
was 5 9 % identical to human transferrin and 49% identical to chicken ovotransferrin. The
positions of disulphide bridges were predicted, and found to be homologous with those in
serum transferrin except that three less were present. One glycosylation site was present in
each of the two lobes, in homologous positions.

A cDNA encoding 40% of human lactoferrin was isolated from a neutrophi1 library and
sequenced by Rado et al. ( 1 987). Its derived protein sequence was very s imilar to the C
terminal of the human lactoferrin amino acid sequence determined by Metz-Boutigue et al.

( 1 9 84); only 3 residues differed. The human mammary gland lactoferrin cDNA sequence was
reported by Powell and Ogden ( 1990), who obtained sequence enCOding the complete mature
protein, and 1 7 residues of the signal peptide. Rey et al. ( 1990) also used mammary gland
tissue to produce a human lactoferrin cDNA which was almost full length. The remaining 5'
sequence was obtained from a genomic DNA clone, resulting in a complete sequence of 7 1 1
amino acids including a 19 residue signal peptide.

Lactoferrins have also been isolated from the milk of the cow (Wang et aL , 1984), horse (Jolles

et aI. , 1 984), monkey (Davidson and Lonnerdal, 1986), pig (Hutchens et al. , 1 989) and sheep
(Buchta, 1 99 1 ) . N-terminal amino acid sequences were determined for these lactoferrins, and
comparison revealed considerable homology (Hutchens et aI. , 1 989).
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Pentecost and Teng ( 1987) isolated and sequenced a 2224 b p cDNA for mouse lactoferrin. It
encoded a protein of 688 amino acids plus 17 residues of the signal sequence. The mouse
lactoferrin sequence was 70%, 56% and 49% identical to human lactoferrin, human transferrin
and chicken ovotransferrin, respectively. The remaining 2 residues of the mouse lactoferrin
signal sequence have been determined by Liu and Teng ( 1991), who isolated and sequenced the
promotor region and first exon of the mouse lactoferrin gene.

Several authors have reported sequences for bovine lactoferrin. Mead and Tweedie ( 1 990)
obtained a cDNA sequence encoding most of the mature protein, and completed the protein
sequence by sequencing the N-terminal of the protein. A submaxilliary gland library yielded a
cDNA enCOding the mature bovine lactoferrin and 1 6 residues of signal peptide (pierce et aI. ,
1 99 1). The complete bovine lactoferrin sequence was obtained by Goodman and Schanbacher
( 199 1 ) from a 235 1 bp cDNA from a mammary gland library, combined with direct mRNA
sequencing. The translation product was 708 residues, including a 19 amino acid signal
peptide. Comparison of the bovine lactoferrin sequence with other lactoferrins and transferrins
revealed the following identities: human lactoferrin (68%), mouse lactoferrin (64%), pig
t r a n s fe rri n ( 6 1 % ) , human transfe rri n ( 6 0 % ) , c hicken transfe rri n (5 3 % ) , human
melanotransferrin (4 1 %).

A cDNA sequence for pig lactoferrin has been reported (Alexander et aI. , 1992). The 2259 bp
sequence encodes a protein of 703 amino acids including a 19 residue signal peptide.

The carbohydrate chains of lactoferrins make up 6- 1 1 % of the proteins mass, a higher
proportion than in serum or ovotransferrins (Spik et aI., 1988). The chains are biantennary, and
1 , 2 or 4 may be present, depending on the species.

The three-dimensional structure of human milk lactoferrin was studied by Anderson et al.
( 1 989) using X-ray crystallography. They observed two lobes, made up of the N- and C
terminals of the protein respectively, much like serum transferrin. The two lobes were each
made up of two domains, with the iron binding site in the cleft between the two domains. The
two lobes were connected by a short <x-helix and showed similar folding patterns, with
differences occurring in surface loops of the protein. Each lobe contained one iron binding site
in which the iron atoms were co-ordinated by two tyrosine residues, a histidine and an aspartic
acid (Figure 2). The carbonate anion was co-ordinated with the ferric ion in a bidentate mode,
and was also bound by an arginine side chain and a threonine, and alanine and glycine residues
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in the N-terminal of a n <x-helix. Part o f the N l-domain of lactoferrin, comprising residues 1 -47
in human lactoferrin, is responsible for its bactericidal properties (see below). The equivalent
regions of serum transferrin and ovotransferrin do not appear to share this property (Bellamy et

aI. , 1 992) but may be associated with the role of transferrin as a growth factor (see Section
1 .4).

The m ajor functio n of lactoferrin is to prevent bacterial infection. Lactoferrin protects the
mammary glands from infection, particularly when not lactating, and gives breast-fed infants
resistance to gastrointestinal infections (Reiter, 1 978). This bacteriostasis is thought to occur
through iron depletion. caused by binding of iron by lactoferrin. In piglets. Escherichia coli
infection in the blood caused a rise in plasma lactoferrin levels and a drop in total serum iron
(Gutteberg et al. , 1 989). Lactoferrin was thought to be released from granulocytes in order to
remove iron from the blood. Molloy and Winterbourn ( 1990) showed that when neutrophils
and E. coli were m ix ed, many of the bacteria were phagocytosed. and the iron which was
released as a result was bound by lactoferrin released from neutrophils. Thus iron would be
removed from sites of inflammation.

Lactoferrin was shown to be bactericidal against Streptococcus mutans and Vibrio cholerae
(Arnold et al. . 1977). This effect was not due to withholding of iron. as iron in the media was
in excess of the iron-binding capacity of the lactoferrin present. The bactericidal effect of
lactoferrin is enhanced by the presence of lysozyrne. Suzuki et al. ( 1989) found that although
apolactoferrin decreased the rate of bacterial growth, the presence of iron reduced this effect.
However if lysozyme was present as well as lactoferrin, bacterial growth was strongly
inhibited even with iron present. Lysozyme on its own did not produce this effect. Bacteria
treated with lactoferrin and lysozyme were shown to agglutinate.

Lactoferrin may have a role in the regulation of development of cells of the immune system.
Iron-saturated lactoferrin inhibits the production of granulocytes and macrophages (Broxmeyer

et al. , 1 980). The ability to synthsize lactoferrin is associated with normal granulocyte
maturation. Therefore, lactoferrin may have a role in the development of mature granulocytes
(Rado et al. , 1987).
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1.7.2 0votransferrin

Avian egg-whites contain a protein known as ovotransferrin or conalbumin. The ovotransferrin
of the chicken shares the same polypeptide chain as chicken serum transferrin, but the two
proteins differ in the attached carbohydrate chains (Williams, 1962). Ovotransferrin synthesis
occurs in the oviduct, (palmiter, 1 972). Chicken ovotransferrin has the bilobal structure
characteristic of the transferrin family (Abola et aI., 1982).

A partial amino acid sequence for chicken ovotransferrin was reported by Williams et al.
( 1982a), who calculated a 37% homology between the two lobes, and revealed the positions of
15 disulphide bonds. Of the nine disulphide bonds in the C-terminal half, six are in positions
homologous to the six in the N-terminal half. Jeltsch and Chambon ( 1982) derived the amino
acid sequence of chicken ovotransferrin from the eDNA sequence, revealing a putative protein
of molecular weight 77,700, made up of 705 residues including a leader sequence of 1 9
residues.

Chicken ovotransferrin has a Single glycan chain attached to the C-terminal portion of the
molecule (Jeltsch and Chambon, 1 9 82). There is evidence for heterogeneity in either the
structure of this chain or in its site of attachment to the polypeptide chain, or perhaps both
(Williams, 1 9 6 8 ; Iwase and Hotta, 1977; Dorland et al. , 1 979). Chicken ovotransferrin is
unusual in that its glycan chain does not contain sialic acid residues, so the heterogeneity in
sialic acid content common in other transferrins does not occur (Dorland et al. , 1 979).

Ovotransferrin is thought to have an antimicrobial role in protecting the developing embryo,
but may also function as a nutritional store in the egg. Schade and Caroline ( 1944) found that
chicken egg-white was bacteriostatic against a number of microorganisms, an effect which was
reversed by excess iron.

1.7.3 Melanotransferrin

Melanotransferrin, or melanoma antigen p97 , is a cell surface glycoprotein found in elevated
numbers on most human melanomas, but is also present in trace amounts on normal adult cells.
Its molecular weight is 97,000. Brown et al. (1982) sequenced the N-terminal and found it to
be homologous with the N-terminal sequence of human serum transferrin. He also established
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a functional similarity by demonstrating that melanotransferrin binds iron. The complete amino
acid sequence was derived by Rose et al. ( 1 98 6) from the 3900 bp cDNA sequence. The
protein has 7 1 9 amino acids, structured in two lobes like those of the other transferrins, with an
extra 25 amino acids at the C-terminal; these predominantly hydrophobic residues are thought
to form a membrane anchor. Homology between human serum transferrin and the equivalent
regions of melanotransferrin is 39 %. The positions of the disulphide bridges are also
conserved, suggesting that the overall structure is similar. The function of melanotransferrin is
not known. It binds iron, but does not appear to facilitate its entry into the cell (Richardson and
Baker, 1 990, 1 991).

1.7.4 Rat hemiferrin

Stallard et al. ( 1991 ) detected a 0.9 kb mRNA in the germ cells of rat testis, by hybridization to
human transferrin cDNA. A corresponding cDNA was isolated and sequenced. The 2 1 6 amino
acid sequence it encoded had 64% identity to the C-terminal half of human transferrin, and
42% identity to the N-terminal half.

1.7.5 B lym transforming gene proteins

Two proteins which are homologous to serum transferrin have been predicted from gene
sequences. Transforming genes were isolated from the tissue of chicken B cell lymphomas
(Goubin et al. , 1 983) and human Burkitts lymphoma (Diamond et al. , 1984). The chicken and
human B lym transforming genes encoded proteins of 65 and 58 residues, respectively, and the
two protein sequences were 33% identical. Both genes consisted of two exons. The amino acid
sequence derived from the second exon of the chicken gene had significant homology to the
sequence derived from the second exon of the human transferrin. Sequences homologous to the
B lym gene occur in normal human and chicken DNA. The structural relationship of the B lym
proteins with the transferrins may be paralleled by a functional relationship with respect to the
role of serum transferrin in cell proliferation.
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1 .7.6 Invertebrate transferrins

An iron-binding glycoprotein of molecular weight 80,000 occurs in the haemolymph of the
tobacco hornworm (insect), Manduca sexta. It binds a single iron ion per molecule (Huebers et

al. , 1 988). A cDNA isolated from a library prepared from the larval fat body was sequenced
(Bartfeld and Law, 1990). The 2183 bp sequence encoded a mature protein of 633 residues and
a signal peptide of 1 8. It has the duplicated structure characteristic of the transferrins, and is
28% identical to human transferrin and lactoferrin, and 26% identical to chicken transferrin and
human melanotransferrin. The l evel of similarity to human transferrin was shown to be
significant.

A transferrin-like protein is present in the ascidian Pyura stoionifera. It has a molecular weight
of 4 1 ,000 and binds one ferric ion (Martin et al. , 1984). Hybridization studies indicated that the

Pyura transferrin DNA sequence was homologous to the human transferrin gene (Yang et at. ,
1985). Iron-binding proteins have also been found in a crab (Heubers et al. , 1982) and a spider
(Lee et al. , 1978b) but their relationships to the transferrins are uncertain.

1.8 TRANSFERRIN GENES

1.8.1 Human transferrin

The human transferrin gene, not including flanking regions, has a total size of 33.5 kb, and is
made up of 1 7 exons separated by 16 introns (Schaeffer et al. , 1987). The internal homology
between the two domains seen in the protein structure is reflected in the intronlexon pattern of
the gene. The exon sizes in the 5' half of the gene correspond to those in the 3 ' half. The intron
sizes are more variable and do not show the i nternal homology.

Sequence data for the human transferrin gene has been reported by several authors. Park et al.
( 19 8 5 ) and Schaeffer et al. ( 1 987) between them reported the sequences of all the exons,
including the intronlexon boundary sequences.

Schaeffer et al. (1987) also isolated and sequenced part of a human transferrin pseudogene.
The non-processed pseudogene showed 72% nucleotide identity with the true transferrin gene,
but had extra stop codons present.
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The sequence of the 5 ' region of the human transferrin gene has been examined for possible
regulatory sequences. Adrian et al. ( 1 986) sequenced 3 . 6 kb of the 5 ' flanking region,
i ncluding exons 1 and 2 . They located possible regulatory elements homologous to the
metallothionein gene heavy metal receptor element, the glucocorticoid receptor element and
the putative acute phase reaction signal. They also found 14 bp sequences like those occurring
5 ' to the interleukin 2 and gamma interferon genes. All three of these genes are expressed in T
lymphocytes. The sequence of the 5 ' untranslated region of the human transferrin mRNA
revealed a probable stem-loop structure and a binding site for the 1 8S rRNA. These features
have also been observed in the sequence of chicken transferrin (Cachet et aI. , 1 979a).

In a similar study, Lucero et al. ( 1986) sequenced 620 bp in the human transferrin 5 ' region,
which included exon 1 . Several putative regulatory elements were located: 5 metal binding
regulatory elements, 2 Sp 1 transcription factor binding sites, a progesterone receptor element, a
glucocorticoid regulatory sequence, a cAMP regulatory domain and 4 cis-acting D NA
enhancers.

Schaeffer et al. ( 1 985) detected polymorphisms in the transferrin gene by Southern blot
analysis. They found that EcoRI fragments of transferrin type D differed from those of types B ,
C l , C 2 and C 3 • Similarly, Yang at al (1985) identified polymorphic fragments using EcoRI and

Pvull digests of human genomic DNA.

1.8.2 Chicken transferrinlovotransferrin

Chicken serum transferrin and ovotransferrin appear to be two different glycoproteins
produced by a single gene. The two proteins differ only in their carbohydrate chains. Analysis
of amino acid composition and peptide patterns showed that the polypeptide components were
identical (Williams, 1 962). Thibodeau et al. ( 1 978) determined the N-terminal amino acid
sequences of the two preproteins and found that ovotransferrin and serum transferrin have
identical precursors. Finally, Lee et al. ( l 978a) demonstrated that transferrin mRNA' s from
liver and oviduct, when hybridized to ovotransferrin cDNA, produced identical hybridization
and melting curves. They concluded that chicken serum transferrin and ovotransferrin are
products of the same gene, under different regulation in the liver and oviduct respectively.
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A cDNA clone for chicken ovotransferrin was isolated from a chicken o viduct library by
Cochet et al. ( 1979b). The cDNA was 2350 bp in size, and represented an almost complete
mRNA sequence. Its identity was confirmed by sequencing the 5 ' end. Perrin et al. (1979) used
this clone to isolate parts of the chicken ovotransferrin gene from a genomic library. They then
used electron microscopy of mRNA-DNA hybrids to establish intronlexon boundaries, and
found that the first 940 bp of the mRNA exists in the gene as 7 exons. Cochet et al. ( 1 979a)
continued this approach and discovered that the complete gene contains 17 exons, of 60-200 bp
each. The 5 ' region (-260 to +200) was sequenced and found to contai n two regions
complementary to the 1 8S rRNA sequence, a Rogness box and a region which would form a
base-paired loop structure in the mRNA. These features may be involved in regulation of gene
expression.

Jeltsch et al. ( 1 987) published the sequence of the whole ovotransferrin gene. The 1 0. 6 kb
sequence includes 17 exons and 1 6 introns, a TATA box (3 1 bp upstream of the start of exon
1) and a polyadenylation signal (at pOSition 1 0549- 10555). Repetitive sequences were located
in i ntrons B and C, but not in the corresponding introns in the C-terminal half of the gene,
indicating that they originated after the intragenic duplication which produced the transferrins.

The human and chicken transferrin genes were compared by Schaeffer et al. ( 1987). Both have
1 7 exons, the sizes of which are conserved, producing proteins of a similar size. The introns
however differ widely in size between the two genes, which results in a considerable difference
in the total gene size: 33.5 kb for human and 10.6 kb for chicken.

1.8.3 Mouse lactoferrin

Fragments of the mouse lactoferrin gene have been isolated and 1 1 kb of sequence determined
(Shirsat et al. , 1 992). This includes the 5 ' flanking region and the first 8 exons and introns, and
additional fragments from the remainder of the gene. The sequence indicates an intron-exon
pattern similar to that of human and chicken serum transferrins, and a total size between that of
the chicken and human transferrin genes. The 5 ' flanking region contains several regulatory
elements which are also present in the human transferrin gene, and also a regulatory element
which occurs in the myeloperoxidase gene. Both the myeloperoxidase and lactoferrin genes are
expressed in neutrophilic granulocytes.
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1.8.4 Chromosomal location of transferrin family genes

The serum transferrin gene, and several related genes, are located on human chromosome 3. Le
B eau et al. ( 1985 , 1 986) located the human serum transferrin gene at 3q2 1 -23, the human
melanotransferrin gene at 3q28-29, and the transferrin receptor gene at 3q26. The human
lactoferrin gene at 3q2 1 -23 is situated very close to the serum transferrin gene (McCombs et

al. , 1 9 8 8 ) . A transferrin pseudogene isolated by Schaeffer et al. ( 1987) is also located on
human chromosome 3. Another gene found on human chromosome 3 encodes ceruloplasmin
(Bowman et al. , 1 9 85), which is an oxidase converting ferrous to ferric ions, indicating a
possible location-function relationship with the transferrin gene family.

The transferrin family genes in rodents occur in similar syntenic groups to the human genes.
B aranov et al. ( 1 9 8 7 ) used in situ hybridization to locate the serum transfe rri n and
ceruloplasmin genes on rat and mouse chromosomes. The rat chromosome 7 has the serum
transferrin gene at 7q3 1 -34, and ceruloplasmin at 7q 1 1 -13. On mouse chromosome 9 the serum
transferrin gene is at 9FI -3, and ceruloplasmin at 9D. Teng et al. (1987) found that the mouse
lactoferrin gene is also on chromosome 9.

1.8.5 Transferrin gene regulation

Transferrin synthesis in the liver is increased by iron deficiency. Chickens (McKnight et al. ,
1980) and rats (Idzerda et al. , 1986) fed iron deficient diets had increased levels of transferrin
in the serum, and increased transferrin mRNA in the liver. Transferrin mRNA levels in the
spleen and kidney were not altered by iron deficiency. Iron overload in cultured rat hepatocytes
depresses transferrin synthesis (Lescoat et al., 1989).

Transferrin gene expression is regulated by a variety of hormones, with the responses differing
amon g tissues . The chicken transferrin gene is regulated by estrogen and progesterone.
Estrogen increased transferrin and transferrin mRNA synthesis in the oviduct and liver, while
progesterone only stimulated transferrin synthesis in the oviduct (Lee et al. , 1 97 8a). Increased
tran s ferrin synthesis in the oviduct was due to both an i ncrease in transferrin m R N A
transcription, and an increase i n the stability o f the transcript (McKnight and Palmiter, 1 979).
The Sertoli cells of rat testis also responded to hormones (testosterone, follicle stimulating
hormone, insulin and retinol) by increaSing synthesis of transferrin mRNA (Huggenvik et al. ,
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1 987). This response was specific to the transferrin gene. Lactoferrin gene expression is also
regulated by hormones. Pentecost and Teng (1987) showed that the major estrogen-inducible
protein in mouse uterus was lactoferrin.

Regulation of the human transferrin gene by iron and hormones is thought to be mediated via
specific sequences found in the 5 ' flanking region of human transferrin (Lucero et ai. , 1 986;
Adri a n e t ai. , 1 9 86). These i nclude elements relating to regul atio n by progesterone ,
glucocorticoids and cAMP, as well as metal responsive elements similar to those found in the
metallothionein gene. Similarly, the mouse transferrin gene contains a growth hormone
responsive element (Idzerda et ai. , 1989), and the mouse lactoferrin gene 5' flanking region
contains an estrogen responsive element (Liu and Teng, 1 99 1 ).

Transferrin gene expression is specific to certain tissues. The 5 ' flanking region of the chicken
transferrin gene stimulated expression of a reporter gene in oviduct and hepatocyte cells, but
not fibroblasts or kidney cells (Dierich et al. , 1987), and caused high liver specific expression
in transgenic mice (McKnight et al. , 1983). The region of the human transferrin gene from
-620 to -45 conferred gene expression in hepatic cell lines, but not non-hepatic cells (BruneI et

al. , 1 9 8 8 ) . Further studies found that only the region -76 to - 5 1 and the TATA box were
required for liver specific expression (Mendelzon et aI. , 1990). This region includes a 13 bp
element similar to HP l , the hepatocyte-specific promoter element in the Xenopus albumin gene
(Kugler et al. , 1 98 8 ) . In conflict with the reports mentioned above, Adrian et al. ( 1 990)
reported that the region - 622 to - 1 52 of the human transferrin gene gave Ii ver-specific
expression. The mouse transferrin gene has a liver-specific regulatory element in the region
- 139 to +50 (Idzerda et aI. , 1989).

Transferrin gene expression is specific to particular developmental stages as well as to
particular tissues. Levin et ai. ( 1 984) studied the expression of the transferrin gene in several
tissues of rats of different ages, using Northern blots. Levels of transferrin mRNA in the liver
were low in the foetus and stabilized at a high level after birth. Brain tissues contained little
transferrin mRNA before birth, but levels increased as the animal aged. In muscle and other
non-hepatic, non-nervous tissues, the mRNA levels were high in the foetus, dropping to very
low levels after birth and in the adult. The high levels in foetal tissues generally may be related
to the role of transferrin as a proliferative agent. A study of transferrin mRN A levels in mouse
tissues produced similar results (Yang et al. , 1990). Transferrin mRNA was detected in liver,
brain, macrophages, placenta, uterus and ovaries of adult mice. In full term foetuses, the lungs,
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heart, stomach and kidneys contained transferrin mRNA. The levels of transferrin mRNA in
placenta and foetal liver increased throughout pregnancy, and the level in the liver was high i n
young mice, lower in adulthood, then showed an increase during aging.

Transferrin mRNA levels in the rat mammary gland follow a biphasic pattern of expression,
increasing until birth, then decreasing up to 1 0 days of lactation and rising again towards the
end of lactation (Grigor et al. , 1990).

1.9 EVOLUTION OF THE TRANSFERRIN FAMILY

The amino acid sequences of human serum transferrin (MacGillivray et al. , 1982), chicken
ovotransferrin (Williams et al. , 1 9 82a) and human lactoferrin (Metz-Boutigue et al. , 1984)
each revealed a two-fold internal homology. This led to the proposal that the transferrin family
had originated through the duplication of a gene encoding a protein of approximately 340
amino acids, with a single iron binding site (MacGillivray et al. , 1982). MacGillivray et al.
( 1 983) also detected a weaker four-fold homology in the human transferrin sequence. This was
supported by Jeltsch and Chambon (1982) who demonstr�ted that the chicken ovotransferrin
sequence could be arranged in four blocks with 44% homology. However Mazurier et al.
( 1 983) suggested a six-fold homology based on a partial amino acid sequence for human
lactoferrin.

A comparison of the known and predicted disulphide bonds of human transferrin, human
lactoferrin and chicken ovotransferrin showed six disulphide bonds to be conserved in both
domains of the three proteins (Metz-Boutigue et al. , 1984). This is further evidence for the
duplication theory.

Park et al. ( 1985) proposed a model for the duplication of an ancestral gene, in which a 1 0exon gene is duplicated by an unequal cross-over between the first and last introns, followed
by the loss of exon 4 in the 5 ' half (Figure 3). This model is supported by Schaeffer et al.
( 1 987) who compared the sizes of exons in the two halves of the human and chicken transferrin
genes. The intron sizes do not show the internal hom610gy in either human or chicken
transferrins, indicating post-duplication modification.
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Figure 3 . A scheme for the origin of transferrin genes, using the human transferrin gene as a
model. The common ancestor of transferrin (with ten exons) was duplicated by an intragenic
crOSSing-over (A), producing a duplicated ancestor which had lost one of each of the fIrst and
l ast exons (B). Subsequent loss of the 5 ' exon 4 and changes to the i ntrons produced the
modern 17 -exon transferrin genes, including the human transferrin gene (C). Exons are
represented by bars and are not to scale. Intron sizes are arbitrary in (A) and (B), but are to
scale in (C). In (C),"the upper numbers correspond to the numbers in (A) and (B) and the lower
numbers correspond to the exons of the present-day human transferrin gene. From Bowman et

al. ( 1 988).
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Attempts have been made to characterize the half-sized precursor of the transferrins. An iron
binding protein of a suitable size (4 1 ,000 Da) has been detected in the ascidian Pyura (Martin

et al. , 1 984). It bound only one ferric ion per molecule, and was able to donate iron to rat
reticulocytes. Yang et al. ( 1 985) showed by Southern hybridization that Pyura DNA contained
sequences homologous to human transferrin. 1his transferrin-like gene was expressed in the
eggs and the digestive gland, which is analogous to the vertebrate liver. Another single iron
sited transferrin has been found in the germ cells of rat testis, referred to as hemiferrin (Stallard

et al. , 1 99 1 ).

Williams et al. ( 1 9 82b) demonstrated that transferrin half-molecules were rapidly lost from the
blood via the kidneys. They concluded that the ancestral transferrin was either not a serum
protein, or was not as small as a single domain of transferrin. A third possibility is that the
ancestral transferrin did not occur in an organism with kidneys.

The discovery and sequencing of a transferrin in an insect, the tobacco hornworm Manduca

sexta is an i nteresting addition to this story. The M. sexta transferrin is internally duplicated,
but only binds one ferric ion, probably in the N-terminal domain (Bartfeld and Law, 1 990,
Huebers et aI. , 1 9 8 8 ) . Unless the M. sexta transferrin originated through an independent
intragenic duplication, the origin of the two-sited transferrins occurred much earlier than
previously thought, and the Pyura transferrin would be a derived rather than ancestral type.

A hypothetical scheme for the evolution o f the genes encoding the transferrin family was
proposed by Yang et al. ( 1 985) and elaborated by Bowman et aI. , ( 1987). According to this
proposal, the transferrins Originated via an intragenic duplication. Subsequent gene duplication
events gave rise to melanotransferrin and lactoferrin. Figure 4 shows a modified representation
of this model. The model illustrated by Bowman et al. ( 1987) indicated a gene duplication at
the divergence of birds and mammals instead of at the divergence of melanotransferrin from
serum transferrins and lactoferrins.
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Figure 4. Evolutionary scheme for genes encoding the transferrin family. The transferrins are
thought to have arisen via an intragenic duplication. Subsequent gene duplications resulted in
serum

transferrin,

lactoferrin

and

melanotransferrin.

TF=transferrin.

MTF=melanotransferrin. (Modified from Bowman et aL , 1 987).

L F=lactoferrin.
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1.10 HORSE TRANSFERRIN

The molecular weight of horse transferrin has been determined by several authors. Hudson et
al. ( 1 973) reported a molecular weight of 79, 1 00, determined by sedimentation equilibrium
centrifugation. They also reported a similar value for the reduced protein, indicating a single
polypeptide chain. Using the same method, Stratil et al. ( 1984) identified two components of
horse transferrin, with molecular weights of 75,200 and 80,500. These were thought to differ in
the number of attached glycan chains. Penhallow et al. (199 1 ) also detected two components of
horse transferrin, with molecular weights of 78 ,000 and 80,000, establi shed by S D S 
polyacrylamide gel electrophoresis.

In horses, as in other mammals, transferrin occurs in a range of variant forms (Figure 5 ) .
Fourteen variants o f horse transferrin, designated D, D2, D3 , Fl ' F2, F3, G , Hl, H2, J , M, 0 , R ,
X, are recognized, according to Bell et al. ( 1988)and Cot1:rran e t aI. , (199 1 ) . The D, F and H
subtypes can be difficult to distinguish, and some authors treat each group as a Single type. In
addition, silent alleles have been reported (Schmid et al. , 1 990; Bowling et aI. , 1 99 1 ). The
variants show autosomal co-dominant inheritance.

Several groups have studied the gene frequencies of the variants in different breeds of horses
(Braend, 1 964; Gahne, 1966 ; Kaminski and Urbanska-Nicolas, 1979; Stratil and Glasnak,
1 98 1 ; Bowling and Clark, 1 985 ; B ell et al. , 1988). Not all the variants occur in all breeds of
horses. For example, in thoroughbreds, only six variants normally occur: D, Fl, F2, H2, ° and
R (Bell et al. , 1 9 8 8) (Figure 5). The transferrin system is useful for parentage testing , in
conjunction with other blood protein systems (Gahne, 1966, Bowling and Clark, 1 985).

A new variant of horse transferrin (designated * ) which is likely to become widespread in the
thoroughbred population, was recently reported (Farndale et al. , 1991). It was discovered in a
commercially valuable stallion which is being used extensively for breeding. The * variant
does not occur in either of the stallion's parents, and must have been derived from D or Fl
variants. It has been inherited by approximately half the stallion's offspring.

E ach v ariant appears as a major and a minor band by starch or pol yacrylamide gel
electrophoresis, except the D2 (or C) variant, which has two bands of equal intensity (Scott,
1 9 80, S tratil and Glasnak, 1 9 8 1 ) . Several weaker bands can also be detected after
electrophoresis of purified transferrin variants (Stratil and Glasnak, 198 1 ) .

29

+

Figure

5.

Variants

of horse

transferrin

as

revealed

by

horizontal

polyacrylamide

gel

electrophoresis of plasma samples. Transferrin phenotypes are indicated below the photograph.
The variants shown are those typically found in thoroughbreds and the new variant
variant has a major and a minor band. The minor bands of the

0

and

*.

Each

R variants are partiall y

obscured b y the haptoglobi ns. Note the substantial difference in electrophoretic mobil i ty
between the 0, F l , F2, H2 and

*

group of variants and the

0 and R

group. Electrophoresis was

calTied out in a 1 0% polyacrylamide gel at pH 7.9, and the gel w as stained with Coomassie
B l ue G-250. Photograph comtesy of Bruce Farndale, EBTRC.
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The heterogeneity of the variants with respect to their carbohydrate chains was analysed by
Stratil and Glasnak

( 1981). They isolated the variants C (D2 ) , D and 0, and treated them with

neuraminidase to remove sialic acid residues from the carbohydrate chains. In all three
variants, either two or four sialic acid residues were present, resulting in the major and minor
bands observed. Stratil et al.

( 1984) further studied type 0, and determined that the major and

m i n o r bands have the same amino acid composition, but differ in their carbohydrate
composition. They suggested that this difference was due to the presence of either one or two
attached carbohydrate chains. TIll s was verified by Coddeville

et al. ( 1989), who also showed

that the structure of the glycan chains varies, accounting for the additional weak bands.

The differences between the variants of horse transferrin have been investigated by several
groups. Didkowski

et al. ( 1984) established that the variants have a common molecular weight.

The amino acid composition of variants analysed by Didkowski
M cK enzie

et al. ( 1984), Chung and

( 1 985) and Baer and Schwendimann ( 1 972) were found to differ only slightly.

Likewise peptide maps revealed a few differences (Chung and McKenzie,
Schwendimann,

1 9 8 5 ; Baer and

1 972). Chung and McKenzie ( 1 985) determined the amino acid sequences of

the two peptide fragments which are variable between types D and

R, and found that the two

variants differ by two amino acid substitutions: aspartic and glutamic acids in type D were both
replaced by glYCine in type

R. They also determined the N-terminal sequence ( 1 0 residues)

which shows clear homology with human, bovine and rabbit transferrin sequences.

Genetic variants usually display similar antigenic properties. However immunological studies
by Baer and Schwendimann
while type

( 1972) revealed that types D and F are immunologically similar,

R is considerably different. In a more extensive analysis, Kaminski et al. ( 1 98 1 )

used immunological evidence to divide the horse transferrin variants into two subgroups: D, F,
H, and
M,

0

J, the faster migrating variants, act as homologous antigens, and the slower migrating

and

R are likewise immunologically similar to each other. However the two groups

behave as heterologous antigens, as shown by spur formati<;m during immunoelectrophoresis.

D i d k owski

et al. ( 1 9 84) studied the level of transferrin in the blood in relation to the

phenotype, using immunoelectrophoresis. The faster migrating types D, F and H were present
i n the serum at higher levels than the slower migrating types ° and
concept of two subgroups proposed by Kaminski

et al. (198 1).

R . This supports the
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Table 1

Features Distinguishing the Two Groups of

Horse Transferrin Variants

D group

R group

Feature

Reference

D, F

R

antigenic

Baer & Schwendimann

properties

( 1 972)

antigenic

Kaminski et al.

properties

(1981)

electrophoretic

Kaminski et al.

mobility

( 1 98 1 )

serum levels

Didkowski et al.

D, F, H, J

D, F, H, J

D , F, H

M, O, R

M, O, R

O, R

( 1984)

D

D , Fl, F2, G, H2

R

O, R

peptide map

Chung & McKenzie

& sequence

( 1985)

restriction fragment

Bailey et al.

length polymorphism

( 1 99 1 )
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Further evidence for two groups of horse transferrin was provided by DNA studies. B ailey et

at. ( 1 99 1 ) detected polymorphism in the horse transferrin gene by probing Southern blots of
horse genomic DNA with a 700 bp fragment of the human transferrin cDNA. DNA cut with
MspI gave a 2.4 kb band when D, Fl, F2, G or H2 alleles were present, and a 0.5 kb band for 0
or R alleles. The features distinguishing the two groups of horse transferrin variants are
summarized i n Table 1 .

Attempts have been made to correlate transferrin phenotypes with traits of horses. Osterhoff et

al. ( 1974) compared transferrin types with racing performance in thoroughbreds, and found an
excess of FF phenotypes among race winners. In a similar study of S wedish trotters,
Andersson et at. ( 1987) did not find any relationship between transferrin types and racing
performance. An association between transferrin heterozygosity and endometrial health, an
important component of fertility in mares, has been reported by Weitkamp et al. ( 1991 ).

1.11 AIMS OF THIS STUDY

The horse has a serum transferrin which appears to be much like those of other vertebrates, but
its primary structure has not been reported. Some work has been done on the differences
between variants of horse transferrin but the molecular basis of these is not known. Therefore
the first aim of this study is to determine the primary structure of horse transferrin. This is
achieved by creating horse transferrin cDNA clones, sequencing them and deriving the amino
acid sequence from the cDNA sequence. The primary structure is analysed by comparing it to
other transferrins to identify differences and similarities which could be related to function.
The e volution of the transferrins is also considered.

The second part of the study is the analysis of the natural variants of horse transferrin at a
molecular level. Two differences between the D and R variants, identified by Chung and
McKenzie ( 1985) by protein sequencing, are confirmed by DNA sequencing. This analysis is
extended by sequencing the equivalent regions of five other alleles. Other differences between
the alleles are located, and characterised by DNA sequencing. The horse transferrin
intraspecies variation is compared to the variation between species, and between different
members of the transferrin family. The natural variation of horse transferrin is discussed in
terms of structure, function and evolution.
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CHAPTER 2: METHODS AND MATERIALS

2.1 CONSTRUCTION OF A HORSE LIVER cDNA LIBRARY

2.1. 1 Tissue collection and storage

The liver was removed from a freshly killed domestic horse, cut into cubes of approximately 1
cm\ and immediately frozen in liquid nitrogen. The samples were transferred to plastic
containers and stored at -80°C.

A 10 ml blood sample was collected before the horse was killed. The sample was analysed by
starch gel electrophoresis at the Equine Blood Typing and Research Centre (EBTRC), Massey
University, to determine which transferrin variants the animal expressed.

2.1.2 Isolation of RNA from horse liver

The methods for preparation and electrophoresis of RNA and isolation of poly(At RNA were
obtained as a personal communication from Dr. John Tweedie, Massey University. For
w o r k i n g w i t h R N A, m o s t s o l ut i o n s a nd pl asti c w are were t r e a t e d w i th 0 . 1 %
diethylpyrocarbonate (DEPC), and glassware was baked, to avoid contamination with RNases.

Samples of frozen horse liver (approximately 1 g) were transferred to liquid nitrogen, then, still
frozen, reduced to a powder using a hammer and metal block, both of which had been chilled
in liquid nitrogen. The powder was transferred into 10 ml of guanidine isothiocyanate/sarkosyl
solution (see Section 2.6. 1 ) in plastic centrifuge tubes, and homogenized for 30 s with an
Ultraturrax homogenizer, on maximum speed. The homogenate was then centrifuged for 10
min at 12,OOOg and lOoC to pellet cellular debris.

The s upernatant was layered on top of 4 ml 5 . 7 M CsClI I 00 mM EDTA solution, in
ultracentrifuge tubes which had been treated for 30 min in 0. 1 % DEPC. After centrifugation for
25 h at 33,000 rpm and 1 5°C i n a Beckman ultracentrifuge (SW41 rotor), the solution was
aspirated to within 1 cm from the bottom, and the remainder poured off. With the tube still
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i nverted, the bottom 1 cm of the tube, containing the RNA pellet, was cut off. The RNA pellet
w as resuspended in guanidine isothiocyanate buffer (400 Ill) by pipetting, added to 4 ml
guanidine isothiocyanate/sarkosyl, then centrifuged through 4 ml CsCllEDTA as before. The
pellet was again resuspended in guanidine isothiocyanate buffer, and precipitated by the
addition of 0. 1 volume of 2 M potassium acetate and 2.5 volumes of absolute ethanol,
overnight at -20°C. The RNA was pelleted by centrifugation at 1700g and - l Ooe for 30 min,
and the supernatant poured off. The pellet was washed twice with 70% ethano1l30 rnM NaCl,
centrifuged as above after washing, and the tube drained at 4°C for 30 min.

The pellet was resuspended in 1 ml 1 % sarkosyl120 mM EDTA pH 7 . 0, and the solution
extracted with phenol/chloroform. The organic phase was back extracted with sarkosyl/EDTA
and the pooled aqueous phases were extracted once with phenol and twice with chloroform.
Each extraction involved mixing by inversion for 5 min and centrifugation at 200g and 5°C for
5 min. The final aqueous phase was precipitated in 0.2 M potassium acetate and 70% ethanol at
-20°C overnight. Centrifugation at 2000g for 30 min produced a pellet which was washed with
70% ethanol/30 mM NaCl, centrifuged again at 2000g for 30 min, drained for 30 min at 4°C
and resuspended in 200 111 10 rnM HEPES/I mM EDTA pH 7.6.

Purity and concentration of the RNA solution were estimated by measuring the absorbance at
260 and 280 nrn of a 11200 dilution (Section 2.5 . 1 ). The RNA was stored at -80°C.

2.1.3 Preparation of poly(A)+ RNA

Total RNA in HEPESIEDTA solution was precipitated in 0.2 M potassium acetate and 70%
ethanol at -20°C, pelleted by centrifugation in a rnicrocentrifuge and resuspended in 500 III of
sterile distilled water. The solution was heated to 65°C for 5 min to disrupt secondary
structure, added to 500 III 2x loading buffer (Section 2.6.2), cooled to room temperature and
applied to an oligo(d'O cellulose column.
The column was prepared by suspending 0.2 g of oligo(dT) cellulose in I x loading buffer. This
suspension was pipetted into a sterile 1 ml syringe plugged with glass wool, and washed
through with loading buffer giving a volume close to 1 mI. The column was washed with 3 ml
sterile distilled water, 3 ml 0. 1 M NaOHl5 rnM EDTA, then 3 ml sterile distilled water and the
pH of the eluate checked to see that it was less than 8.
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After washing the column with 5 ml loading buffer, the RNA solution was applied. The eluate
was collected, heated to 65°e for 5 min again, cooled and reapplied to the column. Fractions (1
ml) were collected from the column while 7 ml loading buffer, 4 ml washing buffer and 3 ml
elution buffer (Section 2.6.2) were applied sequentially.

To determine which fractions contained RNA, 50 III aliquots were taken from each fraction and
added to 5 00 III HEPESIEDTA. The absorbance of each diluted aliquot was measured at 260
nm .

Fractions containing RNA were precipitated in 0.2 M sodium acetate and 70% ethanol at
-20oe, pelleted by centrifugation at 2000g for 30 min and resuspended in 50 III HEPESIEDTA.
The concentration was determined by measuring the absorbance at 260 nm

.

2.1.4 Northern blotting

Agarose gel electrophoresis and Northern hybridization were used to check the quality of RNA
preparations and to determine the size of horse liver mRNA that would hybridize to the human
transferrin cD N A.

Total, poly(At and poly(A)" RNA were electrophoresed in a 1 .2% agarose gel which contained
I x MOPS buffer (see Section 2.6. 1) and 3% formaldehyde. The electrophoresis buffer was I x
MOPS. Th e RNA samples (31lg poly(A)+ 1 0 Ilg total and poly(A)-) were dissolved in a sample
'
buffer containing 50% deionized formamide, 1 6% formaldehyde and I x MOPS. The RNA in
sample buffer was heated to 600e for 10 min and cooled on ice. To it were added 1 III ethidium
bromide ( 1 0 mg/ml) and 1 III RNA loading buffer (50% glycerol/O.4% bromophenol bluell
mM EDTA). The sample was then pipetted into a well and electrophoresed at 80 V for 3-4
hours, u ntil the dye front had migrated approximately 2/3 the length of the gel. The gel was
then rinsed in deionized water and photographed in ultra-violet light.

The RNA was transferred to nitrocellulose membrane by capillary transfer as described for
Southern blotting in Section 2.5.9, except for the following differences. The gel received no
pretreatment and the nitrocellulose was prewetted in deionized water. The transfer solution was
20x sse (Section 2.6.4) and the transfer was run overnight. After disassembling the transfer
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system, the nitrocellulose was allowed to dry in air for 1 h and then baked at 80°C under
vacuum for 1 h (Sambrook et ai. , 1989).

A strip carrying one lane of total RNA was cut from the nitrocellulose membrane and stained
with methylene blue to show the rRNA bands for use as size markers. The staining involved
soaking the membrane in 5% acetic acid for 15 min, 0.5 M sodium acetate/O.04% methylene
blue for 10 min and washing with running water for 10 min (Sambrook et aL , 1 989).

The remainder of the nitrocellulose membrane was prehybridized in 5 0% formamide, 5x
Denhardt' s solution, 0.5% sodium dodecyl sulphate (SDS), 5x SSPE and 100 Ilg/ml sheared
denatured herring sperm DNA (Section 2.6.4), using 10 ml of solution /100 cm2 of membrane.
Prehybridization was at 42°C for 4 h, after which the probe was added. This was human
transferrin cDNA labelled with [a.-32p]dCTP (Section 2.5. 1 1), which was boiled for 3 min,
cooled in ice and added to the hybridiz ation solution to a concentrati o n of 2 ng/ml .
Hybridization proceeded overnight at 42°C. The nitrocellulose was then removed from the
hybridization solution and washed twice in 2x SSC/O. l % SDS at room temperature for 10 min,
twice in O . I x SSC/O . l % SDS at room temperature for 1 0 min and finally once in 0. 1 x
S S C/O. l % SDS at 42°C for 1 h . Hybridization of the probe to R N A was detected b y
autoradiography.

2.1.5 eDNA synthesis

cDNA was synthesized using an Amersham cDNA synthesis system kit and following the
instructions supplied with the kit. Initially a pilot experiment was carried out using [a.32P]dCTP labelling to determine the efficiency of synthesis. The first strand synthesis was
analysed using a reaction containing 1 Ilg of mRNA and 10 IlCi of [ a.-32p]dCTP. For the
second strand synthesis, a similar first strand reaction was done, omitting the labelled dCTP,
and 1 0 IlCi of [a.-32p]dCTP was instead included in the second strand synthesis reaction. The
i ncorporation of labelled nucleotide was determined by spotting 1 III of a 1120 dilution of the
reactio n products on to duplicate pieces of Whatman DE8 1 paper, one of which was washed to
remove unincorporated nucleotides, as follows: six 5 min washes in 0.5 M Na2HP04, two 1
min washes in deionized water and two 1 min washes in absolute ethanol, after which the paper
was left to dry. Cerenkov counting (Le. without scintillation fluid) of these samples enabled
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calculation of the percentage incorporation of [cx-32p]dCTP, from which the yield of cDNA
produced was calculated.

S ynthesis of cDNA on a larger scale followed, using 5 Ilg mRNA in the reactions. To check
the reaction efficiency, an aliquot was removed from the second strand synthesis reaction and
added to 1 III of [cx-32p]dCTP ( 1 0 IlCi). This sample was used to calculate the quantity of
cDNA synthesized as in the pilot reaction.

The size range of synthesis products was determined by electrophoresis of the labelled cDNA.
Second strand synthesis products totalling 20,000 cpm were electrophoresed together with 32p
labelled, HindIII digested lambda DNA, in a 1 % agarose gel in TBE buffer (Section 2.5.7), for

3 . 8 h at 1 00 V. The gel was dried between sheets of Whatman 3MM paper and paper towels for
2 h, then sealed into a plastic bag and autoradiographed.

2.1.6 Methylation of eDNA

Before m ethylating the cDNA, a trial m ethylation of bacteriophage ').. DNA was perform ed to
estim ate the quantity of EcoRI methylase enzym e required. The reaction conditions were as
specified in the Bethesda Research Laboratories catalogue and reference guide ( 1 988). ').. DNA
(1 I1g) was incubated with 80 11M S-adenosyl m ethionine and EcoRI methylase ranging from
0-8 U, in buffer (0. 1 M Trisl 0. 1 M NaCl/ l m M EDTA), for 1 h at 37°C, followed by 1 0 min at
65°C. The results were checked by digestion with EcoRI. This involved the addition of 5 U

EcoRI and MgCl to 5 m M, adjusting the solution by the addition of restriction enzyme buffer,
2
then incubation at 37°C for 90 min. Agarose gel electrophoresis was used to determine the
extent of m ethylation of each sample.

The cDNA produced by a synthesis reaction using 5 I1g mRNA was p urified by extracting
twice w ith phenol/chloroform and twice with diethyl ether and by precipitating twice with
am monium acetate and ethanol to remove unincorporated nucleotides, as described in the kit
instructions. The eDNA was then m ethylated using the same reaction conditions as in the ')..
DNA trial, with 20 U of EcoRI methylase. A control reaction using 1 Ilg of ').. DNA was run in
parallel. The m ethylated DNA solutions were then extracted with phenol/chloroform and the
organic phase back extracted with TE. The pooled aqueous phases were extracted with diethyl
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ether and precipitated with ammonium acetate and ethanol. The pellet was resuspended, then
precipitated and resuspended again.

The methylated A DNA was digested with EeoRI along with unrnethylated A DNA as a control,
a nd the digests electrophoresed in an agarose minigel to check that the methylation had
worked.

2.1.7 Ligation of EcoRI linkers to eDNA

EeoRI linkers with the sequence GGAA TrCC (New England Biolabs) were phosphorylated
before being ligated to the cDNA. The reaction used 5 Jlg of linkers, 15 U of T4 polynucleotide
kinase, 1 0 JlCi [y_32p]ATP in buffer (20 mM Tris pH 7.5, 10 mM MgCI2 , 1 0 mM dithiothreitol
(Dm, 0.6 mM ATP) and was incubated at 37°C for 1 h.

The methylated cDNA pellet was resuspended in 1 0 JlI of ligation buffer (Section 2.6) with
500 ng phosphorylated EcoRl linkers and 2 U T4 DNA ligase. After reacting overnight at room
temperature, the reaction mixture was heated to 70°C for 10 min to inactivate the ligase and
then cooled on ice. The linkers were cleaved by digestion with 25 U EeoRI for 3 h at 37°C to
produce EeoRI ends. The cDNA was extracted with phenol/chloroform, the organic phase back
extracted twice with TE, and the pooled aqueous phases extracted twice with ether. After
ethanol precipitation, the pellet was resuspended in 20 JlI TE with 5 III DNA loading dye
(Section 2.5.7).

2.1.8 Removal of linker fragments from eDNA

The cDNA was passed through a Sepharose column to remove unligated linkers and cleaved
fragments of linkers which would interfere with subsequent ligation of the cDNA into a vector
(Sambrook et al. , 1989). Sepharose CL-4B was equilibrated by washing repeatedly with TE
NaCI ( 1 0 mM Tris pH 8 , 1 mM EDTA, 1 00 mM NaCI) . The colum n was formed i n a
siliconized 1 ml pipette plugged with glass wool, and washed with several ml of TE-NaCI. The
cDNA solution was applied to the column and washed through with TE-NaCI until all the
radioactivity had been eluted, as determined by monitor readings. Fractions (2 drops) were
collected in microcentrifuge tubes, placed in vials, and counted in a scintillation counter. The
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smaller peak of radioactivity eluted first was assumed to be cDNA, so the corresponding
fractions were pooled and precipitated with sodium acetate and ethanol, ready for ligation into
Agt l O.

2.1.9 Preparation of AgtlO vector

For preparation of vector DNA, a stock of bacteriophage AgUO containing a minimum of clear
plaque-forming phages was required, in order to reduce the number of false recombinants in
the l ibrary (Huynh et aI. , 1 9 85). To obtain such a stock, Agt l O was plated o n a lawn of

Escherichia coli C600 (see Section 2.7) at low density. Plating cells were prepared by growing
E. coli C600 overnight at 37°C in l O ml LB medium containing 0.2% maltose. The cells were
pelleted by centrifugation at l O00g for 3 min, resuspended in 5 ml 10 mM MgS04 and stored
at 4°C for up to two days before use. Plating cells (200 111) were incubated with AgU O at 3rC
for 30 min, added to 3 ml LB top agarose and plated on LB agar plates. After incubation at
37°C overnight, five turbid plaques were picked by removing a disc of top agarose, which was
placed into 1 m1 SM buffer (Section 2.6. 3) with 40 111 chloroform, vortexed and stored at 4°C.
A 5 111 aliquot of each of the 5 stocks was plated on an E. coli C600 lawn as before, incubated
at 37°C for 7 h and the plaques counted to determine the titre of the stocks, and to check that
no clear plaques were present.

As all the plaques from each of the five stocks were turbid, all five stocks were used for Agt l O
DNA preparation, following the method o f Sambrook e t al. (1989). Large ( 1 5 cm) plates were
prepared by mixing 400 111 of the Agtl 0 stocks with 250 111 E. coli C600 plating cells and l O m1
LB top agarose, then pouring the mixture on to LB agar containing 0.2% glucose for a high
phage titre . The plates were incubated at 37°C for 7 h, cooled at 4°C for 1 5 min and overlaid
with 1 0- 1 5 ml cold (4°C) SM buffer per plate. After standing at 4°C overnight to allow phages
to diffuse into the buffer, the buffer was pipetted off and pooled in a centrifuge bottle, to which
1 % chloroform was added. After thorough mixing, the solution was centrifuged at 4000g for
l O min to remove bacterial debris, and the supernatant poured into a new bottle. The phage
were preCipitated by the addition of 1/3 volume of ice cold 5 M NaCI and 50% polyethylene
glycol (pEG) 6000 , giving final concentrations of 1 M and 10% respectively. After standing on
ice for 4 h, the phage were pelleted at 1 2,000g and 4°C for 1 0 mi n , the pellet drained
thoroughly and resuspended in 15 m1 SM. This solution was centrifuged at 2000g for 10 min to
remove remaining insoluble particles. The supernatant was extracted with an equal volume of
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chloroform to remove PEG. The phage solutions were further purified by ultracentrifugation at
-�

25,000 rpm and 4°C for 2 h in a SW28 rotor of a Beckman ultracentrifuge to pellet the phages.
The supernatant was poured off and the pellet resuspended in 1 .4 ml SM buffer.

D N A was extracted from the phage particles by adding EDTA to 20 mM, proteinase K to 50
Ilg/ml and SDS to 0. 5%. After incubation at 5 6°C for 3 h, the solution w as cooled to room
temperature , extracted sequentially with phenol, phenol/chloroform and chloroform, and
precipitated by the addition of 2.5 volumes of ethanol. After precipitating at -20°C for 1 h, the
D N A was pelleted in a microcentrifuge for 1 0 min, washed with 70% ethanol, dried and
re suspended in 400 III TE . The conce ntratio n of the A.gt l O DNA w a s estimate d b y
electrophoresis i n a n agarose minigel, using A. DNA for quantity standards.

To prepare the vector for ligation, 24 Ilg of A.gt l 0 DNA was digested with 50 U of EcoRI. The
vector was extracted with phenol/chloroform and chloroform, precipitated with sodium acetate
and ethanol, and resuspended in 10 III TE.

2.1.10 Ligation of cDNA into A.gUO

The precipitated cDNA was resuspended in 10 III Ix ligation buffer with 5 Ilg of A.gt l O and 1 U
T4 DNA ligase. A control ligation was also done, using 500 ng of A.gU O, 1 5 ng of pUC 1 8 cut
with EcoRI and 1 U of ligase in 5 III of I x ligation buffer. Ligation proceeded overnight at
room temperature. To check the ligations an aliquot of the products was electrophoresed in an
agarose minigel, beside an unligated equivalent of the contiol ligation.

2.1.1 1 Packaging the eDNA library

One vial of Promega Packagene Lambda DNA Packaging System (50 Ill) was thawed on ice,
and used according to the manufacturers instructions. The total cDNA ligation ( 1 0 Ill) was
added, and mixed gently. After 2 h at 22°C, 440 III of SM buffer was added together with 25 J.1l
of chloroform. The library was stored at 4°C.
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T o determine the library titre and success o f the packaging reaction, serial dilutions were plated
out on a lawn of E. coli C600. Non-recombinant Agtl O was also plated as a control.

2.1.12 Amplification of the eDNA library

The cDNA library was amplified by plating 200 Jl.I of library and 300 Jl.I of E. coli C600 hflA
( Section 2 . 7 ) plating cells i n 1 0 ml LJ3 top agarose, on a 1 5 cm plate o f LB agar. After
incubation o vernight at 37°C, the plate of almost confluent plaques was overlaid with 1 5 rn1
S M buffer and left for 2 h at room temperature with occasional shaking. The buffer w as
collected and centrifuged at 7000g and 4°C for 30 min to remove cellular debris. Dimethyl
sulphoxide (7%) was added and the library stored in I ml aliquots at - 80°C with 25 Jl.I
chloro form per aliquot (S ambrook et al. , 1 9 89). The titre of the amplified library w as
determined by plating dilutions on a lawn of E. coli C600 hflA.

2.1.13 Analysis of clones chosen at random from the library

In order to assess the success of the library construction, the insert sizes of randomly chosen
clones were determined. Phage were plated at low density, and 10 individual plaques picked
for analysis.

For DNA preparation, the 10 clones were plated at high density on 9 cm LB agar plates
co ntaining 0.2% glucose, to give confluent lysis of the lawn of E. coli C600 hflA. After
o vernight i ncubation at 37°C , the pl ates were overlaid with SM buffer and left at room
temperature for 2 h. The buffer was collected, 100 Jl.I chloroform was added, and the solution
w as vortexed and centrifuged at 4000g for 10 min to remove bacterial debris. Phage were
precipitated by the addition of NaCI to 1 M and PEG 6000 to 1 0%, followed by 2 h on ice. The
phage were pelleted by centrifugation at 1 2000g and 4°C for 1 0 min, resuspended in 500 Jl.I
SM buffer and incubated with 10 Jl.g RNase A and 2.5 Jl.g DNase I at 37°C for 30 min. DNA
was isolated from the phage particles as described in Section 2 . 1 .9, and resuspended in 40 Jl.I
TE.

The insert sizes were determined as follows: 1 0 Jl.I of phage DNA was digested with 20 U of

EcoRI at 37°C for 3 h. Remaining RNA was removed by the addition of 1 0 Jl.g RNase A and
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incubation at 3rC for a further 3 h. The DNA was then extracted with phenol/chloroform,
fol l o w e d b y chl o roform, and precipitated with sodium acetate a n d ethanol. A fter
centrifugation, the pelleted DNA was washed with 70% ethanol, dried and resuspended in 15
J.11 TE, to which 5 J.11 DNA loading dye (Section 2.5 .7) was added. Samples were heated to
6 5 ° C for 5 min, chilled o n ice for 5 mi n , and loaded o nto a 1 % agarose g e l . A fter
electrophoresis at 80 V for 5 h in TBE buffer, the gel was stained i n 0.5 J.1g/ml ethidium
bromide in TBE, and photographed in UV light

2.2 I SOLATION AND ANALYSIS OF HORSE TRANSFERRIN cDNA

2.2.1 Probes used to screen the library

In order to isolate the horse transferrin cDNA, the library was screened using several different
fragments of the human transferrin cDNA as probes. Initially the complete cDNA was used,
i.e. the two PstI fragments (Figure 6), and later the 1 500 bp 5' fragment bordered by PstI sites,
and the 430 bp 3 ' fragment bordered by HindIII and Pst! sites. Probes were isol ated from
unwanted vector and cDNA by restriction endonuclease digestion and isolation of desired
fragments from an agarose gel. The human transferrin cDNA was the same as that published
by Yang et al. , ( 1 984) (Dr. R.T.A. MacGillivray, personal communication) and was cloned
into the PstI site of pKT218 (Talmadge and Gilbert, 1 980).

2.2.2 Screening the cDNA library

The cDNA library was screened according to the method of Kaiser and Murray (1985). Diluted
aliquots of the library were mixed with 300 J.11 of E. coli C600 hflA plating cells, incubated for
30 m i n at 37°C, added to 1 0 ml LB top agarose and plated on 1 5 cm LB agar plates, at a
density of 1 0,000-50,000 pfu per plate. After incubation at 37°C overnight, the plates were
cooled to 4°C for 1 h. Circles of nylon membrane (Gelman B iotrace RP) were cut slightly
smaller than the plates, and placed on the plates for 1 -2 min. For later identification and
orientation, the membrane was labelled with pencil and pierced with an 18 gauge needle giving
3 asy mmetri c holes , which matched points marked on the underside of the plate. The
membrane was carefully peeled off and placed DNA side upwards on Whatman 3MM paper
saturated in 1 .5 M NaCl/0.5 M NaOH, for 5 min. The membrane was then placed on 3MM
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1 .0
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Figure 6. Restriction sites in the human transferrin cDNA whieh were used to create
fragments for use as probes for screening the eDNA library. The probes used were: 1 . The
complete human transferrin cDNA i.e. the two
fragment; 3. The 430 bp

PstI fragments; 2. The 1500 bp Pst!

HindIDIPstI fragment at the 3 ' end. The human transferrin eDNA

was cloned into the Pst! site of pKT2 1 8 .
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paper saturated with 1 .5 M NaCl/0.5 M Tris pH 7 .2/ 1 mM EDTA for another 5 min, then
w ashed in the same solution for a further 5 min. After two 5 min washes in 2x S SC the
membrane was air dried.

The membranes were hybridized with a labelled probe to locate the positions of the desired
clo nes. Up to four membranes were prehybridized in 25 ml of hybri diz ation soluti o n
(containing milk powder, Section 2.5. 10), sealed i n a plastic bag, for 3-4 h a t 65°C. Human
transferrin cDNA labelled with 32p was boiled for 3 min, cooled on ice and added to the
hybridization solution. Hybridization occurred at 65°C overnight. The membranes were
removed from the hybridization solution and washed in 3x SSC/0.5% SDS for 30 min at 65°C
three times. Autoradiography was used to show the position of hybridizing plaques on the
membrane, and thus the position of positive plaques on the plates. Positive plaques were
picked using a pipette tip with the end cut off, placed into 500 111 SM and 30 III chloroform,
and stored at 4°C.

The plaques which gave the strongest signals were taken through a second round of screening.
Aliquots from the fIrst round stocks were plated on lawns of E. coli C600 hflA on 9 cm plates,
and the phage DNA transferred to Biotrace as before . The human transferrin probe was
hybridized to the membrane using conditions identical to those used in the first round o f
screening. The second-round plates carried a low density o f plaques so that single plaques
could be picked. Aliquots from these stocks were plated and screened for a third time to check
that the stocks were clonal.

2.2.3 A nalysis of positive clones

DNA was prepared from the positive clones as described previously (Section 2 . 1 . 1 3). DNA
was digested with EcoRI to remove the insert, or with BglII and HindIII, which cut out the
insert in a 1 . 1 kb fragment of Agtl O. The digests were analysed by agarose gel electrophoresis
and by S outhern blotting (Sections 2.5.9, 2.5 . 1 0) using parts of the human transferrin cDNA as
probes.
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2.2.4 Subcloning horse transferrin eDNA fragments

The inserts from positive AgtiO clones were subcloned into plasmids for sequencing. Inserts
were removed from Agtl O DNA by digestion with EcoRI, and purified by phenol/chloroform
extraction and ethanol precipitation. Agtl O arms were not removed from the insert preparation.
The p l a s m i d s pG E M 3 Z f+ , pGEM3 Zf- and pUC 1 8 were digested wi th Eco R I a n d
dephosphorylated with calf intestinal phosphatase, and were purified b y phenol/chloroform
extraction and ethanol precipi tati on prior to ligation. Ligation reacti o ns c o ntai n e d
approximately 2 00 n g of plasmid DNA, 10-30 ng o f insert DNA and 1 U T4 DNA ligase in 10
�l of Ix ligation buffer. Ligations were performed overnight at room temperature.

Aliquots from the ligation reactions were used to transform E. coli strain XL I . Plasmid DNA
was prepared from transformants, and clones carrying the correct inserts were identified by
electrophoresis of EcoRI digests. Large-scale preparations of plasmid DNA were done for
those plasmids requiring further study.

2.2.5 Generation of subclones by exonuclease deletion

To sequence a large fragment of the horse transferrin cDNA, it was necessary to create a series
of subclones by deleting sections of the insert from one end, thus bringing a range of different
sections of the insert close to the sequencing primer binding site. This was done by cleaving
the plasmid between the priming site and the insert, then digesting with exonuclease III. The
plasmid had to be linearized using two different restriction enzymes, one prodUCing an end
susceptible to exonuclease III digestion adjacent to the insert, while the end towards the
priming site had to be protected. Choosing restriction enzymes for linearization of the plasmid
for deletion from one end of the insert was straightforward, but deletions from the other end
required that the insert was in the reverse orientation within the cloning cassette of the plasmid
to provide a suitable combination of restriction sites. To reverse the orientation, the insert was
i solated from pGEM3Zf+ and ligated into pGEM3Zf+, pUC 1 8 and pUC I 9 . Clones were
checked for the correct orientation by digestion with HincII which cut the plasmids once in the
clOning cassette and once towards one end of the insert.

The exonuclease digestion was carried out on two plasmids each containing the i nsert i n a
different orientation with respect to the cloning cassette, so that both strands of the cDNA
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could be sequence d . The method was obtained from the the Promega Protocols and
Applicatio ns Guide . Pl asmid DNA ( 3 J.1g) was digested with SmaI to produce a n e nd
susceptible to exonuclease digestion into the cDNA, and with Sphl to protect the vector
sequences from digestion. Single digests with each enzyme were controls for both the digest
and exonuclease reactions. The plasmid digests were purified by organic extractions and
precipitation before being resuspended in 30 J.11 of exonuclease buffer (66 rnM Tris pH 8, 0.66
mM MgCI2) and preheated to 37°C. After the addition of 200 U of exonuclease ill , the solution
was incubated at 37°C for 5 min, with 3 J.11 aliquots removed at 30 s intervals. The aliquots
were immediately added to 9 J.1l of a solution containing 40 mM potassium acetate pH 4.6, 340
mM NaCl, 1 .4 mM ZnS04, 6.8% glycerol and 0.3 U/J.11 SI nuclease, to remove single stranded
DNA. After standing at room temperature for 30 min the reaction was stopped by the addition
of 1 J.11 o f 0 . 3 M Tris pH 8 , 0.05 M EDTA. At thi s stage aliquots were re moved for
electrophoresis in order to check the efficiency of the exonuclease reaction. The deleted
fragments were blunt-ended by the addition of 1 J.1l of a solution containing 20 rnM Tris pH 8 ,
1 00 mM MgCl2 and 0 . 1 7 U/J.11 Klenow fragment (from E. coli DNA polymerase I). After
incubation at 37°C for 3 min, 1 J.11 ofdATP�TP4JTP anddITP each at 0. 125 rnM was added,
and the reaction incubated a further 5 min at 37°C. The fragments were the n ligated by the
addition of 40 J.11 of I x ligation buffer (Section 2.6) containing 5% PEG, 1 mM DTT and l .5
Ulm1 T4 DNA ligase , followed by standing overnight at room temperature . The ligation
products were used to transform E. coli XL I , and plasmid DNA was prepared for sequencing.

2.2.6 Amplification of the 3' end of horse transferrin cDNA

The polymerase chain reaction (PCR) was used to amplify the 3 ' end of the horse transferrin
cDNA from a mixed cDNA population, as no clones containing this region were isolated from
the library. 'This was done by a method based on that of Frohman et al. ( 1 988). Oligonucleotide
primers were synthesized with the following sequences:
1 . 5 ' ACGGATCCTCTAGAGTCGACITITITl'ITllTITITlll1 3'
2. 5 ' ACGGATCCTCTAGAGTCGAC 3'
3. 5 ' ATAGCGAGATCAAGCACTGT 3'

The fi rst oligonucleotide consisted of three restriction e nzyme sites (BamHI, XbaI and

SalllAccllHincII) which occur in the pGEM3Zf+ cloning cassette, and a run of 20 T's, and was
used to prime cDNA synthesis. The second was simply the restriction site portion of the first.
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The third primer was nucleotides 1499- 15 1 8 of the horse transferrin cDNA sequence, from the
3 ' end of the 1500 bp clone isolated from the library (Figure 22 and Section 3.2.2). The second
and third primers were used for PeR.

Double stranded cDNA was synthesized using an Amersham cDNA synthesis kit, substituting
primer 1 for the poly-T primer in the kit. The template for the cDNA synthesis was 1 �g of
horse liver poly(At RNA. The products were diluted to 1 ml with 'IE buffer.

A Perkin Elmer Cetus GeneAmp kit provide d the re actio n buffer, deoxynucleotide
triphosphates and Taq DNA polymerase for the PCR, together with template and primers for a
positive control. The reaction used 1 �l of the diluted cDNA synthesized as described above,
25 pmol of each of primers 2 and 3 (a final concentration of 0.5 pmol/ml),dNTPs at 200 �M
and 2 U of Taq polymerase in 50

� of I x buffer. This was overlaid with 50 �l of mineral oil to

prevent evaporation. The PCR was run for 40 cycles as follows: denaturation at 94°C for 1
min , annealing at 58°C for 2 min, synthesis at noc for 2 min.

2.2.7 Cloning of PCR products

The PCR products were blunt ended by adding 1 U of Klenow fragment and incubating at
37°C for 30 min. The major product was isolated from a 1 .2% agarose gel after electrophoresis
at 1 00 V for 4 h, and digested with BamHI. It was then ligated into pGEM3Zf+ cut with

BamHI and HinelI (which produces a blunt end), using 100 ng of plasmid and 40 ng of insert
in the reaction. Both insert and vector were purified by phenol/chloroform extractio n and
ethanol precipitation prior to ligation. The ligation reaction took place overnight at room
temperature, in 10 �l of I x ligatio n buffer with 1 U of T4 DNA ligase. The ligation products
were used to transform E. coli XLI , and plasmid DNA was isolated.

As PCR can introduce errors in the DNA sequence (Higuchi , 1 9 8 9 ) , the section o f the
amplified product which had not previously been obtained in clones from the cDNA library
was cloned from three independent PCR reactions. This was done by digesting the amplified
material with BamHI and EcoRI, and ligating into pGEM3Zf+ cut with the same enzymes. To
sequence both strands of the resulting clones completely, subclones were produced using an

XhoI site in the transferrin cDNA. Double digests of XhoI and enzymes cutting at either end of
the clOning cassette (Sail or Bam HI) were used to excise each half of the transferrin cDNA.
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The fragments were blunt ended using the Klenow fragment of DNA polymerase I, religated
and introduced into E. coli XL I . Plasmid DNA was isolated for sequencing.

2.2.8 Sequencing

The horse transferrin cDNA plasmid clones were sequenced by double stranded sequencing
,

methods, using either the United States Biochemical Corporation Sequenase Version 2.0 or
A mersham Multiwell microtitre plate DNA sequencing system. Both kits were used according
to the manufacturers instructions, except that the primers used were 20 ng of M 1 3 universal or
reverse primers.

Sequencing gels of dimensions 4oox300xO.4 mm were used, with sharkstooth combs with 5.7
m m spacing. Gels contained 6 % acrylamide (acrylamide:bisacrylamide 1 9: 1 , w/w) and 7 M
urea in I x TBE buffer. The gel solution was filtered through Whatman No.2 filter paper,
degassed, and polymerized by the addition of ammonium persulphate to 0. 1 % and TEMED
(tetramethylethylenediamine) to 0.05%. Gels were electrophoresed in Ix TBE buffer, at 1500
V, for 2-6 h, then transferred to Whatman 3MM paper, dried under vacuum at 80°C for 45 min,
and autoradiographed.

2.2.9 Sequence analysis

Sequencing autoradiographs were read manually, and the sequence data assembled and
manipulated using the Genetics Computing Group Sequence Analysis Software Package,
Version 6.2 (GCG) (Devereux et aI. , 1 984). Transferrin, lactoferrin and melanotransferrin
seque nces for other species were obtai ned from Genbank. Multiple al ignments and
phylogenetic trees were done using the Clustal V package of Higgins et aI. ( 1 992). Pairwise
sequence comparisons were made using the Gap program of the GCG package.
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2.3 ANALYSIS OF KNOWN POLYMORPHIC REGIONS OF HORSE TRANSFERRIN
eDNA

Comparison of the horse transferrin cDNA sequence and its derived protein sequence with the
published data on differences between the D and R variants of horse transferrin (Chung and
McKenzie, 1985) i ndicated two regions of the cDNA which were likely to be polymorphic (see
Figure 24, Section 3.5). These two regions were then analysed in the genomic DNA of ten
thoroughbred horses, carrying seven transferrin alleles (D, Fl, F2, H2,
mutation (Farndale

0, R, *) , including a new

et ai. , 199 1 ). The transferrin phenotypes of the horses were determined at

the EBTRC, Massey University.

2.3.1 Exon 12: Southern blotting

The cDNA sequence and published data predicted a polymorphic Sau3AI site in the region
corresponding to e xon 1 2 in the human transferrin gene. Genomic DNA (5 I1g), fro m ten
horses of different transferrin phenotypes, was digested with Sau3AI. The digestion products
were electrophoresed in a 1 % agarose gel at 50 V for 1 2 h, and the DNA was transferred to
Amersham Hybond N+ membrane by Southern blotting.

PCR was used to amplify 89 bp of exon 1 2 from horse genomic DNA, using primers based on
the horse transferrin cDNA sequence, as follows:
1 2/1 . 5 ' ATGCTGTGGCCGTGGTIAAG 3 '
1 2/2. 5 ' TATAGAGCAGGCCCATGGGG 3 '
The PCR reaction conditions were as described in Section 2.2.6 .e xcept that the template was
50 ng of horse genomic DNA. The reaction was incubated for 30 cycles of 1 min at 94°C and 1
min at 65 °C. No synthesis step was included as the small product was synthesized during
heating to the denaturing temperature. The major product was isolated from a 2% agarose gel,
2
labelled with [cx-3 p)dCTP, and hybridised to the Sau3AI digested genomic DNA.

2.3.2 Exon 12: cloning and sequencing

PCR was used to amplify exon 12 from four horses of transferrin phenotypes DD, DO, DR,
OR, as described above. In some cases, products from a previous amplification were used as
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template instead of genomic DNA. The products were blunt-ended, isolated from a 2% agarose
gel and ligated into pGEM3Zf+ cut with HincH, as described in Section 2.2.7, except that a 1 0fold molar excess of inserts over vector was used. After transformation and preparation of
plasmid DNA, 1 or 2 clones from each horse were sequenced using an Amersham Multiwell
sequencing kit.

2.3.3 Exon 15: amplification and sequencing

The region corresponding to exon 15 in the human transferrin gene was also predicted to have
a polymorphic sequence. This region was studied by two slightly different methods of direct
sequencing of PCR products, and by sequencing of cloned PCR products. For all three
methods, PCR was used to amplify the exon 15 region from genomic DNA (50 ng), or from
products of a previous amplification, using two of the following three primers:
1 5/ 1 . 5 ' ACCCTGACGATIGGGCTAAG 3'
1 5/2. 5 ' TACAGCATGATICGGGGCTC 3'
1 5/3 . 5 ' CTGGTTGTGTAACTCCTGGC 3'

The first method of direct sequencing involved amplification using primers 1 and 2, and 30
cycles of 1 min at 94°C, 1 min at 60°C. After purification by agarose gel electrophoresis and
spun column chromatography, the products were sequenced using one of the amplification
primers. The sequencing reactions used an Amersham Multiwell sequencing kit, but the
protocol was modified to reduce the reannealing of template DNA strands. The peR products
( l00-200 ng) and 50 ng of primer, in a volume of 30 �l, were added to the annealing buffer
from the kit. This solution was heated to 95°C for 5 min, then frozen in a dry ice/ethanol bath.
Immediately after thawing and centrifugation, T7 DNA polymerase and labelling mix from the
3
kit were added, and also I � of [ 5 S]dATPcxS. The solution was mixed by pipetting, then 6 �l
added to each of the four termination solutions, which had been preheated to 50°C. The wells
were sealed and the reactions incubated at 50°C for 4 min, after which 4 �l of stop dye were
added. The reactions were heated to 95°C for 5 min, then 4 �l aliquots were loaded into a
sequencing gel, and run at 1500 V for 1 .5 h.

The second method for direct sequencing of PCR products differed from the first in that
primers 1 and 3 were used for the amplification, while the sequencing reaction was primed by
primer 2. Also the annealing temperature was 58°C.
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The region of exon 1 5 lying between primers 1 and 2 was amplified from genomic DNA from
horses with the phenotypes DO, DR, D * , FIR, F2H2 and OR. The products were cloned and
sequenced as described above for exon 12 (Section 2.3.2).

2.4 IDENTIFICATION AND ANALYSIS OF OTHER POLYMORPHIC REGIONS

Other polymorphic regions o f the horse transferrin cDNA were i denti fied b y the single
stranded conformation polymorphism (SSCP) method of Orita

et al. ( 1 9 89). This method

i nvolves amplifying fragments of DNA by PCR while i ncorporating a radioactive label .
F r a gm e nts are denatured b y heating in a form amide buffer and electrophoresed i n a
pol yacrylamide gel under non-denaturing conditions. B ase-pairing occurs within, rather than
between, strands and the fragments form structures whose conformation, and therefore
electrophoretic mobility, are dependent on sequence. Thus a single nucleotide substitution can
be detected as a mobility shift.

2.4.1 Samples for SSCP analysis

Liver w as obtained from two more horses, as described in Section 2. 1 . 1 , and blood samples
were taken for blood typing. RNA was prepared by the method of Chomczynski and Sacchi
( 1 9 87). Frozen horse liver (1 g) was homogenized in 10 ml guanidine isothiocyanate/sarkosyl
solution as described previously (Section 2 . 1 .2). To this, 1 ml of 2

M sodium acetate pH 4, 1 0

ml phenol and 2 m l chloroform/isoamyl alcohol were added, with mixing between each
addition. The final suspension was shaken vigorously for 10 s and cooled on ice for 15 min.
After centrifugation at 1 O,000g and 4°C for 20 min, the aqueous phase containing the RNA
was transferred to a fresh tube. It was mixed with 10 ml isopropanol and placed at -20°C for 1
h to precipitate the RNA. After a further centrifugation at 1 0,OOOg and 4°C for 20 min, the
resultin g pellet w as dissolved i n 3 ml guanidine isothiocyanate/sarko syl solution a nd
preCipitated again by the addition of 3 ml isopropanol and standing at -20°C for 1 h. The pellet
produced by centrifugation at 1 0,OOOg and 4°C for 10 min was washed in 70% ethanol/0. 3 roM
N a C I , c e ntr i fu g e d at 1 0 ,000g for 5 m i n , dried under v acuum and r e s u s p e nd e d i n
HEPESIEDTA buffer.
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cDNA was synthesized as described in Section 2.2.6, except that total RNA was used instead
of poly(A)+ RNA, and only the first strand was synthesized. These shortcuts were possible as
the cDNA was to be used as a template for PCR instead of for library construction. These two
cDNA samples, as well as the sample used previously for amplification of the 3 ' region of the
horse transferrin cDNA, were used for the SSCP analysis.

PCR was used to amplify fragments of transferrin cDNA from the three cDNA samples, using
some of the primers already described (Sections 2.2.6, 2.3. 1 , 2.3.3) and an extra one from the
5 ' e nd of the horse transferrin cDNA (bases 1 -20, Figure 22), with the sequence : 5 '
GCGCTCCGCCGCAGACCAGG 3 ' . Three combinations of primers were used: the new 5 '
primer with the second exon 12 primer ( 1 2/2); the first exon 1 2 primer ( 1 2/ 1 ) with the third
exon 15 primer ( 1 5/3) ; and the first exon 15 primer ( 1 5/1) with the 3 ' primer consisting of
three restriction enzyme sites (Section 2.2.6, primer 2). The positions of these primer pairs in
the horse transferri n cDNA sequence are shown i n Figure 29 (Section 3 . 5 . 3 ) . PCR was
performed as described in Section 2.2.6 except that 1 /ll of single or double stranded cDNA
provided the template, 1 /ll of [(X'-: �2 P]dCTP ( 1 0 /lCi) was added in addition to 200 /lmol
dNTPs, and the reaction was run for 30 cycles of 94°C for 1 min, 58°C for 2 min, noc for 2

min. After products were isolated from a 2% agarose gel , they were digested with restriction
enzymes (EcoRI , DraI, FokI or Sau96AI), to produce fragments of 1 00-5 5 0 bp for S SCP
analysis (see Figure 29).

2.4.2 SSCP analysis

The fragments were electrophoresed in non-denaturing acrylamide gels c ontaining 5 %
acrylamide (of which 1 % was bisacrylamide), I x TBE, 0. 1 % ammonium persulphate and
0.05 % TEMED , using sequencing apparatus . Two sets of conditi ons were used: gels
containing 5 % glycerol were run at 30 W at room temperature; gels without glycerol were run
at 50 W at 4°C.

Aliquots of the samples representing approximately 10 cps on a monitor were added to enough
for mamide dye solution (98% formamide, 1 0 mM EDTA, pH 8, 0.025 % x yl ene cyanol ,
0.025 % bromophenol blue) to give a volume o f 10 Ill. Samples were heated to 95°C for 2 min,
then 4 /ll aliquots loaded on to the gel. Undenatured (Le. unheated) samples were also loaded
for c omparison. After electrophoresis for 2-5 h, gels were vacuum drie d at 8 0°C and
autoradiographed.
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Fragments found by SSCP analysis to be polymorphic were resynthesized using

PCR, without

the 32p label, and digested with the appropriate restriction enzymes. If necessary, the fragments
were blunt ended by the addition of 1 U Klenow fragment and deoxynucleotide triphosphates
to a final concentration of 200 J.lM, and incubation at 37°C for 30 min. Fragments were then
isol ated fro m an agarose gel , and cloned into pGEM3Zf+ cut with HincH or

EcoRI (as

d e scribed i n Section 2 . 2 . 7 , but with a t o- fold molar e xcess of insert o v e r vector) and
sequenced.

2.5 GENERAL METHODS

2.5.1 Quantitation and purity of DNA and RNA

The concentrations of DNA and RNA solutions were determined by spectrophotometry or by
comparing the intensity of fluorescence of ethidium bromide stained samples with standards
(Sambrook et al. , 1 989). The spectrophotometric method involved measuring the absorbance of
a D NA or R N A solution at 260 nm, and calculating the concentratio n according to the
following relationships. An absorbance reading of 1 . 0 is equivalent to 50 J.lg/ml of double
stranded DNA,

40 J.lg/ml

of RNA, or 20 J.lg/ml of single stranded oligonucleotides. The ratio

absorbance at 260 nm: absorbance at 280 om was used as an indication of purity. This ratio is
1 . 8 for a pure DNA solution and 2.0 for pure RNA.

To c al cu l at e D N A conce ntration by fl u orescence intensity, the D N A s am p l e w a s
electrophoresed i n a n agarose minigel with quantity standards covering the range to-80 ng.
Ideally the molecular weight of the standards was similar to the sample. The concentration of
the s ample was esti mated by comparing the intensit

y of its fluorescenc e to that o f the

standards.

2.5.2 PhenoVchloroform extractions

D N A and RNA samples were generally purified by extraction with phenol:chloroform:isoamyl
alcohol, 25 :24 : 1 , v/v/v, followed by chloroform:isoamyl alcohol , 24: 1 , v/v (Sambrook

et al. ,

1 9 89). If necessary, either or both extractions were repeated, and occasio nally a phenol
extraction was used first. B ack-extraction of the organic phase with 1E was done when it was
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necessary to maximise the yield of DN A. Phenol was redistilled and 0. 1 % hydroxyquinolone
was added. Phenol for DNA extractions was equilibrated in 0. 1 M Tris pH 8, and for RNA
extractions it was stored under 1 % N-Iauroylsarcosinel20 mM EDTA pH 5.

Extractions were performed by thoroughly mixing an equal volume of the organic solvent with
the aqueous nucleic acid solution. The phases were separated by centrifugation, generally for 3
min in a microcentrifuge. The aqueous (upper) layer containing the nucleic acid was pipetted
off, leaving the interface which contained protein.

2.5.3 Spun column chromatography

Spun column chromatography was used to purify DNA samples, particularly by removing
unincorporated nucleotides, using a method based on that of Sambrook et al. ( 1 989). Sephadex
G-50 medium (Pharmacia) was prepared by suspending it in TE, autoclaving, pouring off
excess TE and replacing it by an equal volume of fresh sterile TE. A column of Sephadex was
formed in a 1 ml syringe plugged with glass wool. The column was equilibrated with deionized
water before loading. The sample was applied and centrifuged at 1500g for 30 s.

An aliquot of

water was applied and similarly centrifuged, to elute the sample.

2.5.4 DNA precipitation

DNA was generally precipitated by the addition of 1110 volume of 3 M sodium acetate, pH 5 .2,
and 2.5 volumes of ethanol, with a 20 min period at -20°C. Pellets were o btained by
centrifugation at 1 2,000g for 1 0 min. After removal of the supernatant, 70% ethanol was
added, and the pellet recentrifuged for 5 min. The supernatant was pipetted off and the pellet
dried.

2.5.5 Restriction enzyme digests

Restriction enzyme digests were generally performed at 37°C, using buffers supplied by the
manufacturers, and using 2-10 U of enzyme per Jlg of DNA. The volume of enzyme added did
not e xceed 10% of the reaction volume.
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2.5.6 Isolation of genomic DNA from blood

Two methods were used to isolate genomic DNA from horse blood. Most of the genomic DNA
used in this work was isolated by Dr. John Forrest (DSIR) and Bruce Farndale (EBTRC), using
a method based on that of Jeanpierre (1987).

Heparinized blood ( 1 0 ml) was added to 30 ml lysis solution (0. 1 5 M NH4C1I1 0 mM
KHCOylO. 1 mM EDTA), mixed by inversion and left to stand until the red cells were lysed, as
indicated by the solution turning dark red. After centrifugation at 1700g for 1 0 min, the pellet
was washed two or three times in 10 mM EDTNIO mM NaCI, by repeatedly resuspending and
centrifuging it. The pellet was then resuspended in 7 ml of 6 M guanidine hydrochloride to
which 500 J.lI of 7.5 M ammonium acetate, 500 J.lI 20% N-Iauroylsarcosine and 1 00 J.lI
proteinase

K

(10 mglml) were added. The solution was incubated at 60°C for 1 -2 h, then the

DNA was precipitated by the addition of 2 volumes of ethanol. It was spooled from the
solution with a pasteur pipette and washed in 70% ethanol for 5 min. The excess ethanol was
blotted off, and the DNA resuspended in TE.

Genomic DNA was also isolated from horse blood by Bruce Davidson (DSIR) using an
Applied Biosystems 340A Nucleic Acids Extractor, following the manufacturers instructions.

2.5.7 Agarose gel electrophoresis

Agarose gels were used routinely to separate DNA fragments according to size. Agarose gels
were prepared by dissolving the desired quantity of agarose in I x TBE buffer (0.09 M Tris
borate, 0.002 M EDTA) by heating in a microwave oven (Sambrook et aI. , 1 989). The agarose
concentration varied depending on the size of fragments to be separated, but was generally in
the range 0.7-2%. For general analysis of DNA samples, a. l lx14 cm minigel was used, while a
larger gel (20x25 cm) was preferred for most Southern blotting, and isolation of DNA
fragments. DNA samples were mixed with 114 volume of 5x DNA loading dye (50 mM Tris
pH 8 , 1 00 mM EDTA, 1 % N-Iauroylsarcosine, 15% Fico1l 400, 0.05% bromophenol blue,
0.05 % xylene cyanol) prior to loading. Electrophoresis was conducted in I x TBE buffer
containing 0.25 J.lg/ml ethidium bromide, at 50- 1 00V, until the bromophenol blue dye had
moved approximately 3/4 the length of the gel. Gels were examined and photographed in
ultraviolet light using Polaroid 667 film.
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2.5.8 Isolation of DNA fragments from agarose gels

To isolate specific DNA fragments from mixtures produced by restriction digests or PCR, the
fragments were separated by electrophoresis in a large (20x25 cm) agarose gel. Electrophoresis
was at 100 V for 4-5 h. The desired band was isolated by electrophoresis on to DEAE-cellulose
membrane (Schleicher and Schuell, NA45). The membrane was pretreated by washing in 1 0
' mM EDTA for 5 min, 0.5 N NaOH for 5 min, then washing i n 6 changes of sterile deionized
water. It was inserted in a slit cut in the gel just below the band of interest Electrophoresis was
continued for 20 min at 100 V, or until the band had completely moved on to the membrane.
The membrane was removed from the gel and placed in just enough high salt buffer (50 mM
Tris pH 8 , 1 M NaCI, 1 0 mM EDTA pH 8) to cover it. After incubation at 60°C for 30 min, the
membrane was placed in fresh buffer, and incubated a further 15 min at 60 °C. The two
aliquots of buffer were pooled and purified by either phenol/chloroform extraction or spun
column chromatography, followed by ethanol precipitation and resuspension in TE (Sambrook
et aI. , 1989).

2.5.9 Southern transfer

DNA was transferred from agarose gels to nylon membranes (Gelman Biotrace RP or
Amersham Hybond-N+) by capillary transfer. The transfer apparatus was similar to that
described by Sambrook et al. (1989) but the denaturation and transfer solutions differed. Two
glass plates were placed in a plastic tray to act as a support. Two layers of Whatman 3MM
paper, saturated in transfer solution (0.02 M NaOH/ 1 . 5 M NaCl), were placed on top ,
extending beyond the glass support, to act as a wick. The tray was filled with transfer solution,
to just below the support. The gel was pretreated by denaturing for 20 min in 0.4 M NaOHl1 .5
M NaCl, rinsed with water and equilibrated for 20 min in transfer solution, then placed on the
support. Plastic film was positioned around the edges of the gel, covering 5 mm of the edge of
the gel and reaching to the edge of the tray, to prevent transfer solution leaking around the edge
of the gel. The nylon membrane was placed on next. Biotrace RP membrane was prewetted in
hot deionized water (approximately 95°C) , whereas Hybond-N+ membrane required no
pretreatment. Two layers of Whatman 3MM paper, saturated in transfer solution were placed
on the membrane, followed by a 5 cm pile of paper towels. As each layer was added, a glass
rod was rolled over the surface to remove air bubbles. The transfer was run overnight, with
paper towels and transfer solution replaced as required. After disassembling the apparatus, the
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membrane was placed DNA side upwards on Whatman 3MM paper saturated in 0.4 M NaOH
for 1 0 min to fix the DNA to the membrane (Broad et al. , 1988). The membrane was then
rinsed briefly in 2x SSC, and soaked in fresh 2x SSC for 10 min.

2.5.10 Southern hybridization

Two methods were used for hybridizing probes to Southern blots. Membranes carrying cloned
or PCR amplified DNA were prehybridized and hybridized in a solution of 6% polyethylene
glycol 6000, 1 .5x SSPE, 0.5% low fat milk powder and 1 % SDS, after the method of Reed and
Mann ( 1 985). The prehybridization solution for membranes carrying genomic DNA digests
was 6x SSPE, 5x Denhardt's solution, 0.5% SDS and 1 00 Ilg/ml denatured herring sperm
D N A . The hybridization solution was the same as for prehybridiz ation, except that the
Denhardt' s solution was omitted (Sambrook et al. , 1989).

Membranes were prehybridized in a plastic bag for 2-4 h at the temperature to be used for
hybridization. The probe was boiled for 3 min, cooled on ice, and added to the hybridization
solution at a concentration of 1 -5 ng/ml. Hybridization was done overnight at 60-70°C, the
temperature depending on the stringency required. Membranes were removed from the bag,
and w ashed seri ally in 6x S S C, 3x S S C , 1 x SSC e�ch containing 0 . 1 % S D S . Time ,
temperature, number, and final SSC concentration of the washes varied depending on the
stringency required.

2.5. 1 1 Labelling of DNA probes

Probes for Northern and Southern hybridizations were labelled with [a-32P]dCTP using a BRL
Random Primers DNA Labeling System, according to the manufacturers instructions. Probes
for genomic blots were labelled using 5 JlI of [a-32P]dCTP (specific activity 3000 Ci/mmol,
l OJlCilJll), and unincorporated nucleotides were removed by spun column chromatography. In
other cases, 2 Jll of [a-32P]dCTP were used, and removal of the excess was not necessary.

The effectiveness of the labelling reaction was determined by thin layer chromatography of the
products on PEI-cellulose (Schleicher and Schuell). Reaction products ( 1 Jll) were spotted 1 cm
fro m the bottom of a strip of PEl cellulose, and the bottom of the strip placed i n 0.75 M
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KH P04 until the buffer had nearly reached the top. The strip was then autoradiographed
2
revealing the proportion of [a.-32p]dCTP incorporated into DNA. For comparison, 1 JlI of
reaction components prior to the addition of enzyme was included.

2.5.12 End-labelling Iv HindIII size standards
Iv D�A ( 1 J.1.g) was digested with HindlII. After digestion the following reagents were added: 1

J.1.1 of 10 mM dATP, dGTP and dTfP; 1 III ( 1 0 IlCi) [a.-32p]dCTP; and 2 U Klenow fragment.

The solution (volume 40 Ill) was incubated at 37°C for 30 min, and the products stored at
-20°C. For use as a size standard, 1 III was loaded per lane, or more depending on the age of
the stock.

2.5.13 Removal of probe from membranes

Probes were removed from nylon membranes by a method based on that of Sambrook et al.
( 1 989), allowing hybridization of a second probe to the membrane. The membrane was placed
in a solution of O. l x SSC and 0 . 1 % SDS which had been heated to 95°C, and incubated in a
75°C shaking water bath for 2 h. The membrane was autoradiographed to check that all the
probe had been removed.

2.5.14 Autoradiography

Fuji RX X-ray film was used for autoradiography. When 32p was used, membranes/gels were
wrapped in plastic prior to applying the film and an intensifying screen was used. For 3SS , the
film was placed directly on to the dried gel. Film was exposed at -20°C for several hours or
days. Film was developed for 3 min in Agfa G 1 50 developer, rinsed for 1 min in 2% acetic
acid, fixed for 2 min in Agfa G334 fixer, then washed thoroughly with water.
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2.5.15 Transformation of E. coli XLI with plasmid DNA

The methods for preparation of competent cells and transformation were based on those of
Sambrook et ale ( 1 989).

2.5.15.1 Preparation of competent cells

E. coli XL I was cultured overnight at 37°C in 10 ml LB with 30 �g/ml ampicillin. Another 1 0

m l LB containing 3 0 �g/ml ampicillin was inoculated with 1 00 �l o f the overnight culture, and
grown at 37°C for 4 h with vigorous shaking. TIlis gave an optical density at 600

nm

close to

the desired value of 0.5, indicating that the cells were growing exponentially. The culture was
placed on ice for 30 min, then centrifuged at l OOOg for 3 min to pellet the cells. After removal
of the supernatant, the cells were resuspended gently in 10 ml of ice cold 100 mM MgCI2.l and
centrifuged as before. The pellet was resuspended gently in 500 �l ice cold 50 mM CaCl2, and
stored on ice for 1 h before being transformed.

2.5.15.2 Transformation

Competent cells ( 1 00 �l) and plasmid DNA (20-50 ng) were mixed gently and stored on ice for
30 min. Cells were then heat-shocked by incubation at 42°C for 1 min, and placed back on ice
for 2 min. LB medium (1 ml) was added, and the cells incubated at 37°C for 30-60 min. After
the addition of 20 � IPI'G (25 mg/ml in water) and 20 � X-gal (BCIG, 25 mg/ml in dimethyl
formamide), the cells were spread on plates of LB agar containing 100 �g/ml ampicillin, and
incubated overnight at 37°C.

2.5.16 Small scale preparation of plasmid DNA

Plasmid DNA was prepared by a small scale method based on that of Holmes and Quigley
( 1 9 8 1 ). Cultures were grown overnight at 37°C in 10 ml LB medium containing ampicillin at
30 �g/ml, then centrifuged at l000g for 7 min, and most of the supernatant poured off. Pellets
were resuspended in the remaining medium, and transferred to 1 .5 ml plastic microcentrifuge
tubes. B acteria were lysed by the addition of 700 �l of STET buffer ( 1 00 mM NaCI, 1 0 mM
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Tris pH 8, 1 mM EDTA pH 8, 5 % Triton-X 100) and 20 III of 1 0 mg/ml lysozyme. After
standing for 5 min, the samples were heated in boiling water for 2 min, and centrifuged for 10
min at 1 2,000g. The supernatant was removed to a fresh tube, to which 20 JlI of RNase A ( 10
mg/ml, DNase-free) was added. After a 30 min incubation at 37°C, the solution was extracted
once with phenol/chloroform and once with chloroform. DNA was precipitated by the addition
of 700 III of isopropanol, followed by 15 min at -20°e. The pellet produced by centrifugation
at 1 2,000g for 15 min was dried, and resuspended in 1 00JlI of 100 mM NaCI. It was then
reprecipitated by adding 300 III of ethanol and standing at -20°C for 20 min. The DNA was
pelleted by centrifugation for 10 min, washed in 70% ethanol, vacuum dried and resuspended
in 20 Jll of TE buffer.

2.5.17 Large scale preparation of plasmid DNA

Methods for isolation and purification of plasmid DNA on a large scale were based on those of
Sambrook et al. (1989).

A single bacterial colony was used to inoculate 10 ml LB containing 30 Jlg/ml ampicillin .
After growing at 37°C for several hours with vigorous shaking, the whole culture was added to
500 ml LB containing 30 Jlg/ml ampicillin, and grown overnight at 37°C with vigorous
shaking to aerate the medium. The culture was centrifuged at 8000g for 10 min to pellet the
cells. Bacterial cells were resuspended in 1 5 ml of a solution containing 50 mM glucose, 25
mM Tris pH 8, 10 mM EDTA pH 8 and 5 mg/ml lysozyme, and left at room temperature for
10 min. An ice cold solution of 0.2 N NaOH and 1% SDS (30 ml) was added, and the solutions
mixed by inversion, and chilled on ice for 1 0 min. After a further addition of 22.5 ml of ice
cold 3M potassium acetate/2 M acetic acid, the solutions were mixed by swirling and again
chilled on ice for 10 min. After centrifugation at 9000g for 20 min, the supernatant was poured
into a new bottle, and the plasmid DNA precipitated by the addition of 0.6 volumes o f
isopropanol, and cooling a t -20°C for 1 h. Th e plasmid DNA was pelleted b y centrifugation at
1 600g for 20 min, and the pellet washed twice with 40 ml of ice cold 70% ethanol. After
vacuum drying, the plasmid DNA was resuspended in 5 ml TE buffer. Plasmid DNA was
further purified by CsCI centrifugation or polyethylene glycol precipitation.
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2.5.17.1 Cesium chloride centrifugation

The solution of plasmid DNA was centrifuged at 6000g for 10 min to remove insoluble debris.
Ethidium bromide was added to a concentration of 630 Jlg/ml, and 1 g of CsCI was added per
ml of solution. After gentle mixing to dissolve the salt, the solution was centrifuged at 1 2,ooog
for 15 min to remove insoluble matter. The density of the solution was measured by weighing
a 1 00 Jll aliquot, and adjusted to 1 .55 glml by adding more CsCI or TE. The solution was
transferred to a tube fitting a Beckman ultracentrifuge Ti65 vertical rotor. The tube was sealed
and centrifuged at 40,000 rpm for 1 6 h. The large band of plasmid DNA in the centre of the
tube was removed by inserting an 1 8 gauge needle, bevelled side upwards, at the bottom of the
plasmid band. A 2 1 gauge needle was inserted in the top of the tube, and a syringe used to
increase pressure in the tube. The plasmid DNA solution was collected as it escaped through
the 1 8 gauge needle. Ethidium bromide was removed from the plasmid D N A solution by
extracting 5 times with salt-saturated isopropanol. This was prepared by stirring isopropanol
o vernight with a solution of 5 M NaCl, 1 0 mM Tris pH 8 , 1 mM EDTA, and leaving the
phases to separate. To remove CsCI from the plasmid DNA solution, it was dialysed in 2 1 of
TES buffer ( 1 0 mM Tris pH 8, 1 mM EDTA, 1 00 mM NaCl) for 4 h. The TES buffer was
replaced and the 4 h dialysis repeated three more times. The DNA was then precipitated with
sodium acetate and ethanol, pelleted, washed with 70% ethanol, vacuum dried and resuspended
in lE.

2.5.17.2 Polyethylene glycol precipitation

An equal volume of ice cold 5 M LiCI was added to the solution of plasmid D NA in TE, in
order to precipitate out the high molecular weight RNA. The solutions were mixed well and
centrifuged at 1 2 ,000g for 1 0 min. The supernatant was added to an e qu al volume o f
isopropanol, mixed and cooled at -20°C for 1 0 min. After centrifugation at 12,OOOg for 10 min,
the supernatant was removed and the pellet washed in 70% ethanol, vacuum dried and
resuspended in lE. RNase A was added to 20 Jlglml, and the solution incubated at 37°C for 30
min. An equal volume of 1 .6 M NaCV13% PEG 6000 was added, and the solutions mixed and
centrifuged at 1 2,000g for 5 min. The pellet was resuspended in TE, extracted sequentially
with phenol, phenoVchloroform and chloroform, then precipitated with sodium acetate and
ethanol, and resuspended in lE.
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2.5.18 Storage of bacteria

Bacterial colonies were stored for up to one month on LB agar containing 1 00 J.1g/rnl ampicillin
or 15 J.1g/ml tetracycline as appropriate. For long term storage glycerol stocks were prepared
(Sambrook et aI. , 1 989). Bacteria were cultured overnight in 10 rnl LB medium with antibiotics
as appropriate (30 J.1g/ml ampicillin or 1 5 J.1g/ml tetracycline). Aliquots of the cultures were
stored at -20°C in 50% glycerol or at -80°C in 15% glycerol.

2.6 REAGENTS

T E w a s 1 0 m M Tri s [ T r i s ( h y d r o x y m e th yl ) a m i n o m e t h a n e ] , 1 m M E D T A
(ethylenediaminetetraacetic acid), pH 8.0. The pH ofTris solutions was adjusted with HCl.

Ligation buffer was 20 mM Tris pH 7.5, 1 0 mM MgCl 2 , 1 0 mM dithiothreitol and 0.6 mM
ATP.

TBE was 0.09 M Tris-borate, 0.002 M EDTA.

2.6.1 Reagents used for RNA preparation and electrophoresis

Guanidine isothiocyanate buffer was 4M guanidine isothiocyanate, 25 mM trisodium citrate,
and 0.7% �-mercaptoethanol, pH 7.0. Guanidine isothiocyanate with sarkosyl was as above but
with the addition of 5 mg/ml N-Iauroylsarcosine.

HEPESIEDTA buffer was 10 mM N-2-hydroxyethylpiperazine-N' -2 ethanesulfonic acid and 1
mM EDTA, and was DEPC treated (Le. 0. 1 % diethylpyrocarbonate was added, and the
solution left overnight then autoclaved).

MOPS buffer was 0. 1 M 3-(N-morpholino)propanesulphonic acid, 25 mM sodium acetate, 5
mM EDTA, pH 7.0.
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2.6.2 Buffers used for the oligo(dT) cellulose column

Loading buffer was 0.5 M NaCI, 1 mM EDTA, 20 mM HEPES, pH 7.6. Washing buffer was
0. 1 M NaCI, 1 mM EDTA, 20 mM HEPES, pH 7.6. Elution buffer was 1 mM EDTA, 1 0 mM
HEPES, pH 7.5. All were treated with DEPC.

2.6.3 Solutions used with bacteria and phages

LB (Luria-Bertani medium) was 1 % tryptone, 0.5% yeast extract, 1 % NaCI, pH 7.5. LB agar
was 1 5 g agar/l LB. LB top agarose was 7 g agarose/I LB .

IPTG (isopropylthio-�-D-galactoside) was 25 mglml in deionized water. X-gal (5-bromo-4chloro-3-indolyl-�-D-galactoside) was 25 mg/ml in dimethylformamide.

SM buffer was 20 mM Tris pH 7.5, 100 mM NaCI, 10 mM MgS04•

2.6.4 Solutions used for hybridizations

Denhardt' s reagent (50x) was 1 % Ficoll Type 400, 1 % polyvinylpyrrolidine, 1 % bovine serum
albumin fraction V.

SSPE (20x) was 3 M NaCl, 0.2 M NaH2P04, 0.02 M EDTA, pH 7.4.

SSC (saline sodium citrate, 20x) was 3 M NaCI, 0.3 M sodium citrate, pH 7 .0.

Herring sperm DNA (denatured, fragmented) was 10 mg/ml in water, sheared by repeatedly
passing through an 1 8 gauge needle, boiled 10 min, and boiled again for 5 min just prior to use.
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2.6.5 Oligonucleotide primers

Primers for cDNA synthesis and PCR were synthesized by Dr. Paul Eating of DSIR Grasslands
on an Applied Biosystems PCR-MATE 39 1 DNA synthesizer, or purchased from Oligos Inc.,
USA.

2.7 BACTERIAL STRAINS AND VECTORS

Escherichia coli strains C600, C600 hjlA, XLI (XLI -Blue) and vectors AgtlO, pUC 18, pUC 19
are described in detail by Sambrook et al. (1989). Details of pGEM3Zf+ and pGEM3Zf- are
given in the Promega Biological Research Products Catalogue ( 1 990/9 1). Relevant features of
these strains and vectors are outlined below.

Agtl O is a bacteriophage A derivative with a unique EcoRI site in the phage repressor gene (eI)
which is used for cloning small fragments, up to approximately 6 kb. When propagated in E.

coli C 600, the parental Agt l O, which is eI+, forms turbid plaques, while recombinants (cl-)
form clear plaques. Recombinants are selected by growing them on E. coli C600 hflA. When
grown on an hjlA strain, the cI+ non-recombinants lysogenize at high frequency, whereas the
cl- recombinants don ' t. Recombinants form large plaques which are ideal for screening by
nucleic acid hybridization.

The plasmids pUC I 8, pUC 19, pGEM3Zf+ and pGEM3Zf- all have multiple cloning sites in
the lacZ (p-galactosidase) gene allowing blue/white selection of recombinants on X-gal. They
also all have the p-Iactamase gene conferring ampicillin resistance, and have binding sites for
the pUCIMI 3 forward and reverse sequencing primers at each end of the multiple cloning site.
The only difference between pUC 1 8 and pUC I9 is the orientation of the multiple cloning site
with respect to the rest of the plasmid.

E. coli XLI (or XL I -Blue) carries an F' plasmid with a gene for tetracycline resistance and one
which allows blue/white selection on X-gal.

65
CHAPTER 3 : RESULTS

3.1 CONSTRUCTION OF A HORSE LIVER eDNA LIBRARY

The construction of a horse liver cDNA library was a complex process involving several steps,
from the collection of tissue to assessing the quality of the completed library. At almost every
stage of this process the products were analysed to ensure that they were of a suitable quality,
as detailed below. The only indication that the library might be flawed was observed when the
inserts of several clones from the library were analysed.

3.1.1 Isolation of RNA

RNA was isolated from the liver of a horse with transferrin phenotype DFI. The yield of RNA
was approximately 0.7 mg/g of liver. A solution of the RNA had a ratio of absorbance at 260
nm to 280

nm

of 1 .97. This is close to the value of 2.0 which indicates a pure preparation of

RNA. Electrophoresis of the total RNA in a formaldehyde-agarose gel revealed clear ribosomal
RNA bands, indicating that the RNA was not extensively degraded (Figure 7 A, lane 3).

When poly(At RNA was isolated from total RNA using an oligo(dT) cellulose column, the
poly(A)- fraction w as eluted first as a large peak. After the addition of low-ionic strength
elution buffer, the smaller poly(At peak was recovered, as shown in the elution profile (Figure
8). The yield of poly(At RNA, calculated from its absorbance at 260 nm, was 1 8 Jlg, obtained
from 2 mg of total RNA.

3.1.2 Northern blotting

A Northern blot carrying total RNA, poly(At RNA and poly(Ar RNA revealed hybridization
to the human transferrin probe in both the total RNA and poly(AY RNA lanes, but not in the
poly(AY lane. This is shown in Figure 7B. A single band was observed in the total RNA lane,
while the more intense band in the pol y(A)+ lane was s meared, probably due to partial
degradation of the transferrin mRNA.
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Figure 7. Analysis of preparations of total, poly(At and poly (At RNA.

A. Electrophoresis of RNA isolated from horse liver.
B. Northern blot of the gel in A, hybridized with the human transferrin cDNA.

Lane 1 :

Poly(A)" RNA, 10 Ilg

Lane 2 :

Poly(At RNA, 3 1lg

Lane 3 :

Total RNA, 10 Ilg

Electrophoresis was in a 1 .2% agarose gel, run at 80 V for 3.5 h. Hybridization was overnight
at 42°C, and the final wash of the membrane was at 42°C in O. I x SSC/O. 1 % SDS.
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Figure 8. Elution of RNA from oligo(dT) cellulose column. Crosses represent absorbance
readings of 1 m1 fractions. Dotted line represents NaCI concentration of buffer. The large
poly(A)- peak eluted first in loading buffer (0.5 M NaCI), whereas the small poly(A)+ peak was
eluted after the addition of elution buffer containing no NaG.

68
The size of the horse transferrin mRNA was estimated using the 1 8S and 28S rRNA bands as
size markers, under the assumption that the sizes of horse rRNAs were approximately the same
as rat liver rRNAs, that is, 1 874 and 47 1 8 bases respectively (Lewin, 1 990). The resulting size
estimate for horse transferrin mRNA was approximately 2800 bases.

3.1.3 eDNA synthesis
In the pilot cDNA synthesis experiment, the proportion of [cx-32p]dCTP i ncorporated during
second strand synthesis was 1 .4%. Therefore 1 .4% of the 40 nmol of nucleotide triphosphates
in the reaction should have been incorporated, that is 0.56 nmol. As nucleotide triphosphates
have a m olecular weight of approximately 350, 0.56 nmol of nucleotides incorporated
represents 196 ng of second strand cDNA. With the inclusion of the first strand, this becomes
392 ng of eDNA synthesized. As 1 1lg of RNA template was used, the theoretical yield is 2 Ilg
of cDNA. The actual yield was 20% of this, a yield within the range expected for the kit used.

In the large scale reaction, 4. 1 % of the 100 nmol (or 4. 1 nmol) of nucleotide triphosphates
were incorporated into second strand cDNA. This represents 1 435 ng of second strand cDNA,
or a yield of 2870 ng of cDNA. This is 29% of the theoretical yield of 10 Ilg from 5 Ilg of
template mRNA.

Electrophoresis of the cDNA synthesis reaction showed the presence of products over a wide
size range, most abundant between 1 and 3 kb, as shown in Figure 9.

3.1.4 Methylation of eDNA

In the trial methylation of A.. DNA, designed to estimate the activity of the &oRI methylase, 6
U of methylase was required to completely methylate 1 1lg of A.. DNA, as shown in Figure lOA.
lt was assumed that the conditions appropriate for methylation of lambda DNA would also be
suitable for methylation of the cDNA. The A.. DNA methylated in parallel with the cDNA
(Section 2. 1 . 6) remained intact when digested with EcoRI, whereas unmethylated A.. DNA was
cut to completion (Figure l OB). This indicated that the cDNA sample should be adequately
methylated.
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Figure 9. Products of the cDNA synthesis reaction.

Lane 1 :

A DNA digested with HindIII and end-labelled with 32p, for a size
standard.

Lane 2:

2 � aliquot from the cDNA synthesis reaction.

Electrophoresis w as in a 1 % agarose gel, run at 100 V for 4 h, and autoradiographic exposure
was for 1 6 h.

1

kb

4- 42-3 2- 0-

2
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Figure 10. Trial methylation of A. DNA.

A. I llg of A. DNA methylated with a range of quantities of EcoRI methylase, then digested
with EcoRI.

Lane 1 :

o U methylase

Lane 2:

1 U methylase

Lane 3:

2 U methylase

Lane 4:

4 U methylase

Lane 5:

6 U methylase

Lane 6:

8 U methylase

Lane 7:

BRL (Bethesda Research Laboratories) 1 kb ladder (size standard)

B . A. DNA methylated in parallel with cDNA as a control.

Lane 1 :

1 Ilg unmethylated A. DNA cut with 5 U EcoRl

Lane 2:

1 Ilg A. DNA methylated with 20 U methylase, in parallel with eDNA
sample, then digested with 5 U EcoRI.

Lane 3:

BRL 1 kb ladder
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3.1.5 Removal of linker fragments from eDNA

The elution profile of the Sepharose CL-4B column used to remove linker fragments from the
cDNA sample following cleavage with EcoRI, is shown in Figure 1 1 . The first, smaller peak
corresponds to cDNA, and the larger peak to the linker fragments. The radioactivity in the
fractions is due to the 32p label on the linkers. The size of the cDNA peak relative to the linker
peak reflects the small proportion of the linkers which are ligated to cDNA. As the linkers are
in excess in the reaction, the cDNA peak is expected to be smaller than the linker peak.

3.1.6 Ligation of eDNA into AgtlO

&oRI digestion of AgtlO DNA produced two fragments corresponding to the expected sizes of
33 and 1 1 kb.

Electrophoresis of cDNA-Agtl O ligation reactions, together with controls (Section 2. 1 . 1 0),
gave evidence of a successful ligation (Figure 12). The unligated Agtl O-pUC I 8 reaction (lane
2) had 3 fragments, the two larger ones being Agt l O arms. The smaller pUC 1 8 fragment is not
visible i n Figure 1 2 . The ligated equivalent (lane 3) has been reduced to a single high
molecular weight fragment. Likewise, the ligated AgtlO-cDNA appears as a single band (lane
4), indicating that ligation has occurred. The Agtl O-cDNA ligation product (lane 4) appears to
be smaller than the larger Agtl 0 arm in lane 2. The reason for this is not known. The important
feature to note is that only a single band is present in lane 4, revealing that the Agtl 0 arms have
ligated.

3.1.7 Titre of eDNA library

The packaged cDNA library, obtained from 5 Ilg of vector, had a titre of 3 .7 x l 06 plaque
forming units (pfu). Of these, 5 .3 % formed the clear plaques indicative of recombinants.
Therefore, the library was estimated to contain 2x l OS recombinant clones. After amplification
of the library on Escherichia coli C600 hflA, the titre of recombinants was 5x106 pfufJ.1l.
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Figure 1 1 . Elution of cDNA and linker fragments from Sepharose CL-4B column. The cDNA
was eluted first followed by the linker fragments. The radioactivity in the cDNA was from the
linkers ligated to it. The linker peak is much larger than the cDNA peak due to the large excess
of linkers in the ligation reaction.
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Figure 12. Ligation of cDNA to Agt l O arms.

Lane 1 :

BRL 1 kb ladder (size standard)

Lane 2:

Unligated Agtl O arms and pUC 1 8 cut with EcoRl (control)

Lane 3:

Ligation of above (control)

Lane 4:

cDNA ligated to AgtlO arms

In both lanes 3 and 4 a single high molecular weight band is present indicating that ligation has
occurred.
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3.1.8 Assessment of library quality

Of ten clones chosen at random from the library, all but one contained i nserts visible after
agarose gel electrophoresis, as shown in Figure 1 3 . The insert sizes were in the range 0.2 - 3.2
kb. TIlis range includes i nserts large enough to encode the complete horse transferrin cDNA.
However, only Single fragments were obtained for each clone, indicating an absence of internal

EcoRl sites. As EcoRI would be expected to cut DNA once in every 4096 bp on average, a few
of the inserts were expected to have internal EeaRI sites. TIll s suggests that the methylation
step may not have worked efficiently.

3.2 HORSE TRANSFERRIN cDNA-AGT10 CLONES

When the horse liver cDNA library was screened by hybridization with all or parts of the
human transferrin cDNA, a number of positive clones were isolated. Closer inspection revealed
that all the positive clones contained one of two contiguous fragments of horse transferrin
cDNA, comprising 1 800 bp of cDNA.

3.2.1 300 bp clones

Screening of 200,000 Agtl O clones using the complete human transferrin cDNA as a probe
produced ten strong positive signals. When DNA isolated from these clones was cut with Bglll
and HindUI, a 1 400 bp fragment was produced in place of the 1 1 00 bp fragment which
contains the cloning site i n Agtl O . This showed that there was a 300 bp insert in all ten clones.
Digests of six of these clones are shown in Figure 14A. A Southern blot of these digests,
hybridized with the human transferrin cDNA, produced a positive Signal on all ten 1 400 bp
bands. Figure 14B shows the hybridization signal from six of the clones, together with the
Agtl O negative control (lane 4). The insert from one of the ten clones (Figure 1 4, lane 5) was
isolated and used to reprobe the Southern blot of the ten Agtl 0 digests. All ten gave signals of
comparable intensity, confirming that all ten clones have similar inserts (see Figure 14C). The
probe also hybridized to high molecular weight fragments. These are likely to be the products
of incomplete digestion. Two of the 300 bp inserts (Figure 1 4, lanes 5 and 7) were subcloned
and sequenced. The sequence had 80% identity to bases 1 5 1 1 - 1 804 of human transferrin
cDNA.
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Figure 1 3 . EeoRI digests of ten clones chosen at random from the cDNA library, showing
insert sizes.

Lanes 1 & 1 2 :

B RL 1 kb ladder (size standard)

Lanes 2

Clones chosen randomly from cDNA library
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Figure 14. Agtl 0-cDNA clones isolated from the eDNA library using the whole human
transferrin eDNA as a probe.

A.BglI1/HindIII digests of AgUO-eDNA clones

B. Southern blot of A, hybridized with the human transferrin eDNA probe
C. Southern blot of A, hybridized with 300 bp insert

Lanes 1

-

3:

AgUO-cDNA clones

Lane 4:

AgUO

Lanes 5 - 7 :

AgUO-eDNA clones

Lane 8:

B RL 1 kb ladder

Electrophoresis was in a 0.7% agarose gel, run at 30 V for 1 5 h. Hybridizations were at 65°C
and final washes at 70°C in 1x SSc/O. l % SDS.
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3.2.2 1500 bp clones

When the library was screened further using the 5' 1 500 bp of the human transferrin cDNA as
a probe, six positive clones were obtained, two of which gave a particularly strong signal.

BgllIlHindIII digests of the DNA from these clones revealed 2600 bp fragments in place of the
1 1 00 bp ",gtlO fragment in the two strong positives, indicating 1500 bp inserts (Figure 1 5A,
lanes 2 & 8). Three of the weaker positives contained 300 bp inserts (Figure 1 5 A, lanes 3, 4 &
7). Hybridization of the 5 ' 1500 bp of the human transferrin cDNA to a Southern blot of these
digests gave strong signals for the 1 500 bp inserts, and very weak signals for the three 300 bp
inserts (Figure 15B). No signal was observed for the ",gtl0 control Oane 5) or the clone in lane
6.

The 300 bp i nserts were shown by hybridization to be similar to the first ten 300 bp inserts
( Figure 1 5C). This was unexpected as the 1 5 00 bp human transferrin cDNA probe was
constructed with the i ntention of excluding sequence equivalent to the 300 bp fragment of
horse transferrin cDNA, in order to avoid isolation of more clones containing the 300 bp
fragment. The isolation of these clones probably resulted from contamination of the probe
preparation with other fragments of the human transferrin cDNA. This also explains the weak
hybridization of the fragments containing the 300 bp insert in Figure 15B. The 1 500 bp inserts
did not hybridize to the 300 bp probe (Figure 15C, lanes 2 & 8) indicating that there is no
overlap between these two fragments of horse transferrin cDNA.

After subcloning into pGEM3Zf+, the 1500 bp inserts were isolated and digested with a range
of restriction enzymes to determine if there were major differences between the two clones. No
differences were detected, as shown in Figure 16.

3.2.3 Subclones for sequencing the 1500 bp clone

For complete sequencing of both strands of the 1 5 00 bp insert, it was necessary to create a
range of subclones by deleting sections from either end of the insert. As explained in Section
2.2.5, the orientation of the insert within the cloning cassette had to be reversed to produce the
second set of deletions. The orientation of the insert within the cloning cassette was determined
by digestion with HincII. There is a HincH site approximately 600 bp from one end of the 1 500
bp i nsert. Another HincH site is present in the cloning cassette and therefore lies at one end of
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Figure 1 5 . Agt l O-cDNA clones isolated from the cDNA library using the 5' 1 500 bp of the
human transferrin cDNA as a probe.

A. BglWHindIII digests of AgtlO-cDNA clones.

B. Southern blot of A, hybridized with the 5' 1500 bp of the human transferrin cDNA.
C. Southern blot of A, hybridized with the 300 bp probe.

Lane 1 :

BRL 1 kb ladder

Lanes 2 - 4:

Agtl O-cDNA clones

Lane 5:

AgtlO

Lanes 6 - 8 :

AgtlO-cDNA clones

Electrophoresis was in a 0.8% agarose gel, run at 30 V for 15 h. Hybridizations were at 70°C
and final washes at 70°C in I x SSC/O. I % SDS.
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Figure 1 6 . Digests of the 1 500 bp inserts from two Agt l O-cDNA clones (lanes 2 and 8 in
Figure 15).

Lanes 1 & 12:

BRL 1 kb ladder

Lane 2:

Clone 2 digested with AZul

Lane 3:

Clone 8 digested with AZul

Lane 4:

Clone 2 digested with HaeIII

Lane 5:

Clone 8 digested with HaeIII

Lane 6:

Clone 2 digested with HpaH

Lane 7:

Clone 8 digested with HpaH

Lane 8:

Clone 2 digested with Rsal

Lane 9:

Clone 8 digested with Rsal

Lane 10:

Clone 2 digested with Sau3AI

Lane 1 1 :

Clone 8 digested with Sau3AI
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the insert. The fragment excised by HincII is 600 bp or 900 bp depending on the orientation of
the insert. Cloning of the purified insert into pGEM3Zf+ yielded only clones with the same
orientation as the original. Cloning the purified insert into pUC 1 8 and pUC 19 gave clones in
both orientations. Of six clones analysed, the three in pUC 19 had the insert in the original
orientation, while pUC 1 8 had them in the reverse orientation, as shown in Figure 17. The only
difference between pUC 1 8 and pUC 1 9 is in the orientation of the cloning cassette. Therefore,
by inserting into pUC 1 8 and pUC 1 9 in opposite orientations with respect to the cloning
cassette, the insert maintains the same orientation with respect to the rest of the plasmid. As the
cloning cassette lies in the lacZ (�-galactosidase) gene, it seems likely that it is the orientation
of the insert with respect to this gene which is important. It is not clear why clones containing
inserts in the opposite orientation within the lacZ gene were not isolated. This question was not
pursued as the pUC 1 8 clones contained the insert in the desired orientation within the clOning
cassette.

Exonuclease III digestion of the plasmids containing the 1500 bp insert in either orientation
yielded serial deletions of the insert from one end of the linearized plasmid. This is shown by
the decreasing fragment sizes in Figure 1 8. Self-ligation of these fragments produced plasmids
which yielded sequence data completely covering both strands of the 1 5 00 bp insert (see
Figure 2 1 , Section 3.4).

The sequence of the 1500 bp fragment indicated that it corresponded to the 5' end of the human
transferrin cDNA, through to base 15 10. Thus it was contiguous with the previously sequenced
300 bp fragment, joining it at an EcoRI site.

3.2.4 Screening for the 3' end of horse transferrin cDNA

When the library was screened extensively with a probe comprising the 430 bp at the 3 ' end of
the human transferrin cDNA, in order to find the 3' fragment of the horse transferrin cDNA, no
positive clones were found.
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Figure 17. HincH digests of plasmids containing the 1 500 bp fragment of horse transferrin
cDNA.
Lanes 1 3 :

pUC 1 8 clones

Lanes 4 6 :

pUC 1 9 clones

Lane 7 :

BRL 1 kb ladder

-

-

There is a HincH site approximately 600 bp from one end of the 1500 bp insert. Another HincH
site is present in the cloning cassette and therefore lies at one end of the insert. The fragment
excised by HincH is therefore 600 bp or 900 bp depending on the orientation of the insert.
Where two inserts are present in the same orientation, two fragments are excised; one of 1 500
bp and the other of 600 bp or 900 bp, as in lanes 2 and 4. The digests reveal that the insert is
present in pUC 1 8 in one orientation and in the opposite orientation in pUC I9.
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Figure 1 8. Products of the exonuclease digestion of pUC 1 8 carrying the 1 500 bp fragment of
horse transferrin cDNA.

Lanes 1 & 12:

B RL 1 kb ladder

Lanes 2 - 1 1 :

Aliquots removed from the exonuclease reaction at 30 s intervals.

The plasmid was digested with exonuclease III after linearization with SmaI and SphI. The first
aliquot was taken after 30 s and the last after 5 min.
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3.3 HORSE TRANSFERRIN eDNA 3' REGION
As the remainder of the horse transferrin cDNA, the 3 ' end, could not be isolated from the
cDNA library, it was instead obtained using PCR.

3.3.1 Amplification of the 3' region

PCR designed to amplify the 3 ' end of the horse transferrin cDNA, as described in Section
2.2.6, gave a product of the expected size of 800 bp (Figure 19A, lanes 2 & 3). An unexpected
480 bp product was also observed. The positive control from the GeneAmp kit produced the
expected 500 bp product (Figure 19A, lane 4). A Southern blot of the PCR products is
illustrated in Figure 19B. The 800 bp product in lanes 2 and 3 hybridized to the human
transferrin cDNA probe, but the 480 bp product did not. The hybridization signal appears as a
smear which is most intense at the position of the 800 bp fragment. The smear is probably due
to incomplete PCR products smaller than 800 bp, and larger products synthesized directly from
the cDNA template, and therefore extending beyond the opposite primer.
The 800 bp product was isolated, and digested with EeaR! and BamHI. The EeaR! digest gave
fragments of the expected sizes of approximately 300 and 500 bp, as shown in Figure 20, lane
3, confirming the identity of the product. The 300 bp fragment was equivalent to the insert in
the 300 bp clones isolated from the library, whereas the size of the 500 bp fragment was
predicted by homology with the human transferrin sequence. BamHI did not appear to cut the
800 bp fragment, indicating that the BamHI site at the extreme 3' end, introduced via the PCR
primers (Section 2.2.6), was likely to be the only BamHI site in the fragment. This site should
therefore be useful for clOning the fragment into pGEM3Zf+. A small quantity of pUC1 8 DNA
was included in the digests to check that the enzymes were cutting efficiently. This is evident
in Figure 20 as faint bands at 2.7 kb in lanes 3 and 4.

3.3.2 Sequencing of the 3' region
The sequence of the 800 bp PeR product included the PCR primer derived from sequence at
the 3 ' end of the 1 5 00 bp Agt l O clone, the sequence of the 300 bp Agtl O clone, and
approximately 500 bp of sequence homologous to the 3' end of the human transferrin eDNA,
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Figure 19. Amplification of the 3' region of the horse transferrin cDNA by PCR.

A. Electrophoresis of the products of the PCR.
B. Southern blot of the gel in A, hybridized with the human transferrin cDNA.

Lane 1 :

BRL 1 kb ladder

Lanes 2 & 3:

PCR products from the amplification of the 3 ' region of the horse
transferrin cDNA.

Lane 4:

PCR positive control (500 bp)
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Figure 20. Restriction enzyme digests of the 800 bp PCR product.

Lane 1 :

Undigested 800 bp fragment.

Lane 2:

BRL 1 kb ladder

Lane 3:

BamHI digest of the 800 bp fragment

Lane 4:

EcoRI digest of the 800 bp fragment.

The faint 2.7 kb fragments in lanes 3 and 4 are pUC 1 8 DNA included in the digests as a
positive control of the enzyme activity.
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including a poly(A) tail. This confirmed that the 1500 and 300 bp fragments do join at an
EcoRI site. Sequence data were obtained from two other clones containing the 5 00 bp
EcoRIIBamill fragment at the 3' end of the cDNA, from separate PCR reactions (Figure 2 1 ,
Section 3 .4). The sequence from the second 500 bp clone differed from the first and third
sequences each at one position. One of these differences was a cytosine/thymine substitution at
position 1 962 of the complete sequence, which is in the 3rd position of a codon and would not
produce a substitution in the amino acid sequence. The other is an i nsertion/deletion of a
thymine in the 3 ' untranslated region, adjacent to the poly(A) tail. These differences could be
due to PCR errors or could be differences between the D and F 1 alleles. The sequence reported
for this 500 bp region is the consensus of the sequences of the three clones.

3.4 HORSE TRANSFERRIN cDNA AND PROTEIN SEQUENCES

The horse transferrin cDNA sequence was obtained by combining sequence data from a
number of clones, as shown in Figure 2 1 .

3.4.1 Features of the cDNA sequence

The horse transferrin cDNA sequence and its predicted translation product are shown in Figure
22. The sequence consists of 2305 bp plus a poly(A) tail. It includes 24 bp 5 ' to the start codon
A TG . The s to p codon T AA i s followed b y a 3 ' untranslated region o f 1 60 bp. A
polyadenylation signal AATAAA is located at position 2277-2282.

3.4.2 Features of the amino acid sequence

The predicted translation product is a polypeptide of 706 amino acids, including a putative
signal peptide of 19 residues. The calculated molecular weight of the mature peptide chain is
76, 1 04. Two possible glycosylation sites are present: NST at positions 5 1 5-5 1 7 and NGS at
638-640.
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Figure 2 1 . Horse transferrin cDNA clones and sequencing strategy. Inserts from Agtl O clones
are represented by black bars. Cloned peR products are represented by grey bars. Black arrows
represent sequence data obtained from AgtlO clones and subclones produced by exonuclease
digestion of the 1 500 bp fragment. Dashed arrows represent sequence obtained from cloned
peR products and subclones produced by restiction enzyme digestion. E=EcoRI site. X=XhoI
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Figure 22. Horse transferrin cDNA sequence and its predicted translation product. The nucleotide
sequence is numbered from the fIrst nucleotide sequenced. The amino acid sequence is numbered
from the first residue i n the signal peptide. The start codon A T G , stop codon T AA and
polyadenylation signal AATAAA are underlined. The glycosylation signals NST and NGS, and the
signal peptide are written in bold text
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3.4.3 Duplicated structure of horse transferrin

B oth the cDNA sequence and its transl ation product show the duplicated structure
characteristic of the transferrin family. The cDNA sequence can be divided into two sections
which are 5 1 % identical. Likewise the protein sequence halves are 43% identical. Figure 23
shows an alignment of the N- and C-tenninal halves of the amino acid sequence.

3.4.4 Comparison with other transferrins

The horse transferrin cDNA sequence is 80% identical to human transferrin cDNA. The amino
acid sequence of horse transferrin is 73% identical to that of human transferrin. Further
comparisons of horse transferrin to other members of the transferrin family are presented in the
discussion (Section 4.2.2).

3.5 POLYMORPIDSM OF HORSE TRANSFERRIN

The positions of the two polymorphic sites in the horse transferrin cDNA and protein,
predicted by combining the data of Chung and McKenzie ( 1985) with the horse transferrin
sequence, are shown in Figure 24. These lie in the regions equivalent to exon 12 and exon 1 5
in human transferrin. As the intronlexon pattern appears to be conserved among chicken and
human serum transferrin genes and the mouse lactoferrin gene, it is likely that the same pattern
is present in the horse transferrin gene. Therefore, the names exon 12 and 15 will be used for
the regions of the horse transferrin cDNA and gene equivalent to exons 12 and 1 5 in the human
transferrin gene.

3.5.1 Exon 12

A polymorphic Sau3AI site was predicted in exon 12 of the horse transferrin gene based on the
data of Chung and McKenzie ( 1 985). Figure 25 shows two Southern blots of genomic DNA
from ten horses of different transferrin phenotypes, cut with Sau3AI and hybridized with an
exon 12 probe (Section 2.3. 1) The probe hybridized to a 0.9 kb fragment when the alleles D,
.

Fl, F2, H2 or * were present, and to a 1 kb fragment when 0 or R alleles were present. These
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Figure 23. Duplication in the amino acid sequence o f horse transferrin. This alignment gives
the maximum identity of 43% between the halves. Vertical lines mark identical amino acids.
Single and double dots between the sequences mark moderately and highly conservative
substitutions, respectively. Dots in the sequences mark gaps introduced to align the sequences.
This alignment was produced using the Gap program of the GCG package (Devereux et al. ,
1 984).
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Figure 24. Polymorphic sites in exons 12 and 15. The regions of the horse transferrin cDNA
sequence equivalent to exons 12 and 15 of the human transferrin gene are shown, together with
the predicted translation products of these regions. The peptides shown b y Chung and
McKenzie ( 1 985) to differ between the D and R variants, are aligned above the translation
product. The sequences of the primers used for PCR amplification of these regions are shown
below the cDNA sequence. The Sau3AI site in exon 12 which was predicted to be polymorphic
is shown in bold type. The nucleotides which were predicted to be polymorphiC are underlined.
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Figure 25. Southern blots of horse genomic DNA digested with Sau3AI and hybridized with an
exon 12 fragment of the horse transferrin gene. Lanes 2

-

1 1 contain DNA from horses with the

transferrin phenotypes stated below. Polymorphic bands are marked by arrows. The probe
hybridizes to a 0.9 kb fragment when the D, Fl, F2, H2 or * alleles are present and to a 1 kb
fragment when the 0 or R alleles are present.
2

Lanes 1 & 12:

A. DNA digested with HindIII, and end-labelled with 3 p (size standard)

Lane 2:

OR

Lane 3:

DR

Lane 4:

DD

Lane 5:

DH�

Lane 6:

DFl

Lane 7:

DF2

Lane 8:

F2H2

Lane 9:

DO

Lane 10:

FlR

Lane 1 1 :

D*

Electrophoresis was in 1 % agarose gels, run at 50 V for 12 h. Approximately 6 Ilg of DNA was
loaded per lane. Hybridization was at 60°C, and the final wash was at 60°C in I x SSC/O. 1 %
SDS.

1
kb
2 3 -1 9-46-64-4-

0-6-

2 3 4 5 8 7

8

10 1 1 1 2

94

fragments are marked by arrows in Figure 25. This confirmed the presence of the Sau3AI site
in the D allele, and its absence in the R allele.
The remaining 0. 1 kb fragment in the 0, Fl, F2, H2 and * alleles was not visible, probably due
to its small size. The 1 kb fragment characteristic of 0 and R alleles consistantly gave a
substantially stronger hybridization signal than the 0.9 kb fragment characterising the 0, Fl, F2,
H2 and * alleles. The probe also hybridizes to other fragments, present in all samples, including
a 1 .3 kb fragment which gives a fairly intense signal. These additional fragments may be due to
sequences in the horse genome which are similar to exon 12 of the transferrin gene, such as the
equivalent region of the lactoferrin gene, or perhaps a transferrin pseudogene. Alternatively,
they could be a result of using PCR to produce the probe. Amplification of the probe by PCR
gave products in addition to the one of the required size. Although the probe was purified by
isolation from an agarose gel, some contaminating peR products may still have been present,
and their hybridization would produce the extra bands.
As the Sau3AI site is present in all of 0, Fl, F2, H2 and *, the sequences must all be the same at
this site, i.e. the same as in the horse transferrin cDNA sequence reported above. The exon 12
region of D alleles from DD, DO and DR samples were sequenced to confirm this. The
sequences of the 0 and R alleles at this site were also determined by sequencing clones from
DO, DR and OR samples. In both 0 and R alleles, an adenine was substituted for a guanine
(Figure 26), creating an aspartate to glycine substitution in the protein. This confirms the
sequence of the R variant determined by Chung and McKenzie ( 1985).
In summary, the adenine at position 1403 in the 0, Fl, F2, H2 and * alleles is replaced by a
guanine in 0 and R. Consequently, the aspartate residue at position 460 in the D, Fl, F2, H2 and
* variants is replaced by a glycine in the 0 and R variants (see Table 2, Section 3.5.6).

The DNA sequence of an 0 allele from a DO individual had an additional synonymous
substitution in the cDNA, as shown in Figure 26. This change may have been O-typical,
specific to the individual or a PCR artefact. It was not studied further as it had no affect on the
protein sequence. As its authenticity was not confirmed, it will not be considered i n the
discussion.
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Figure 26. Polymorphic positions in the sequence of exon 12 of the horse transferrin gene.
Arrows mark the polymorphic bands. On the left is a D-type sequence from a DD sample. On
the right an O-type sequence from a DO sample. The upper arrow marks an NO substitution at
position 1403 which produces an aspartate/glycine substitution at position 460 in the amino
acid sequence. The lower arrow marks a synonymous A/T substitution which was not
confirmed in a second sample and could therefore be a PCR artefact.
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3.5.2 Exon 15

A guanine/adenine substitution was predicted in the sequence of exon 15 based on the
glycine/glutamate substitution observed by Chung and McKenzie ( 1985), which distinguished
the D and R variants of horse transferrin. Attempts to confirm the nucleotide substitution by
direct sequencing of PCR products gave inconclusive results, as outlined below. Sequencing of
cloned PCR products did confirm the predicted difference between the D and R alleles, as well
as revealing other differences between the two alleles. In addition, the five other alleles
sequenced were found to be identical or very similar to either the D or R allele.

PCR using primers 15/1 and 1512, as described in Section 2.3.3 and Figure 24, gave products
of the expected size ( 1 24 bp) for ten samples from horses with the phenotypes DD, DFI, DF2,
DH2 , DO, DR, D*, F I R, F2H2 and OR. Direct sequencing of these products using one of the
amplification primers for sequencing did not give very clear sequence data, but indicated that 9
of the 1 0 samples were identical to the equivalent region of the complete horse transferrin
cDNA sequence, denoted D-type, while the OR sample was different (Figure 27 A). These
results made little sense as the DR, and perhaps DO and FI R, samples were expected to appear
heterozygous. It was concluded that the results were artefactual, and were due to a bias in the
amplification process, such that in DO, DR and FIR samples, D and F I were amplified in
preference to 0 and R. This results from the primer sequences being based on the D-type
sequence, and indicates further polymorphism in at least one of the primer regions.

When PCR was used to amplify exon 15 using primers 1 511 and 15/3 (Section 2.3.3 & Figure
24), 9 of the 10 samples gave products of the correct size. The sequences of these 9 samples
were identical to the D-type sequence. The sequences of two of the samples, produced by
direct sequencing of PCR products using primer 1 512, are shown i n Figure 27B . No
heterozygosity was observed in the DR sample which was expected to show a polymorphism.
The tenth sample, from an individual of phenotype OR, didn't yield a PCR product of the
correct size, even when the annealing temperature was lowered to 40°C, and non-specific
products were appearing. These results indicated that the PCR was only amplifying D-type
sequences, probably due to differences in the primer-binding regions of the D- and R-type
alleles.

To circumvent these problems with amplification and direct sequencing, PCR products from
the primer pair 15/1 and 15/2 were cloned and sequenced. Clones were produced from samples

97

Figure 27. Direct sequencing of PCR products from exon 15 of the horse transferrin gene.

A. Direct sequencing of PCR products amplified using primers 15/1 and 1 5/2 and sequenced
using primer 1 5/2.

B. Direct sequencing of PCR products amplified using primers 15/1 and 1 5/3 and sequenced
using primer 1 5/2.

Arrows mark the positions which were predicted to be polymorphic. The phenotypes of the
samples are shown below the sequence. Note that the DO and F2H2 sequences in A appear to
"'"

be identical, whereas the OR sample is different, but the data is not good enough to show this
clearly. In B , the sequence can be read more easily, but the DD and DR sequences reveal no
differences. It was not possible to sequence an OR sample using a nested primer as there was
no PCR product when primers 15/1 and 15/3 were used with the DNA of phenotype OR.

B
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C TAG

CTA G
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of six phenotypes, specifically DO, DR, D*, FIR, F2H2, OR. Fortunately the bias in the peR
was not great enough to prevent 0 or R clones from being isolated from DO, DR and F I R
heterozygotes.

Sequences of clones from D* and F2H2 phenotypes were all identical to the D-type sequence
shown in Figure 28, indicating that the D, F2, H2 and * alleles are identical in the region
sequenced. Six clones were sequenced for each of the D* and F2H2 samples to reduce the
probability that clones with different sequences were present but not observed. The OR sample
gave a single sequence type (denoted O-type, shown in Figure 28) from all 6 clones sequenced.
DR and FIR samples produced clones of both D-type and R-type alleles. The R-type differed
from the O-type at a single position which was the base adjacent to the 3 ' primer (primer 15/2).
No O-types were isolated from the sample with phenotype DO, but a hybrid D/O (or DIR) was
found. This is thought to be a peR artefact indicating the presence of O-type alleles in this
individual. As the DR and FIR samples yielded an R-type sequence which differed from the
only sequence observed in the OR sample, either there are two slightly different R allele
sequences, one which is the same as the 0 allele in the region sequenced, or all six clones from
the OR sample were 0 alleles. It is possible that two variants differing only slightly in their
amino acid sequence would have identical electrophoretic mobility, and therefore both be
labelled as R variants. It is unlikely, though possible, that six identical clones would be
selected at random from a population containing equal quantities of two types of clone. It is
also possible that the population of OR clones contained a disproportionate number of 0 allele
clones.
In contrast to the single base substitution expected, the 0- and R-type sequences differed from
the D-type in 9 positions. Five of these base substitutions cause substitutions in the amino acid
sequence. Three of the nucleotide substitutions are in the third poSition of a codon and do not
alter the amino acids encoded. The ninth substitution is at the last base before the 3 ' primer and
is in the first poSition in the codon. This is the site which differed between the 0 and R alleles.
As the rest of the codon was not sequenced, it is not known what amino acids would be
encoded in the 0 and R variants. As the effect of this substitution on the amino acid sequence
is not known, it will not be considered in the discussion. Therefore, the exon 15 sequence for 0
and R variants will be treated as identical, and referred to as R-type. The polymorphisms
observed in exon 15 are summarised in Table 2.
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Figure 28. Polymorphic positions in the sequence of exon

15 of the horse transferrin gene. The

polymorphic positions are marked by arrows. The sequence on the left is from an OR sample.
The sequence on the right is from a DR sample . There are nine b ase substitutions
distinguishing the two sequences. Five of these produce substitutions in the amino acid
sequence, while three are synonymous substitutions. The effect of the ninth base substitution is
not known as the remainder of its codon was not sequenced as it was replaced by part of the

peR primer 1 5/2. The polymorphism marked by the uppermost arrows is at position 1 775 in
the cDNA sequence and the bottom arrows mark a polymorphism at position 1 846. The arrows
second from top m ark a substitution which creates a polymorphic Pvul l site and the
substitution marked by the fifth pair of arrows produces a polymorphic &oRI site. The non
coding strand was sequenced. The lane labels have been reversed (C/G, NT) so that the
sequence of the coding strand is obtained by reading top to bottom. The results are summarized
in Table 2.
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3.5.3 Detection of single stranded conformation polymorphisms

Further polymorphisms between transferrin types D, FI and F2 were detected using the SSCP
method. Transferrin cDNA was amplified by PCR using cDNA from individuals of phenotypes
DFp DF2 and FIFI . Restriction digests produced the fragments shown in Figure 29, which were
electrophoresed to produce SSCP' s. Most of the coding sequence (92 %) was examined to find
differences between D and FI , while only the 3 ' 624 bp was used for studying the F2 allele.

Figure 30A shows the 303 bp EcoRI fragments from DFI and DF2 samples which gave positive
results in a SSCP gel; together with the FIFI sample as a negative control. The two bands
observed in the control sample correspond to the two strands of DNA, while the positive result
is conveyed by the presence of three bands. SSCP analysis of a heterozygous sample can reveal
four bands, two strands for each of two alleles. When two of these four strands have the same
electrophoretic mobility, only three bands will appear, as in the DFI and DF2 samples in Figure
30A.

The Sau96AI fragments from a DFI sample are shown in Figure 30B . Of these, the 528 bp
fragment gave a positive result, while the 41 1 bp and 269 bp fragments were negative.

The 528 bp Sau961 fragment and the 303 bp EcoRI fragment both indicated polymorphisms
between D and Fl. The EcoRI fragment of F2 was the same as for F I. The 528 bp fragment did
not consistantly appear polymorphic, while the 303 bp one was consistent. Polymorphisms
were not readily detected in gels run at room temperature.

3.5.4 Sequence polymorphism in the 528 bp Sau96AI fragment

Sequencing of clones containing the 528 bp Sau96I fragment from a DFI sample revealed two
single base substitutions, in two different clones, i .e. each clone differed from the horse
transferrin cDNA sequence by one base pair. As only two alleles can be present in an
individual, one of the substitutions had to be a PCR artefact (assuming the original sequence
was correct). To distinguish the real and artefactual sequences, a 3 1 0 bp Hinfl fragment which
included the two putative polymorphic sites was cloned from a separate PCR. Sequencing the
resultant clones confirmed one of the polymorphisms and the original sequence, while failing
to show the other polymorphism. Therefore the latter one must have been an artefact.
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Figure 29. Fragments of horse transferrin cONA screened for single stranded conformation
polymorphisms. Fragments shown in black were produced for OF1, OF2 and FIFI samples.
Fragments shown in grey were only produced for the OF1 sample. Fragment sizes in base pairs
are shown above fragments. Arrows represent peR primers. Restriction enzymes used to
produce fragments are shown at left. Single stranded conformation polymorphisms were
observed for the 528 and 303 bp fragments. The remaining fragments gave negative results.
The positions of exons 1 2 and 1 5 are shown for reference.
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Figure 30. Single stranded conformation polymorphisms.

A. The 303 bp EcoRI fragment. The phenotypes of the samples are given below.

Lane 1 :
Lane

2:

Lane 3:

The presence of three bands in lanes 1 and 3 indicates a difference between D and F l and
between D and F2. The Fl and F2 fragments appear to be the same. The two bands in lane 2
indicate an absence of polymorphism as was expected for the FlFl sample.

B . Sau961 fragments from a DFl sample. The sizes of the fragments in base pairs is shown. The

528 bp fragment is polymorphic as indicated by the presence of three bands.
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2 69
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The genuine polymorphism located in this fragment was a cytosine/thymine substitution at
position

1 333, as shown in Figure 3 1 . This results in a serine/proline substitution at position

437 in the protein (Table 2). These results do not determine which is the D form and which is
Fl'

3.5.5 Sequence polymorphism in the 303 bp EcoRI fragment

Sequencing of clones containing the

303 bp EcoRI fragment enabled two types of sequence to

be identified. The D-type sequence was found in the DFI and DF2 samples, whereas the F-type
was found in DFI • DF2 and FlFl samples. Therefore Fl and F2 are identical in this region. The
two types differed by two single base substitutions, as illustrated in Figure
cytosine/thymine substitution at position

32. One was a

1 656, which was a synonymous mutation. The other

was a cytosine/thymine substitution at position

1738 which replaces the cysteine at pOSition

572 in D with an arginine in Fl and F2 (Table 2).

3.5.6 Summary of polymorphisms analysed

The nature and positions of the polymorphisms identified in horse transferrin alleles are
summarised in Table

2. A total of 1 3 different bases in the cDNA were variable, producing

amino acid substitutions at

8 positions. A ninth amino acid substitution is likely at position

608, indicated by a base substitution in the first codon position. However, as the sequence of
the rest of that codon is not known, the identity of the replacement amino acid is not certain.
The positions of the poly morphisms in the cDNA and amino acid sequences of horse
transferrin are depicted in Figure

33.

There are two indications that these are not all the polymorphisms which occur between the
variants of horse transferrin. Firstly, further polymorphisms must exist as those found were not
sufficient to distinguish all the variants. Secondly, the behaviour of the peR when amplifying
exon

1 5 provides further evidence for polymorphism within the primer regions (Section 3.5.2).
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Figure 3 1 . Polymorphism in the sequence of the 528 bp Sau961 fragment. The sequences of
two clones from a DFI sample are shown. It is not known which is D and which is Fl. The
arrows mark the position of a CIT substitution at position 1 333 of the cDNA sequence. This
produces a proline/serine substitution at position 437 in the amino acid sequence.

GATC

G ATC
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Figure 32. Polymorphisms in the sequence of the 303 bp EcoRI fragment. The sequences on
the left are FI sequences from a DFI sample. On the right are D sequences from a DF2 sample.
Arrows mark the positions of polymorphic bases.

A. The cytosine at position 1 65 6 in FI is replaced by a thymine in the D allele. This is a
synonymous substitution.

B . The cytosine at position 1738 in F I is replaced by a thymine in D. As a result, the arginine at
position 572 in the amino acid sequence is replaced by a cysteine.
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Table 2
Polymorphisms in the cDNA and Protein Sequences of Horse Transferrin

Transferrin
variants

Change in
codon

Change in
amino acid

Position in
eDNA sequence

Position in
protein sequence

Fragment
sequenced

DlFl (a)
DlFl (a)

TCT
CCT

S
P

1 333

437

SSCP 528

D,Fl,F2,H2, *
O, R

GAT
GGT

D
G

1403

460

exon 12

D
Fl'F2

TAT
TAC

Y
Y

1656

544

SSCP 303

D
Fl,F2

TGT
CGT

C
R

1738

572

SSCP 303

D,Fl,F2,H2, *
O,R

GAA
GGA

E

1775

584

exon 15

G

D,Fl'F2,H2,*
OR

AAG
CAG

K
Q

1783

587

exon 15

D,FI,F2,H2,*
O,R

TGT
TGe

C
C

1794

590

exon 15

D,Fl,F2,H2,*
O, R

TCT
GeT

S
A

1813

597

exon 15

D,Fl ,F2,H2,*
O, R

TIC
TIT

F
F

1 827

601

exon 15

D,Fl ,F2,H2, *
O,R

AAA
GAG

K
E

1 828

602

exon 15

D,FI ,F2,H2 , *
O,R

AA!!
GAQ

K
E

1830

602

exon 15

D,Fl,F2,H2,*
O,R

TAC
AAC

Y
N

1 837

605

exon 15

DlFl
F2,H2,* (b)
° (b)
R (b)

CGA
C??
G??
A??

R
R?
G?
R?

1 846

608

exon 1 5

(a) A nucleotide substitution was observed between clones from a heterozygous DFl sample. It
is not known which form is D and which is Fl .
(b) Only the first nucleotide of this codon was sequenced, as the other two were in the primer .
sequence. The amino acids shown are correct if there are no other changes in the codon.

f
a
-

)( )( 1I+tIIt

)( t
o

1 .0

0.5

1 .5

2.0

Exon 1 2
SSCP 528 bp

o

tOO

200

300

400

)( t

2.3

kb

Exon 15
SSCP 303 bp

500

)(11"1
600

700

amino acids

Figure 33. Positions of polymorphisms in the cDNA and amino acid sequences of horse transferrin. Differences between the D and R groups of
transferrins are represented by a dagger. Differences between the D and Fl variants are represented by a cross. Those substitutions shown in the
nucleotide sequence but not in the amino acid sequence are synonymous substitutions. The positions of the fragments which were sequenced to identify
these sequence polymorphisms are also shown.
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CHAPTER 4: DISCUSSION AND CONCLUSIONS

4.1 EXPERIMENTAL CONSIDERATIONS

4.1.1 Quality of the eDNA library

No full length transferrin cDNAs were isolated from the horse liver cDNA library, despite the
fact that the cDNA synthesis reaction produced cDNAs of a large enough size (Figure 9). None
of the clones isolated at random from the library had internal &oRI sites (Figure 1 3), nor did
the transferrin clones. The 300 bp transferrin clones had EcoRI ends which were not derived
from linkers (Le. they had GAATTCG and TGAATIC, rather than the GAATICC and
GGAATIC of the linkers) , and must therefore have been EcoRI sites within the transferrin
cDNA. These facts indicate that that the EcoRI methylation step did not work efficiently, if at
all. Consequently, any full length transferrin cDNAs were cleaved twice by EcoRI, and only
fragments were incorporated into the library. The control methylation of A DNA did confer
protection from digestion with EcoRI (Figure 10). Possibly the cDNA sample contained
residues from the synthesis reaction which i mpaired the methylase enzyme. For example,

EcoRI methylase is inhibited by MgCI2, a component of cDNA synthesis buffers.

The prevalence of the 300 bp transferrin cDNA fragment over the 5 ' and 3' fragments (Section
3 .2) can be explained by the fact that it is the central EcoRI fragment in the complete cDNA,

and that the EcoRI digest must have had a greater efficiency than the linker ligation. Therefore
there would be more clones containing the central fragment with two EcoRI ends, than either
of the end fragments. It is not clear why the linker ligation might not have worked efficiently.

The hick of 3 ' fragments in the library is difficult to explain. cDNA synthesis begins at the
pol y(A) tail , so generally the 3 ' end is the easiest to isolate. The possibility of reduced
homology between horse and human transferrins in this part of the molecule was considered,
but screening at lower stringency did not reveal positive clones. The homology in the 3' region
(bases 1 823-2305) between horse and human transferrin cDNAs is lower than in the rest of the
molecule (76 % compared to 80 %) but this difference is not sufficient to explain why this
region could not be isolated from the library. It is possible that the library did not include a
clone containing the 3' fragment of horse transferrin, due to poor ligation of linkers.
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4.1.2 Size of horse transferrin cDNA

The size of the horse transferrin cDNA at 2305 bp (Figure 22) was considerably smaller than
the 2800 bp predicted by Northern blotting (Figure 7). Even with the addition of the remainder
of the 5 ' untranslated region (another 24 bp if it is the same size as the 48 bp in human
transferrin, Adrian et aI. , 1986), and the poly(A) tail ( 1 00-300 bp), the size would still only be
around 2630 bp. The discrepancy between this fi gure and the 2800 bases of the mRNA
determined by Northern blotting is probably due to experimental error. The size estimate
would not be very accurate as the only size standards used were the two rRNA bands.

4.1.3 Polymerase chain reaction

The PCR is a very powerful technique and has the potential to save time by avoiding more
circuitous approaches. However it does have limitations which must be considered. PCR using

Taq polymerase has a fidelity problem. Misincorporations have been reported to occur at
frequencies from 1 /400 to 1 14000 (Higuchi, 1 989). This is not a problem if the starting
population of target DNA is large, and the products are not going to be cloned, as the
consensus of the products will be correct. Thus, in this study, the fidelity problem was aVOided
when PCR products were used for direct sequencing, for SSCP analysis and as probes for
Southern hybridization. Sequencing of cloned products requires that clones generated from
separate PCRs are sequenced. This precaution was taken in most cases in this work, sometimes
through sequencing clones carrying the same allele from two different individuals. Clones
were only sequenced from a single PCR when confirming that a transferrin allele was identical
to another allele sequenced previously. In these cases several clones from the one reaction were
sequenced.

Another type of artefact can be created by 'jumping PCR' (Paabo et al. , 1 989) in which the
product is a hybrid molecule generated from more than one template e.g. two different alleles
in a heterozygous sample. Two clones of this type were detected during sequencing of exon 1 5
clones from D O and DR samples (Section 3.5.2).

Successful use of the PCR depends largely on the choice of primers. The importance of the 3 '
end o f the primer was highlighted during this study. One of the exon 1 2 primers ( 1 2/2) had 4
G ' s at the 3' end (Figure 24), which may have allowed the primer to anneal readily to non-
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target sequences. As a result, when amplifying genomic DNA, several products were observed
in addition to the one of the expected size. Even after isolation of the desired product from an
agarose gel prior to cloning, several incorrect clones were sequenced. Thus it appeared that the
specificity of the primer was diminished by the presence of a G- (or GC) rich 3 ' end.

In using peR to amplify DNA for studying variation between alleles, it was necessary to try to
choose primers from conserved regions of the sequence, under the assumption that regions
which were conserved between species would also be conserved between alleles within a
species. Two of the exon 15 primers were chosen with this factor in mind, but the third primer

( 1 5/3) sequence was from the extreme 3 ' end of the exon (Figure 24), where the sequence is
variable between species. This may explain why the peR failed to amplify the 0 and R
variants when this primer was used. This result indicated further polymorphism between the D
group (D, Fl, F , H and * ) and R-group (0 and R) within this primer region.
2 2

4.1.4 Direct sequencing of peR products

Direct sequencing of peR products was attempted during analysis of the exon 1 5 region.
Sequencing using one of the amplification primers as a sequencing primer produced rather
poor results (Figure 27 A). By using three primers, two for amplification and the third for
priming the sequencing reaction, the results were much improved (Figure 27B). TIlls is likely
to be due to an increase in specificity, as non-specific peR products would not be sequenced.
TIlls approach was based on work of Engelke et al. (1988). However other researchers achieve
direct sequencing of peR products using amplification primers, ego Cawthon et ai. ( 1 990).

4.1.5 Single stranded conformation polymorphisms

The SSCP technique proved to be a quick and easy way to detect polymorphisms. However the
technique does have its limitations; not every polymorphism is detected. Two different
fragments may run in the same position by chance, or a minor difference in sequence may not
necessarily produce a substantial conformational change. The chances of observing a
pol ymorphism decrease with increasing size of the fragment anal ysed. Hayashi ( 1 99 1 )
estimated a probability of observing a mobility shift in at least one strand as 99% for 1 00-300
bp fragments, and 89% for 300-450 bp fragments.
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In the work presented here, the 528 bp Sau96AI fragment only once showed a mobility shift in
one strand (Figure 30). Attempts to reproduce this result failed, yet a single base substitution
was detected by sequencing. The fragment size may have been too large for reliable use of the
SSCP technique.

4.1.6 Blood typing

The horse blood samples from which DNA was extracted were assigned transferrin types at the
EBTRC. The polyacrylamide gel electrophoresis used for transferrin typing does not eliminate
the possibility of two different variants having the same electrophoretic mobility, and therefore
appearing to be the same variant. As the work presented here relied on blood typing for
identifying transferrin alleles, it is possible that the amino acid sequence reported as being
characteristic of a particular variant might not be correct for all samples. Consequently,
contradictory results are possible. One possible example of this situation is the last nucleotide
sequenced in the exon 15 region. This was cytosine in all D-type alleles sequenced (D, FI , F2,
H2 and * ) , adenine in the R alleles from FI R and DR samples, and guanine in all 6 clones from
the OR sample. It is possible, though improbable, that the 6 OR clones were all 0 alleles,
otherwise the apparent R variant is actually two different variants.

4.2 HORSE TRANSFERRIN eDNA AND PROTEIN SEQUENCES

4.2.1 Horse transferrin

The residues 20-29 of the horse transferrin amino acid sequence (Figure 22) match the first ten
amino acids of the mature protein, determined by Chung and McKenzie ( 1 985) by peptide
sequencing. Therefore the derived protein sequence includes a signal peptide of 1 9 amino
acids. The two small peptides, produced by tryptic and chymotryptic digests of the D variant of
horse transferrin, which were sequenced by Chung and McKenzie ( 1 985), correspond to
positions 457-469 and 582-586 in the translation product, as shown in Figure 24. The sequence
reported here has an insertion of a serine at position 467 compared to Chung and McKenzie' s
fi r s t pepti d e . C h u ng a n d M c Ke n z i e ( 1 9 8 5 ) predi c t e d t h a t t h e i r s e c o n d p e pti d e
(KSENF/KSGNF) was equivalent to residues 614-61 8 (CSGNF) o f human transferrin. This is
a region of low homology between horse and human transferrins, and the sequence of the
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equiv alent region in the horse transferrin (CPDKF) is quite different fro m the peptide
sequence, so their prediction must be incorrect. The C-terminal residue of horse transferrin is
valine, in agreement with the results of Stratil et al. ( 1984).

Peptides from the D variant of horse transferrin have been sequenced by Dr. Chris Moore and
Geoff Patterson of the Department of Chemistry and B iochemi stry, Massey University
(personal communication). Their data confum the horse transferrin primary structure shown
in Figure 22, with two exceptions. A cysteine residue was present at position 572 in place of
arginine. This confirms the arginine/cysteine substitution identified between the D and Fl
variants of horse transferrin, and indicates that part of the complete sequence (those residues
derived from the 300 bp clone from the cDNA library) is from an Fl allele. As the complete
sequence was derived from several clones all from a DFl heterozygote, the sequence may be a
combination of D and Fl alleles. The second difference between the peptide sequencing data
and the sequence derived from cDNA sequencing was an apparent deletion of asparagine 5 15 .
As this residue i s present in a NST sequence, one of the signals for N-linked glycosylation of
asparagine, its failure to be detected by peptide sequencing is probably due to that fact that it is
glycosylated.

The molecular weight of the mature horse transferrin calculated from the amino acid sequence
to be 76, 1 04 (Section 3.4.2) does not include the carbohydrate chains. Stratil et al. ( 1 984)
determined that the carbohydrate content of horse transferrin was 2.58-5 . 1 6% . Combining
these figures gives a molecular weight of approximately 78,000-80,000 for horse transferrin,
which is consistent with the results of Penhallow et al. ( 1 99 1 ), Hudson et al. ( 1973) and Stratil

et al. ( 1984) (Section 1 . 10).

4.2.2 Comparison of horse transferrin to other transferrin family sequences

The decision to use the human transferrin cDNA as a probe for isolating the horse transferrin
cDNA was based on the assumption that there was substantial homology between the two
cDNA sequences. Comparison of the cDNA sequences confirmed this assumption when it
revealed 80% identity (Section 3.4.4).

A multiple alignment of the horse transferrin amino acid sequence with the sequences of other
members of the transferrin family is shown in Figure 34. The sequences were aligned using
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Hor s e T F

1 MRLAI RALLACAVLGLCLA- - E - QTVRWCTVSNHEVSKCASFRDSMKS I V

Pig TF

- - - - - - - - - - - - - - - - - - -VAQ -KTVRWC T I SNQEANKCSSFRENMSKAV

Human T F

MRLAVGALLVCAVLGLCLAVPD-KTVRWCAVSEHEATKCQSFRDHMKSVI

Rabb i t

MRLAAG - LLACAALGLC LAVTE - KTVRWCAVNDHEASKCANFRDSMKKVL

TF

Human

LF

MKLVFLVLLFLGALGLCLAGRRRRSVQWCAVSQ PEATKCFQWQRNMRKV 

Mou s e

LF

MRLL I PS L I FLEALGLCLA - - KATTVRWCAVSNSEEEKCLRWQNEMRKV 

Pig

MKLFI PALLFLGTLGLCLAAPK-KGVRWCV I STAEYSKCRQWQSK I RR - 

LF

Bov i n e

LF

MKLFVPALLSLGALGLCLAAPR-KNVRWC T I S Q PEWFKCRRWQWRMKKL

C h i c ken TF

MKLI LCTVLSLG lAAVCFAAPPKSV I RWCT I S S PEEKKC - - - -NNLRDLT

Xenop u s TF

MDFSLRVALCLSMLALCLAI QKEKQVRWCVKSNSELKKC - - - - KDLVDTC

Human MTF

MRGPSGALWLLLALRTVLGG - - -MEVRWCATSDPEQHKCGNMSEAFRE - C

·C
Ho r s e TF

48

Pig TF

PA- PPLVACVKRTSYLEC I KAI ADNEADAVT LDAGLVFEAGLS PYNLKPV
KN-G PLVSCVKKSSYLDC IKAI RDKEADAVTLDAGLVFEAGLAPYNLKPV

Human T F

PSDG PSVACVKKASYLDC I RAlAANEADAVTLDAGLVYDAYLAPNNLKPV

Rabb i t

PEDGPR I I CVKKASYLDC IKAl AAHEADAVTLDAGLVHEAGLTPNNLKPV

TF

Human LF

- - RGPPVSC IKRDSP IQC I QA l AENRADAVTLDGGF I YEAGLAPYKLRPV

Mou s e LF

- -GGPPLSCVKKSSTRQC I QAIVTNRADAMTLDGGTMFDAG K P PYKLRPV

Pig

- - - TNPMFC I RRAS PTDC I RA l AAKRADAVTLDGGLVFEA - - DQYKLRPV

LF

Bov i n e

LF

- -GAPS I TCVRRAFALEC I PG I AEKKADAVTLDGGMVFEAGRDPYKLRPV

Ch i c ken TF

QQERI SLTCVQKATYLDC IKAI ANNEADA I SLDGGQVFEAGLAPYKLK P I

Xenopus TF

KNKEI KLSCVEKSNTDECSLLFRKTMQMQFVWTGGDVYKGSLQPYNLK P I

Human MTF

AG I Q PSLLCVRGTSADHCVQL lAAQEADA I T LDGGA I Y EAGKEH -GLKPV
C

Horse TF

97

C

*

VAEFYGSKTEPQTHYYAVAVVKKNSNFQLNQLQGKKSCHTGLGRSAGWNI

Pig TF

VAEFYGQKDNPQTHYYAVAVVKKGSNFQWNQLQGKRSCHTGLGRSAGWI I

Human TF

VAEFYGSKEDPQTFYYAVAVVKKDSGFQMNQLRGKKSCHTGLGRSAGWNI

Rabb i t TF

VAEFYGSKENPKTFYYAVALVKKGSNFQLNELQGKKSCHTGLGRSAGWN I

Human LF

AAEvyGTERQPRTHYYAVAVVKKGGS FQLNELQGLKSCHTGLRRTAGWNV

Mou s e

AAEVYGTKEQPRTHYYAVAVVKNS SNFHLNQLQGLRSCHTG I GRSAGWKI

Pig

LF

LF

Bov i n e

AAEIYGTEENPQTYYYAVAVVKKGFNFQ -NQLQGRKSCHTGLGRSAGWNI
LF

AAEIYGTKESPQTHYYAVAVVKKGSNFQLDQLQGRKSCHTGLGRSAGW I I

C h i c ke n TF

AAEIYEHTEGSTTSYYAVAVVKKGTEFTVNDLQGKNSCHTGLGRSAGWNI

Xenopus TF

MAENYGSHTETDTCYYAVAVVKKSSKFTFDELKDKKSCHTG I GKTAGWNI

Human MTF

VGEVYD- -QEVGTSYYAVAVVRRSSHVT I DTLKGVKSCHTG I NRTVGWNV
C

*

Hor s e
Pig

TF

TF

147

*

*

* *

P I GLL - - Y - -WQLPE- PRESLQKAVSNFFAGSCVPCADRTAVPN- LCQLC
PMGLL - - Y - - DQLPE- PRKPI EKAVASFFSSSCVPCADPVNFPK- LCQQC

Human TF

P I GLL - - Y - -CDLPE- PRKPLEKAVANFFSGSCAPCADGTDFPQ - LCQLC

Rabb i t

P IGLL - - Y - -CDLPE- PRKPLEKAVAS FFSGSCVPCADGADF PQ- LCQLC

TF

Human

LF

PTGTLR PF - - LNWTG - P P E P I EAAVARFFSASCVPGADKGQFPN- LCRLC

Mou s e

LF

P I GTLRPY - - LNWNG - P PASLEEAVSKFFSKSCVPGAQKDRF P N - LCSSC

Pig

LF

Bov i n e

P IGLLRRF - - LDWAG - P PE PLQKAVAKFFSQSCVPCADGNAY P N - LCQLC
LF

Ch i c ken TF

PMG I LRPY - - LSWTE-SLEPLQGAVAKFFSASCVPC I DRQAY P N - LCQLC
P IGTLLHWGA I EWEG I ESGSVEQAVAKFFSASCVPGAT I EQ - -K - LCRQC

Xenopus TF

I IGLLLERKLLKWAG PDSETWRNAVSKFFKASCVPGAK E - - - PK - LSQLC

Human MTF

PVGYLVESGRLSVMGC - - - DVLKAVSDYFGGSCVPGAGETSYSESLC RLC
C

C

C

C

C
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Horse T F

1 9 1 VGK - -GTDKCAC SNHEPYFGYSGAFKCLADGAGDVAFVKHSTVLENLPQE
AGK - -GAEKCACSNHEPYFGYAGAFNCLKEDAGDVAFVKH STVLENLPDK

P i g TF
Human T F
Rabb i t

TF

PG- - - - - - - CGCSTLNQYFGYSGAFKCLKDGAGDVAFVKHST I FENLANK
PG- - - - - - -CGCSSVQPY FGYSGAFKCLKDGLGDVAFVKQET I FENLPSK

Human L F

AGT - -GENKCAFSSQEPYFSYSGAFKCLRDGAGDVAF I RESTVFEDLSDE

Mou s e L F

AGT - -GANKCAS S PEEPYSGYAGALRCLRDNAGDVAFTRGSTVFEEL PNK

Pig

LF

IGK - -GKDKCACSSQE PYFGY SGAFNCLHKG I GDVAFVKESTVFENLPQK

Bov i n e

LF

KGE- -GENQCAC SSREPYFGYSGAFKCLQDGAGDVAFVKETTVFENLPEK

Chi cken TF

KGD- - PKTKCA- - RNAPYSGYSGAFHCLKDGKGDVAFVKHTTVNENAPDL

Xenop u s T F

AG I - -KEHKCSRSNNEPYYNYAGAFKCLQDDQGDVAFVKQSTVPEEF - - 

Human MTF

RGDS SGEGVCDKS PLERYYDY SGAFRCLAEGAGDVAFVKHSTVLENTDGK
*

C C

C

TF

2 3 9 ADR- - - - - - - - DEYQLLCRDNTRKSVDEYKDCYLAS I PSHAVVARSVDGK

Pig TF

ADR- - - - - - - - DQYELLCRDNTRRPVDDYENCYLAQVPSHAVVARSVDGQ

Human T F

ADR - - - - - - - - DQYELLCLDNTRKPVDEYKDCHLAQVPS HTVVARSMGGK

Horse

Rabb i t

TF

DER- - - - - - - - DQYELLCLDNTRKPVDEYEQCHLARVPSHAVVARSVDGK

Human

LF

AER- - - - - - - - DEYELLC PDNTRK PVDKFKDCHLARVPSHAVVARSVNGK

Mou s e

LF

AER - - - - - - - -DQYKLLC PDNTWK PVTEYKECHLAQVPS HAVVS RSTNDK

Pig

LF

ADR- - - - - - - - DKYELLC PDNTRKPVEAFRECHLARVPS HAVVARSVNGK

Bov i n e

LF

ADR- - - - - - - - DQYELLCLNNSRAPVDAFKECHLAQVPSHAVVARSVDGK

C h i c k e n TF

ND- - - - - - - - - - EYELLCLDGSRQ PVDNYKTCNWARVAAHAVVAR D - DNK

Xenopus TF

- - H - - - - - - - -KDYELLCPDNTRKS IKEYKNCNLAKVPAHAVLTRGRDDK

Human MTF

TL PSWGQALLSQDFELLCRDGSRADVTEWRQCHLARVPAHAVVVRA-DTD
C

Horse

TF

2 8 1 EDLIWGLLNQAQ EHFGTEKSKDFHLFS S PHG- - - - - -KDLLFKDSAL -GF

TF

EDL lWELLNQAQEHFGKDKSKEFQLFS S PHG - - - - - -KDLLFKDSAH-GF

Pig TF
Human

*

C

EDSIWELLNQAQEHFGRDKSPDFQLFS SSHG- - - - - -KDLLFKDSAN-GF

Rabb i t

TF

EDLIWELLNQAQEHFGKDKSGDFQLFSS PHG - - - - - -KNLLFKDSAY -GF

Human

LF

EDAIWNLLRQAQEKFGKDKSPKFQLFGS PSGQ - - - - -KDLLFKDS A I -GF

Mou s e

LF

EEAIWELLRQSQEKFGKKQASGFQLFAS PSGQ - - - - -KDLLFKESAI -GF

Pig

LF

ENS lWELLYQSQKKFGKSNPQEFQLFGSPGQQ - - - - -KDLLFRDAT I -GF

Bov i n e

LF

Ch i c k en TF

EDLIWKLLSKAQEKSGKNKSRSFQLFGS PPGQ - - - - - RDLLFKDSAL-GF
VEDIWSFLSKAQSDFGVDTKS DFHLFGPPGKKD- PVLKDFLFKDSAI -ML

Xenop u s TF

SKD I I EFLQEAQK - - - TQECKLFRLPGMGKGSNFQGQRSESY S P P I FYGQ

Human MTF

GGLI FRLLNEGQRLFSHEGS S - FQMFS S - - - EAY -GQKDLLFKDST S - EL

Hor s e

TF

P i g TF

3 2 4 LR I P PAMDTWLY LGYEYVTAIRNLRED I RPEVPKDECKKVKWCA IGHHEK
LK I PSKMDS SLY LGYQYVTALRNLRE E I S PDSSKNECKKVRWCAIGHEET

Human T F

LKVPPRMDAKMYLGYEYVTAIRNLREGTC PEAPTDECK PVKWCALSHHER

Rabb i t

FKVPPRMDANLYLGYEYVTAVRNLREG I C PDPLQDECKAVKWCALSHHER

TF

Human

LF

SRVPPR I DSGLYLGSGYFTAIQNLRKS - - EEEVAARRARVVWCAVGEQEL

Mou s e

LF

VRVPQKVDVGLYLTFSYTTSI QNLNKK - - QQDV I ASKARVTWCAVGSEEK

Pig

LF.

Bov i n e

LKI PSKI DSKLYLGLPYLTAIQGLRET - - AAEVEARQAKVVWCAVG PEEL
LF

Chi c ke n T F

LRI PSKVDSALYLGSRYLTTLKNLRET - - AEEVKARYTRVVWCAVG PEEQ
KRVPSLMDSQLYLGFEYYSAIQSMRKDQLTPSPREN - - R I QWCAVGKDEK

Xenopus T F

FSVPR - - -SRLF - - - - - - QC I QALKEGVKEDDSAAQ -VKVRWCTQSKAEK

Human MTF

VPIATQT-YEAWLGHEYLHAMKGL - - - LCDPNRLPPY - - LRWCVLSTPEI
C

C

C
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Horse T F

3 7 4 VKCDE - - - - -WSVNSGGN I ECESAQSTEDC I AK I VKGEADAMSLDGG F I Y
QKCDA- - - - -WS I NSGGK I ECVSAENTEDC I AK I VKGEADAMSLDGGY I Y

Pig TF
Human T F

LKCDE - - - - -WSVNSVGK I ECVSAETTEDC IAK IMNGEADAMSLDGGFVY

Rabb i t

LKCDE - - - - -WSVTSGG L I ECESAETPEDC I AK IMNGEADAMSLDGGYVY

TF

Human

LF

RKCNQ- - - - -WSGLSEGSVTCSSASTTEDC I ALVLKGEADAMSLDGGYVY

Mou s e

LF

RKCDQ- - - - -WNRDS RGRVTC I S F PTTEDC IVA IMKGDADAMSLDGGY I Y
RKCRQ - - - - -WSSQSSQNLNCSLASTTEDC IVQVLKGEADAMS LDGG F I Y

P i g LF
Bov i n e

KKCQQ - - - - -WSQQSGQNVTCATASTTDDC I VLVLKGEADALNLDGGY I Y

LF

SKCDR- - - - -WSVVSNGDVECTVVDETKDC I I K IMKGEADAVALDGGLVY

Chicken TF
Xenopus TF

TKCDD- - - - -WTT I SGGA I ECTEASTAEEC IVQ I LKGDADAVTLDGGYMY

Human MTF

QKCGDMAVAFRRQRLKPEI QCVSAKS PQHCME R I QAEQVDAVTLSGED I Y
C

Hor s e T F

419

C

C

*

I AGK-CGLVPVLAENYETRSGSA- - - -CVDT PE - - EGYHAVAVVKS SSDP
I AGK- CGLVPVLAENYKT - EGEN - - - -CVNT PE- - KGYLAVAVVKKSSGP

Pig TF
Human T F
Rabb i t

TF

IAGK- CGLVPVLAENYNK - - SDN- - - -CEDT PE - - AGYFAVAVVKKSA - S
IAGQ- CGLVPVLAENYES- -TD- - - - -CKKAPE - - EGYLSVAVVKKSN- P

Human

LF

TACK-CGLVPVLAENYKSQQSSDPDPNCVDRPV - - EGYLAVAVVRR - SDT

Mou s e

LF

TAGK- CGLVPVLAENQKSSKSNGLD- -CVNRPV - - EGYLAVAAVRR- EDA

Pig

LF

Bov i n e

TAGK- CGLVPVLAENQKSRQSSSSD- -CVHRPT - - QGYFAVAVVRK-ANG
LF

TAGK-CGLVPVLAENRKSSKHSSLD - - CVLRPT - - EGYLAVAVVKK- ANE

Ch i c ken T F

TAGV -CGLVPVMAERYDD- - - - - - ESQCSKTDERPASYFAVAVARK- -DS

Xenopus T F

TAGL- CGLVPVMGEYYDQDDLT PCQRSCSQAKG - - -VYYAVAIVKKGT Q 

Human MTF

TAGKKYGLVPAAGEHYAPEDSSN - - - - - - - - - - - - - SYYVVAVVRRDSSH
C

Hor s e T F
Pig TF
Human
Rabb i t

C

*

4 6 2 DLTWNSLKGKKSCHTGVDRTAGWN I PMGLLYSE - - - - I KHCEF - - - - DKF
DLNWNNLKGKKSCHTAVDRTAGWNI PMGLLYNK - - - - INSCKF - - - - DQ F

TF
TF

DLTWDNLKGKKSCHTAVGRTAGWNI PMGLLYNK - - - - INHCRF - - - - DEF
D I NWNNLEGKKSCHTAVDRTAGWN I PMGLLYNR - - - - INHCRF - - - - DEF

Human L F

S LTWNSVKGKKSCHTAVDRTAGWN I PMGLLFNQ - - - -TGSCKF - - - - DEY

Mou s e

GFTWSSLRGKKSCHTAVDRTAGWN I PMGLLANQ - - - -TRSCKF - - - -NEF

Pig

LF

LF

G ITWNSVRGTKSCHTAVDRTAGWN I PMGLLVNQ- - - -TGSCKF - - - - DEF

Bov i n e L F

GLTWNSLKDKKSCHTAVDRTAGWNI PMGL IVNQ - - - -TGSCAF - - - - DEF

C h i c ken T F

NVNWNNLKGKKSCHTAVGRTAGWV I PMGLIHNR - - - - TGTCNF - - - - DEY

Xen opus T F

-VSWSNLRGVKTCHTAVGRTAGWNI PVGL I T S E - - - - TANCDF - - - -ASY

Human MTF

AFTLDELRGKRSCHAGFGS PAGWDVPVGAL IQRGF I R PKDCDVLTAVSEF
C

H o r s e TF
P i g TF
TF

Human LF
Mou s e
Pig

LF

LF

Bov i n e

*

C

**

5 0 4 FREGCAPGYRRN - - -STLCNLC IGSAS - - -GPGRECE PNNHERYYGYTGA
FGEGCAPGSQRN - - - SS LCALC IGSER - - -APGRECLANNHERYYGYTGA

Human TF
Rabb i t

*

FS EGCAPGSKKD - - -SSLCKLCMGSGL - - - - - -NLCE PNNKEGYYGYTGA
FRQGCAPGSQKN - - - SSLCELC IGPS - - - - - - - -VCAPNNREGYYGYTGA
FSQSCAPGSDPR - - -SNLCALC IGDEQ - - -GENK- CVPNSNERYYGYTGA
FSQSCAPGADPK - - - SNLCALC IGDEK - - -GENK - CAPNSKERYQGYTGA
FSQSCAPGSQPG - - -SNLCALCVGNDQ - - -GVDK -CVPNSNERYYGYTGA

LF

FSQSCAPGADPK - - - SRLCALCAGDDQ - - -GLDK - CVPNSKEKYYGYTGA

Ch i c ken TF

FS EGCAPGS PPN - - -SRLCQLCQGSGG - - - I P PEKCVAS SHEKYFGYTGA

Xenopus TF

VGESCAPGSDVK - - - SNLCALC IGDPEKLSEREKKCS PSASEAYYGY SGA

Human MTF

FNASCVPVNNPKNY PSS LCALCVGDEQ - - - -GRNKCVGNSQERYYGYRGA
C

C

C

C

*
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Hor s e TF

5 4 8 FRCLVEK-GDVAFVKHQTVEQNTDGRNPDDWAKDLKSENFKLLC PDGTRK

P i g TF

FRCLVEK-GDVAFVKDQVVQQNTDGKNKDDWAKDLKQMDFELLCQNGARE

Human TF

FRCLVEK -GDVAFVKHQTVPQNTGGKNPDPWAKNLNEKDYELLCLDGTRK

Rabb i t TF

FRCLVEK -GDVAFVKSQTVLQNTGGRNSEPWAKDLKEEDFELLCLDGTRK

Human LF

FRCLAENAGDVAFVKDVTVLQNTDGNNNEAWAKDLKLADFALLCLDGKRK

Mou s e LF

LRCLAEKAGNVAFLKDSTVLQNTDGKNTEEWARNLKLKDFELLCLDDTRK

P i g LF

FRCLAENAGDVAFVKDVTVLDNTNGQNTEEWARELRSDDFELLCLDGTRK

Bovi ne LF

FRCLAEDVGDVAFVKNDTVWENTNGESTADWAKNLNREDFRLLCLDGTRK

Ch i cken TF

LRCLVEK -GDVAFIQHSTVEENTGGKNKADWAKNLQMDDFELLCTDGRRA

Xenopus TF

FRCLVEK-GQVGFAKHTTVFENTDGKNPAGWAKDLKSEDFELLCPDGSRA

Human MTF

FRCLVENAGDVAFVRHTTVFDNTNGHNSEPWAAELRSEDYELLCPNGARA
C

C
H o r s e TF

5 9 7 SVTEFKSCYLARAPNHAVVSRKEKAA-CVCQELHNQQASYGKNGSHC PDK
PVDNAENCHLARAPNHAVVARDDKVT - CVAEELLKQQAQFGRHVTDCS S S

P i g TF
Human TF

PVEEYANCHLARAPNHAVVTRKDKEA-CVHK I LRQQQHLFGSNVTDCSGN

Rabb i t TF

PVSEAHNCHLAKAPNHAVVSRKDKAA- CVKQKLLDLQVEYGNTVADCS SK

Human LF

PVTEARSCHLAMAPNHAVVSRMDKVE- RLKQVLLHQQAKFGRNGSDC PDK

Mou s e LF

PVTEAKNCHLAI APNHAVVSRTDKVE-VLQQVVLDQQVQFGRNGQRC PGE

P i g LF

PVTEAQNCHLAVAPSHAVVSRKEKAA-QVEQVLLTEQAQFGRYGKDC PDK

Bovi n e LF

PVTEAQSCHLAVAPNHAVVSRSDRAA- HVKQVLLHQQALFGKNGKNCPDK

Chi cken TF

NVMDYRECNLAEVPTHAVVVRPEKAN- K I RDLLERQEKRFGVNGSE - KS K

Xenopus TF

PVTDYKRCNLAEVPAHAVVTLPDKRE- QVAKIVVNQQSLYGRKGFQ-KDI

Human MTF

EVSQFAACNLAQ I P PHAVMVRPDTNI FTVYGLLDKAQDLFGDDHN- -KNG
C

Hor s e TF

646

*

C

C

FCLFQSAT - - -KDLLFRDDTQCLANLQPTTTYKTYLGEKYLTAVANLR - 

Pig TF

FCMFKSNT - - -KDLLFRDDTQCLARVG-KTTYESYLGADY ITAVANL R - 

Human TF

FCLFRSET - - -KDLLFRDDTVCLAKLHDRNTYEKYLGEEYVKAVGNLR- 

Rabb i t TF

FCMFHSKT - - -KDLLFRDDTKCLVDLRGKNTYEKYLGADY IKAVSNL R - 

Human LF

FCLFQSET - - -KNLLFNDNTECLARLHGKTTYEKYLG PQYVAG I TNLK - 

Mous e LF

FCLFQSKT - - -KNLLFNDNTECLAK I PGKTTSEKYLGKEYV I ATERLK - 

Pig L F

FCLFRSET - - -KNLLFNDNTECLAQLQGKTTYEKYLGSEYVTA I ANLK- 

Bovi n e L F

FCLFKSET - - -KNLLFNDNTECLAKLGGRPTYEEYLGTEYVTAIANLK- 

Chi cken T F

FMMFESQN - - -KDLLFKDLTKCLFKVREGTTYKEFLGDKFYTVI SNLK - 

Xenopus T F

FQMFQSTG - -GKDLLFKDSTQCLLE I PSKTTMQEFLGDKYHTAVTSLN - 

Human MTF

FKMFDSSNYHGQDLLFKDATVRAVPVGEKTTYRGWLGLDYVAALEGMSSQ
C

Hors e TF
P i g TF

C

6 9 1 QCSTSRL - - - - - - - LEAC - -TFHRV- - - - - - - - 

Human TF

KCSTSKL- - - - - - - LEAC - -TFHSAKNPRVETTT
KCSTSSL - - - - - - - LEAC - -T FRRP- - � - - - - - 

Rabb i t TF

KCSTSRL - - - - - - - LEAC - -TFHKH - - - - - - - - 

Human LF

KCSTSPL - - - - - - - LEAC - - EFLRK- - - - - - - - 

Mou s e LF

QCSSSPL - - - - - - - LEAC - -AFLTQ - - - - - - - - 

Pig LF

QCSVSPL - - - - - - -LEAC - -AFMMR - - - - - - - - 

Bov i n e LF

KCSTSPL - - - - - - - LEAC - -AFLTR- - - - - - - - 

Ch i cken TF

TCNPSDI - - - - - - -LQMC - -SFLEGK- - - - - - - 

Xenopus TF

KCSTSNEASWLPAQFHSCMK IY IMVDC PL - -S I I

Human MTF

QCSGAAAPAPGAPLLPLLLPALAAR - - - LL P PAL
C

C
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Figure 34. Multiple alignment of amino acid sequences of members of the transferrin family.
Residues which bind iron and (bi)carbonate are indicated by *. Positions of cysteine residues
which form disulphide bonds are marked by C. Numbering is for horse transferrin. TF= serum
transferrin. LF=l actoferri n. MTF=melanotransferrin . The pig transferrin sequence i s
incomplete at the N-terminal. Sequences were aligned using Clustal V (Higgens et al. , 1 992).

References and GenbanklEMBL Databank accession numbers for the sequences are as follows:
Pig TF - Baldwin and Weinstock ( 1988), X12386
Human TF - Yang et al. ( 1984), M 12530
Rabbit TF - Banfield et al. ( 199 1), X58533
Human LF - Rey et al. (1990), X5396 1
Mouse LF - Pentecost and Teng ( 1 987), J02737
Pig LF - Alexander et al. (1992), M8 1 327
Bovine LF - Goodman and Schanbacher (1 99 1), M63502
Chicken TF - Jeltsch and Chambon (1982), X02009

Xenopus TF - Moskaitis et al. (1990), X54530
Human MTF - Rose et al. ( 1986), M 1 2154
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Clustal V (Higgens et al. , 1992). The positioning of the N-terminal residues of pig transferrin
has been altered as the alignment was distorted by the absence of the signal sequence. Cysteine
residues which are known to form disulphide bonds in at least one of the proteins are marked
·C'. Many of these cysteines are conserved in the proteins shown. Residues in the iron binding
site which are ligands of the ferric ion or (bi)carbonate ion, which are also highly conserved,
are marked with an asterisk.

The alignment does not include all the sequences known to be homologous to serum
transferrin. The transferrin of the insect Manduca sexta has been omitted. Its maximum identity
to other transferrin family sequences is 29%, which makes it difficult to align the Manduca
transferrin correctly with the other sequences. Rat hemiferrin has also been excluded as it only
consists of 2 1 6 residues, and is therefore homologous to only a part of the other transferrins.
The human and chicken B-Iym transforming gene proteins have weak homology to a small part
of serum transferrin, and were therefore not included. The sequences which were not included
in the alignment have also been excluded from the sequence comparisons described below.

Horse transferrin is much like other members of the transferrin family. Its preprotein consists
of 706 residues, while other reported vertebrate serum transferrins and lactoferrins have
preproteins of 694-7 1 7 residues. Horse transferrin has a signal sequence of 19 residues, while
those of other transferrins are 18 or 19 residues. In addition, horse transferrin has the internally
duplicated structure (Figure 23) shared by other serum transferrins, lactoferrins and human
melanotransferrin.

The matrix in Table 3 shows sequence identity i n the transferrin family by pairwise
comparisons. The figures represent the percentage of identical amino acids, calculated using
the Gap program of the GCG package (Devereux et at. , 1984). Horse transferrin is most similar
to other mammalian serum transferrins (human, pig, rabbit), less similar to mammalian
lactoferrins (human, mouse, bovine, pig), and still less similar to chicken and Xenopus
transferrins and human melanotransferrin.

The mammalian serum transferrins share a large proportion of identical amino acids (72-79%),
and similarly the lactoferrins have 64-73% in common. Identities between mammalian
lactoferrins and serum transferrins are lower; they have 57-63% identical amino acids. Chicken
transferrin is 49-54% identical to the mammalian serum transferrins and lactoferrins, and
Xenopus shares 45 -49 % of amino acids with chicken transferri n and mammal i a n

0\

Table 3

-

Amino Acid Sequence Identity among Members of the Transferrin Family

Horse TF

Pig TF

Human TF

Rabbit TF

Human LF

Mouse LF

Bovine LF

Pig LF

Chicken TF Xenopus TF

Pig TF

73.7

Human TF

73.4

7 1 .5

Rabbit TF

72. 8

73. 1

79.0

Human LF

6 1 .9

62.0

61.8

62.3

Mouse LF

56.7

59.0

57.5

57.9

70.2

Bovi ne LF

62.9

6 1 .5

6 1 .6

6 1 .2

69.4

63.6

Pig LF

62.2

61.8

6 1 .5

6 1 .4

7 1 .0

64.7

73.3

Chicken TF

52. 8

53.7

52.4

52.6

52.7

49.3

53.6

5 1 .4

Xenopus TF

48.6

48.3

46. 1

46. 8

46.7

47.4

45.4

45.2

47. 1

Human MTF

44.6

42.3

43.9

44.3

42.7

4 1 .0

4 1 .9

42.2

4 1 .4

4 1 .2

Identity among members of the transferrin family is expressed as percentage of identical amino acids, calculated using the GAP program of the GCG package
(Devereux et aI. , 1984). TF=transferrin. LF=lactoferrin. MTF=melanotransferrin.
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serum transferrins and lactoferrins. Human melanotransferrin is only 4 1 -45 % identical to the
other sequences.

The relationships between members of the transferrin family are illustrated by the phylogenetic
tree in Figure 35. This was constructed using the Clustal V package (Higgens et al. , 1 99 1 ) .
This tree shows horse transferrin to b e most closely related to the other mammalian serum
transferrins. The mammalian serum transferrins form a monophyletic group, as do the
lactoferrins. The tree shown is unrooted as sequence data doesn' t give the position of the root.

Alignment of the horse transferrin amino acid sequence with related sequences (Figure 34)
revealed several insertions/deletions which were specific to particular groups of sequences:
mammalian serum transferrins; lactoferrins; mammalian serum transferrins plus lactoferrins;
serum transferrins plus lactoferrins. These insertions/deletio ns are consistent with the
relationships illustrated in Figure 35. There are a few cases of insertions or deletions which
must have occurred more than once, independently, if the relationships shown in Figure 35 are
correct. An example is the deletion between positions 554 and 555 in horse transferrin. In the
lactoferrin sequences this residue is either an alanine or a valine and in melanotransferrin it is
an alanine. In the serum transferrins of Xenopus, chicken and mammals it is deleted. The
equivalent residue in the N-Iobe is alanine in seven of the eleven sequences. It appears that an
alanine at this position is likely to be the ancestral form, whereas the deletion is a derived
characteristic. According to the relationships shown in Figure 35 and Table 3, the occurrence
of a deletion in the mammalian, chicken and Xenopus serum transferrins indicates that this
deletion must have occurred independently three times. As it is present specifically in serum
transferrins, it may have some functional significance, the nature of which is not clear.

The positions of the insertions/deletions in the transferrin family sequences were located on the
3-dimensional structure of human lactoferrin (Anderson et al. , 1 989) i n order to predict
whether they might have some functional significance. Most were located on external loops of
the molecule, where they would probably be unlikely to influence iron binding. However, such
external features could affect interaction of the transferrins with other molecules, such as their
respecti ve receptors. One notable e xample is a 2 residue deletion present i n all four
lactoferrins, in the region joining the two lobes. This region is discussed further in Section
4.2.6.

121

ovine LF
Pig lF

Human MTF

Figure 35. Phylogenetic tree of members of the transferrin family. The tree was constructed by
analysing the amino acid sequences shown in Figure 34, using Clustal V (Higgens et aL , 1 99 1).
1F=transferrin. LF=lactoferrin. M1F=melanotransferrin.
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The transferrin family relationships revealed by comparison of the derived horse transferrin
protein sequence to other members of the transferrin family (Figure 35, Table 3) are consistent
with the model proposed for transferrin family evolution: (Yang et ai. , 1985 ; Bowman et ai. ,
1 987), illustrated in Figure 4, and described in Section 1 .9. The grouping of lactoferrins and

mammalian serum transferrins is consistent with the idea that the gene duplication which
produced lactoferrin occurred after the divergence of birds and mammals. The gene duplication
producing human melanotransferrin appears to have occurred before the bird-mammal
divergence, suggesting that melanotransferrin is likely to be present in birds and mammals, and
perhaps all vertebrates, although it has so far only been detected in humans.
The alignment of transferrin family sequences reveals that residues important for transferrin
function are generally conserved between the different proteins, notably those residues
involved in iron binding, disulphide bonds, and to a lesser degree glycosylation.

4.2.3 Glycosylation

The sixteen transferrin family proteins studied by Spik et al. ( 1 988) each had one to four N
linked glycan chains. The signal sequences for N-linked glycosylation are NXS and NXT,
where X can be any amino acid. These sites are not always glycosylated. Two N-linked
glycosylation signals are present in the horse transferrin sequence (Figure 22, Section 3 .4.2).
This is consistent with the results of Spik et ai. (1 988) and Stratil et ai. ( 1984) who determined
independently that horse transferrin has 1 -2 glycans.
Glycosylation sites occur at equivalent positions in other transferrins. Pig and rabbit
transferrins (Baldwin and Weinstock, 1988; Bailey et ai. , 1 988) have an NSS glycosylation
signal in an equivalent position to the NST at position 5 1 5 in horse. The asparagine residue is
glycosylated in rabbit transferrin, but it is not known whether it is in pig transferrin. The horse
transferrin NGS glycosylation site at pOSition 638 is replaced by NVT in human transferrin
which is glycosylated (MacGillivray, 1 982), and NGS in human lactoferrin and chicken
ovotransferrin, which are not glycosylated (Metz-Boutigue et al. , 1984).
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4.2.4 Iron and anion binding residues

The 8 residues known to be iron ligands in rabbit transferrin and human lactoferrin (Bailey et

al. , 1988; Anderson et aI. , 1 989) occur in equivalent positions in horse transferrin (Figure 34).
Likewise, the eight residues which bind the (bi)carbonate anion (Sarra et al., 1 990; Anderson et

al. , 1 989) are conserved in horse transferrin.

The importance of these residues to the function of the transferrins is illustrated by the way
they are highly conserved among most of the proteins. The sixteen iron and anion binding
residues are completely invariant in the mammalian serum transferrins and lactoferrins, and in
chicken transferrin. In Xenopus transferrin two of the sixteen residues are different. A
threonine replaces the iron-binding aspartate in the N-Iobe. This change has been introduced
into human lactoferrin, where it does not inhibit iron binding, but does result in iron being
more readily released (Catherine Day, personal communication). Therefore, this substitution
probably does not prevent iron binding in Xenopus. The other change in Xenopus transferrin is
the substitution of a lysine for the anion-binding arginine in the N-Iobe. As these are both basic
amino acids, this conservative change is unlikely to interfere with anion binding. It is likely to
be the positive charge on the residue in this position which is essential for binding the anion.
The iron and anion-binding residues are less well conserved in human melanotransferrin,
particularly in the C-Iobe, which may be indicative of functional differences. It has been
suggested that melanotransferrin does not bind iron in the C-Iobe (Baker et al. , 1 987).

4.2.5 Disulphide bonds

Horse transferrin has 37 cysteine residues, 36 of which are in positions where there are cysteine
residues in pig, human and rabbit transferrins (Figure 34). Many of these 36 cysteines are also
present in other transferrin family proteins. Previous studies have shown that many disulphide
bonds are conserved among human transferrin, human lactoferrin and chicken ovotransferrin
(Metz-Boutigue et al. , 1 9 84), and that rabbit transferrin and human l actoferrin have very
similar 3-dimensional structures (Bailey et aI. , 1988; Anderson et aI. , 1 989). This information,
combined with sequence similarities, suggests that horse transferrin is likely to have the same
general structure as other transferrins, and to share many of the same disulphide bonds.
Therefore, it should be acceptable to predict the disulphide bonds present i n horse and other
transferrins using sequence data and known bonding patterns.
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Horse transferrin and pig transferrin are likely to have 1 8 disulphide bonds (Figure 36), which
are equiv alent to 1 8 of the 1 9 present in human transferrin (Metz-Boutigue et a/. , 1 984;
MacGillivray et aI. , 1 982, 1 983) and rabbit transferrin (Bailey et aI. , 1988). These include the
6 N-Iobe and 9 C-Iobe bonds which are present in chicken transferrin (Williams et al. , 1982a).
The l actoferrins probably also have the set of 15 ' fundamental ' bonds fou nd in chicken
transferrin, with the addition of some of the 'extra' bonds which occur in the mammalian
transferrins (Figure 36). Human melanotransferrin and Xenopus transferrin probably have some
of the same disulphide bonds as chicken transferrin, but others must be missing due to the
absence of some cysteine residues. There are also some extra cysteines present in these
proteins , which have the potential to form alternative bonds, or modified versions of the
conserved ones.

4.2.6 Structure of the region joining the two lobes

In rabbit transferrin the region bridging the two lobes is linear, and each end of it is anchored
to its respective lobe by a disulphide bond, specifically bond 10 in the N-Iobe and bond 1 2 in
the C-Iobe (Figure 36 & Bailey et aI. , 1988). These two bonds are present in human transferrin,
which is therefore likely to have a similar joining peptide . In both rabbit and human
transferrins, there are seven residues between the cysteines forming bonds 10 and 12, which
make up the joining peptide. These seven residues include two prolines, which would ensure
that the j oining region was linear as proline residues disrupt <x-helix. The joining peptide of
human lactoferrin is a three turn <x-helix, which lacks bonds 10 and 12 (Anderson et al. , 1 989).
Bovine, murine and porcine lactoferrins are likely to have the same joining peptide as human
I actoferrin, as they share the absence of bonds 10 and 12, the absence of proline residues and
also share a two residue deletion which is not present in the serum transferrins. Horse and pig
transferrins have the cysteine residues required for bond 12, but lack bond 10, and have prOline
residues in the joining region. Therefore, they probably .have a linear joining peptide of the
same length as rabbit transferrin, but differing in that it is not disulphide bonded to the N-Iobe.
It is possible that the pig transferrin could have some <x-helix in this region as only one prOline
is present. In chicken transferrin bonds 1 0 and 12 are absent, and the presence of prolines
suggests a linear joining peptide. The transferrin family proteins apparently have joining
peptides which take on a variety of structures as shown diagrammatically in Figure 37. The
structure of the joining peptides of human melanotransferrin and Xenopus transferrin are not as
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10

n

5

6

2

11

B

8

3

4 5

N Iobe

C lobe

Horse 1F

1 -6, 1 1

1 -9, 1 2, 1 3

Pig 1F

1 -6, 1 1

1 -9, 1 2, 1 3

Human 1F

1 -6, 10, 1 1

1 -9, 1 2, 1 3

Rabbit 1F

1 -6, 1 0, 1 1

1 -9, 1 2, 1 3

Human LF

1 -6

1 -9, 1 3

Mouse LF

1 -6

1 -9, 1 3

Pig LF

1 -6, 1 1

1 -9, 1 3

Bovine LF

1 -6, 1 1

1 -9, 1 3

Chicken 1F

1 -6

1 -9

n D
6

13

c

7

Figure 36. Disulphide bonding in the transferrins. A. Disulphide bonds present in human and
rabbit transferrins, redrawn from Metz-Boutigue et al. (1 984), and numbered according to
Bailey et al. (1988). The transferrin sequence is represented as a line with N- and C-terminals
labelled. The disulphide bonds

are

depicted joining positions within the sequence. Bonds

numbered 1 -6 are represented in both the N- and C- terminal halves, whereas bonds 7- 1 3 are
only present in one of the halves. B. Table showing which of the disulphide bonds illustrated in
the diagram above are present in other members of the transferrin family. Some or all of the
bonds in human lactoferrin, chicken ovotransferrin and rabbit and human serum transferrins are
known (Anderson et al. , 1989, Metz-Boutigue et al, 1984, Williams, 198�ailey et aL , 1 988,
MacGillivray et aI. , 1 982, 1983); the remainder are predicted from the amino acid sequences.
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Human LF

Rabbit 1F

Bovine LF
Mouse LF
Pig LF

Human 1F

Horse 1F
Pig 1F

Chicken 1F

Figure 37. Structure of the region joining the two lobes in serum transferrins and lactoferrins. In
human lactoferrin this region is a 3-turn a-helix (Anderson et aI. , 1989). A similar structure is
likely in the other lactoferrins indicated, according to similarities in primary structure. The two
lobes of rabbit transferrin are joined by a linear region of 7 amino acids, each end of which is
anchored to its respective lobe by a disulphide bond (Bailey et al. , 1988). Human transferrin is
likely to have a similar structure. In horse and pig transferrins, the joining peptide is likely to be
similar to that of rabbit transferrin, except that the disulphide bond to the N-Iobe is absent.
Chicken transferrin is also likely to have a linear joining peptide, but has neither of the
disulphide bonds present in rabbit transferrin. The proteins named above the diagrams are
known to have the structure shown. Those named below are predictions based on the amino
acid sequences, particularly the presence of cysteine and proline residues. 1F=serum
transferrin, LF=lactoferrin.
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easy to predict due to deletions near this region and low sequence homology with the proteins
whose structures are known.

The structure of the j oining peptide may affect protein function by influencing interactions
between the lobes, and the overall shape and flexibility of the protein. Such differences could
affect the specificity of the binding of transferrins and lactoferrins to their respective receptors.
Anderson et al. ( 1989) suggested that differences in the connecting peptide could affect the
relative orientation of the two lobes. This was based on the observation that the rotation
required to superimpose the human lactoferrin C-Iobe on the N-Iobe was 1 80°, whereas i n
rabbit transferrin i t was 1 67°, and the joining peptides o f these two proteins differ substantially
as described above . This now seems unlikely to be true because the bovine and human
lactoferrins, which probably have very similar joining peptides, have a 1 0° difference in the
rotation required to superimpose the two lobes (Baker et al., 1 99 1 ). The pronounced difference
between the joining peptides of the mammalian serum transferrins and lactoferrins, and the
conservation within each group, does suggest some functional importance, but the significance
remains unknown.

4.3 POLYMORPIllS MS

4.3.1 Positions and types of amino acid substitutions

The amino acid substitutions in horse transferrin all occur at sites which are variable between
species or between proteins in the transferrin family (Figure 38). At these positions, several
different amino acids occur among the different proteins, generally involving moderately
conservative changes. Therefore their complete conservation does not appear to be crucial to
protein function. Two of the polymorphisms in horse transferrin (SIP at position 437 and DIG
at 460) occur at positions which are deleted in human and rabbit transferrins. In addition,
deletions occur in the N-Iobe of horse transferrin at positions equivalent to the DIG substitution
at position 460 and the CIR substitution at position 572. The 5 exon 15 substitutions, however,
are in a region that has no deletions among any of the proteins in Figure 38, nor in the N-Iobe
of any of these proteins.

The eight amino acid substitutions identified were a mixture of different types (Table 2), most
being moderately conservative changes. For example, the PIS, DIG, FJG, KlQ, SIA and KIE
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Hor s e T F D / Fl

427

PVLAENYETRPGSA- - - -CVD

Horse T F D / Fl

PVLAENYETRSGSA- - - -CVD

P i g TF

PVLAENYKT -EGEN- - - -CVN

Human TF

PVLAENYNK - - SDN- - - -CED

Rabb i t TF

PVLAENYES - -TD- - - - -CKK

Human LF

PVLAENYKSQQSSDPDPNCVD

Mous e LF

PVLAENQKSSKSNGLD - - CVN

P i g LF

PVLAENQKSRQSSSSD- -CVH

Bovi n e LF

PVLAENRKSSKHSSLD - -CVL

Chicken TF

PVMAERYDD - - - - - -ESQCSK

Xenopus TF

PVMGEYYDQDDLTPCQRSCSQ
PAAGEHYAPEDSSN- - - - - - -

Human MTF
Hors e N - l obe

Hor s e TF D

443

95

457

PVVAEFYGSKTE- - - - - - - - -

106

SSSDPDLTWNSLKGKKSCHTGVDRTAGWN

Horse TF R

SSSGPDLTWNSLKGKKSCHTGVDRTAGWN

P i g TF

KSSGPDLNWNNLKGKKSCHTAVDRTAGWN

Human TF

KSA-SDLTWDNLKGKKSCHTAVGRTAGWN

Rabb i t TF

KSN- PDINWNNLEGKKSCHTAVDRTAGWN

Human LF

R- SDTSLTWNSVKGKKSCHTAVDRTAGWN

Mou s e LF

R - EDAGFTWSSLRGKKSCHTAVDRTAGWN

P i g LF

K -ANGGITWNSVRGTKSCHTAVDRTAGWN

Bov i ne LF

K -ANEGLTWNSLKDKKSCHTAVDRTAGWN

Ch i c ken TF

K - - DSNVNWNNLKGKKSCHTAVGRTAGWV

Xenopus TF

KGTQ- -VSWSNLRGVKTCHTAVGRTAGWN

Human MTF

RDSSHAFTLDELRGKRSCHAGFGSPAGWD

Horse N - l obe

119

Horse TF D

562

KNS - -NFQLNQLQGKKSCHTGLGRSAGWN

485

145

HQTVEQNTDGCNPDDWAKDLKSENFKLLC PDGTRKSVTEFKSCYLA

Horse TF F l

HQTVEQNTDGRNPDDWAKDLKSENFKLLC PDGTRKSVTEFKSCYLA

P i g TF

DQVVQQNTDGKNKDDWAKDLKQMDFELLCQNGAREPVDNAENCHLA

Human TF

HQTVPQNTGGKNPDPWAKNLNEKDYELLCLDGTRKPVEEYANCHLA

Rabb i t TF

SQTVLQNTGGRNSEPWAKDLKEEDFELLCLDGTRKPVSEAHNCHLA

Human LF

DVTVLQNTDGNNNEAWAKDLKLADFALLCLDGKRKPVTEARSCHLA

DLKSGNFQLLC PDGTRKAVTEFESCNLA

Hors e TF R

Mou s e LF

DSTVLQNTDGKNTEEWARNLKLKDFELLCLDDTRKPVTEAKNCHLA

P ig LF

DVTVLDNTNGQNTEEWARELRSDDFELLCLDGTRKPVTEAQNCHLA

Bovi n e LF

NDTVWENTNGESTADWAKNLNREDFRLLCLDGTRKPVTEAQSCHLA

Ch i c ken TF

HSTVEENTGGKNKADWAKNLQMDDFELLCTDGRRANVMDYRECNLA

Xenopus TF

HTTVFENTDGKNPAGWAKDLKSEDFELLCPDGSRAPVTDYKRCNLA

Human MTF
Horse N - lobe

607

HTTVFDNTNGHNSEPWAAELRSEDYELLCPNGARAEVSQFAACNLA
228

HSTVLEN- - - - - - - -LPQEADRDEYQLLCRDNTRKSVDEYKDCYLA

2 65

Figure 3 8 . Positions of the horse transferri n sequence pol ymorphisms with respect to
interspecies, interprotein and interlobe variation of transferrins. Polymorphic residues are
shown in bold type. Numbering is according to horse transferrin sequence. Residues 5 62-579
of horse transferrin R were not sequenced. The first set of sequences correspond to part of the

528 bp SSCP fragment; the second set to exon 12; and the third set is part of the 303 bp SSCP
fragment and exon 15 combined. 1F=transferrin. LF=lactoferrin. M1F=melanotransferrin.
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substitutions have scores of 0 or 1 in Dayhoffs log odds matrix for 250 PAMs (accepted point
mutations per 1 00 residues) (Dayhoff et al. , 1978), indicating substitutions which occur with
moderate frequency. The two most potentially disruptive changes are the cysteine/arginine
substitution between D and Fl (position 572), and the asparagine/tyrosine between the D- and
R-groups (position 605), which have Dayhoffs scores of 4 and -2 respectively.
-

The horse transferrin sequence shown in Figure 22 has an odd number of cysteine residues.
Comparison with other transferrins indicates that the cysteine at position 625 is likely to be
unpaired. Therefore the substitution of a cysteine in the D variant for an arginine in Fl and F2
produces the potential for an extra disulphide bond. Consideration of the positions of the
unpaired cysteines on the 3-dimensional structure of human lactoferrin (Anderson et aI. , 1 989)
indicates that a bond between the two is unlikely.

4.3.2 Polymorphism and electrophoretic mobility

The SSCP analysis of DFl cDNA revealed nucleotide differences enCOding only two amino
acid substitutions. The sequences of these two variants were expected to be fairly similar due
to the similarity of their electrophoretic mobilities. The substitutions observed were serine for
proline, both of which carry a neutral charge, and cysteine for arginine, which replaces a
neutral residue in D for a positively charged one in Fl. This observation accounts for the
difference in electrophoretic mobility between the two variants. The greater negative charge on
the D variant would cause its increased mobility toward the cathode (Figure 5). No differences
were found between Fl and F2, but only part of the F2 allele was studied. As Fl and F2 variants
are difficult to distinguish by electrophoresis, there may be only a single amino acid difference
between them.

In comparison, the six amino acid differences which distinguish the D, Fl , F2, H2, * and 0, R
groups of variants correspond well with the large differences in electrophoretic mobility
between these groups (Figure 5). However, the observed substitutions do not involve charge
changes which would produce the mobility differences. The variable residues in the D-type
variants (D, Fl, F2, H2 and *) include two positively and two negatively charged residues, while
the R-type variants (0 and R) have a single negative residue. The net charge difference is 1 ,
with the R-type variants being more negative. Therefore, neither the size nor polarity of charge
difference is in agreement with differences in electrophoretic mobility. This can be explained
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by the proposal that other substitutions distinguish the two groups (Section 4.3.4), and that
these undefined substitutions may account for the differences in electrophoretic mobility.

4.3.3 Number of substitutions

Between the D and R variants, there are at least 6 amino acid substitutions in a sequence of 706
amino acids (Table 2). Is 6 amino acid substitutions in 706 (0.8%) residues a high substitution
rate for variants within a species? A useful comparison could be the globins as these are the
best known mammalian proteins. Two hundred variants of human haemoglobin have been
analysed, most of which are single amino acid substitutions in the

ex

or

p chains. A few P

globin variants occur which differ from the common variants by 2 amino acids (Weatherall and
Clegg, 1 976). Therefore, the difference between any two human globin variants must be a
maximum of 4 amino acid substitutions. As the human P -globin polypeptides are 146 residues
in length, the variants differ by 0.7-2.7%. If the six amino acid substitutions distinguishing the
D- and R-groups were the only differences between the two groups, this would not be a high
substitution frequency. However, as only two small regions of the amino acid sequence were
studied, it is possible that there are many other differences between the two groups. There is
evidence for further differences near the part of exon 15 which was sequenced, as described in
Section 4.3.4.

The six substitutions distinguishing the D and R variants were in the 29 amino acids sequenced
from exon 12, and the 28 from exon 1 5 , a total of 57 residues. If this level of polymorphism
( 1 0.5%) were present throughout the whole molecule, the D and R variants of horse transferrin
would be very different for variants within a species, in comparison to the 0.7-2.7% sequence
variation in the human globins.

The exon 12 and 15 regions were analysed in other mammalian transferrin sequences available,
to establish an inter-species level of homology. The exon 15 region of 28 amino acids differed
at 7- 1 5 positions (25-54%) in pairwise comparisons of human, porcine, rabbit and horse
transferrins (Table 4), while the 29 residues of exon 12 differed at 5-8 positions ( 1 4-28%),
giving a combined range for the two regions of 1 3-22 poSitions in 57 (23-39%). Although the
level of polymorphism between the two groups of horse variants ( 1 0.5%) is substantially less
than between the species in Table 4 (23-29%), it might be close to the level which would occur
between closely related species.
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Table 4
Intra- and Interspecies Variation in Exons 1 2

and 1 5 of

Mammalian Serum Transferrins

A.
Exon 1 2
S S SDPDLTWNSLKGKKSCHTGVDRTAGWN

Horse D
Horse R

S S SGPDLTWNSLKGKKSCHTGVDRTAGWN

Pig
Human

KSSGPDLNWNNLKGKKSCHTAVDRTAGWN

Rabbit

KSN- PDINWNNLEGKKSCHTAVDRTAGWN

KSA - SDLTWDNLKGKKSCHTAVGRTAGWN

Exon 1 5
DLKSENFKLLC PDGTRKSVTEFKSCYLA
DLKSGNFQLLC PDGTRKAVTEFESCNLA
DLKQMDFELLCQNGARE PVDNAENCHLA
NLNEKDYELLCLDGTRKPVEEYANCHLA

Horse D
Horse R
Pig
Human
Rabbit

DLKEEDFELLCLDGTRKPVSEAHNCHLA

B.

Horse D

Horse R

Pig
Human

Horse R
Pig
Human
Rabbit
Pig
Human
Rabbit
Human
Rabbit
Rabbit

Exon 12

Exon 15

Exons 1 2 & 15

3.4
17.2
27.6
24. 1
1 3.8
27.6
24. 1
20.7
1 3.8
25 .0

1 7.9
53.6
50.0
35 7
46.4
50.0
39.3
46.4
32. 1
25. 0

1 0.5
35. 1
38.6
29.8
29. 8
38.6
3 1 .6
33.3
22. 8
25. 0

.

A . Amino acid sequences of the D and R variants of horse transferrin in the regions of exons

1 2 and 1 5 which were sequenced, aligned with the equivalent regions of serum transferrins
from other species.

B. Percentage of residues which differ between pairs of the sequences in A.
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The six substitutions in exons 1 2 and 1 5 which distinguish the D- and R-groups of horse
transferrins seem to indicate a substantial difference between the two groups. However with
the limited data available, it is difficult to predict the extent of this difference, or to compare it
to levels of pol ymorphism between variants of other genes. The aspect of this data which reall y
is striking is that members of the two groups differed in all six positions, and no 'hybrid' types
were observed.

4.3.4 Further polymorphism between D- and R-type alleles

Given the level of polymorphism between the D- and R-types in the exon 1 5 region, it is
possible that the two groups may differ extensively in other parts of the molecule, ego in the
region which is the N-Iobe equivalent to exon 1 5 (exon 7 in human transferrin). However, not
all parts of the molecule are as variable as exon 1 5 , as shown by the single amino acid
substitution in exon 12.

There is evidence for further polymorphism around the region of exon 1 5 which was studied,
in the behaviour of the PCR. One primer pair ( 15/ 1 and 1 5/3) amplified only the D-type alleles,
and gave no products with 0 or R. The other pair ( 1 5/1 and 1 5/2) could amplify 0 and R, but
in the presence of D-type alleles, the D-type alleles were amplified preferentially to 0 and R
alleles. As the primers were synthesized according to a D or FI sequence, this shows that 0
and R must differ from D and/or FI in the region of at least two of the three primers.

The peptide maps of D and R transferrins produced by Chung and McKenzie ( 1985) revealed
differences in several peptides but only two of these were analysed by sequencing. Some of the
other differences observed may have been due to the 4 amino acid substitutions i n exon 1 5
which l ay outside o f the peptide they sequenced, while others could have been due to
polymorphisms in other parts of the molecule.

As selection theoretically has no effect on synonymous mutations in the COding region, we
would expect them to occur equally frequently throughout the molecule. The 85 bp region of
exon 15 which was sequenced had three synonymous mutations between the D- and R-groups.
This level of synonymous mutations between D and R may occur throughout the molecule,
indicating extensive differences between the D- and R-groups. In contrast, sequencing o f
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fragments of D and FI alleles (the 303 and 528 bp SSCP fragments) revealed onl y one
synonymous mutation in a total of 831 bp, a much lower level of variability.

4.3.5 Two groups of horse transferrins

The sequencing of exons 12 and 15 identified 6 amino acid substitutions which distinguish the
D , F l , F2, H2, * group from the 0, R group. This extends the results of other workers who
divided the horse transferrin variants into two groups according to electrophoretic mobility,
immunological reactivity and serum levels (Kaminski et al. , 1 98 1 ; Didkowski et al. , 1 98 1 ;
summarized in Table 1). The 6 amino acid substitutions distinguishing the D, Fl , F2, H2, * and

0, R variants, being clustered and on an external part of the molecule (see Section 4.3 .7)
account for the difference in i mmunoreactivity between the two groups, which was observed
by Kaminski et al. ( 1981).

In addition, Bailey et al. ( 1 99 1 ) detected an RFLP in horse genomic DNA digested with MspI,
which gave a 2.4 kb fragment in the D, Fl, F2, G and H2 variants, and a 0.5 kb fragment for °
and R. However Bailey et al. ( 1991 ) did not detect RFLPs with EcoRl and Pvull. My sequence
data for exon 1 5 reveal polymorphic EeoRI and Pvull sites distinguiShing the D - and R
groups. The probe used by B ailey et at. ( 1 99 1 ) did i nclude exon 1 5 , but they had some
"difficulties" with their human transferrin cDNA probe, and recommended "using an equine
transferrin probe for future studies".

Six amino acid substitutions distinguish the two groups of horse transferrin, with no 'hybrid'
types occurring (Le. those which are D-type at some positions and R-type at others) at least
among the variants studied here. The presence of two such distinct groups of variants within a
species seems odd. Hybrid variants must once have existed, either as common ancestors to the
modern variants, or during the evolution of one group from the other. The current absence of
these hybrids is readily explained by their loss through selection or random events. However,
recombination between a D-type allele and an R-type allele of horse transferrin would produce
novel hybrid alleles. A range of different alleles can be predicted depending on the pOint of
cross-over. Therefore, the existence of two distinct groups of transferrin variants in horses,
with an absence of hybrid variants, requires explanation.

1 34
The two groups of transferrins appear to extend through most breeds of horse, according to the
many reports of frequencies of electrophoretic variants of horse transferrin ( Braend, 1 964;
Gahne, 1966; Kaminski and Urbanska-Nicholas, 1979; Bowli ng and Clark, 1 985). The two
groups may also occur in other equid species. Analysis of the transferrins of the donkey and
zebra (Equus burchelli) revealed a range of variants similar to those of the horse. Singhvi and
Khanna ( 1 98 8) reported the presence of transferrin variants D, F, H, M, 0 and R in the donkey.
Osterhoff ( 1 966) observed in the donkey variants apparently the same as the horse variants H,

M, 0 and R, as well as new variants denoted Dd and I. The transferrins of E. burchelli included
the horse variants H, J, M, 0 and R, as well as new variants Dz, G, I and J (Osterhoff, 1966).
Interestingly, Przewalski ' s horse (E. przewalski), the species most closely related to the
domestic horse (E. caballus), has 2-4 variants which appear to be members of the D -group of
transferrins, as well as 2-3 novel variants, but had no 0 or R variants in 226 samples (Putt and
Whitehouse, 1 983; Bowling and Ryder, 1987). Przewalski ' s horse and the domestic horse are
so closely related that they can produce fertile hybrids (Short et aI. , 1974), yet their transferrin
variants appear to share no more similarity than the domestic horse shares with the donkey and
zebra. This unlikely situation may be partially due to poor blood-typing data, and confusion
with the nomenclature of horse transferrin types.

The variants which these authors describe as being the same as horse variants have a similar
electrophoretic mobility to the equivalent horse variant, but it is not yet known if they are
actually identical in amino acid sequence. However it is likely that some of the variants are at
least similar across the species. As both donkeys and zebras have variants which appear to be
similar to members of the D- and R-groups of horse transferrin, it is likely that these two
groups occur in the donkey and zebra. Therefore, the points discussed in the remainder of this
section will be based on the assumption that the two groups of horse transferrins, as defined by
the 6 amino acid substitutions, occur in the donkey and zebra. The two groups of alleles are
likely to be ancient, predating the divergence of the contemporary equid species, an event
which is estimated to have occurred 3.9 million years (myr) ago (George and Ryder, 1 986).
This is consistent with the substantial differences between the two groups.

Assuming the D- and R-groups of equid transferrins have existed for approximately 3 .9 myr,
there should have been sufficient time for recombination between transferrin alleles to have
produced the hybrid types of transferrin. As five of the nucleotide substitutions which produce
amino acid substitutions occur within a very small region (85 bp) the frequency of cross-over
within this region would be very low. However, the distance between the substitution in exon
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1 2 and those in exon 15 is much greater (approximately 9 kb in human transferrin, Schaeffer et

aI. , 1 9 87) so the cross-over frequency would be expected to be higher. The average map unit
size in the human genome is approximately 106 bp (Lewin, 1 990). Assuming recombination
occurs at a comparable frequency in the horse genome, there would be an average of 1 %
recombination per 1 06 bp per generation in horses. Therefore positions in the nucleotide
sequence separated by 9 kb would have a recombination frequency of 9x lO·5 per generation.
The average generation time in thoroughbred horses is 1 1 years (Cunningham, 1991), so the
3 .9 myr during which the two groups of transferrins appear to have e xi sted represent
approximately 350,000 generations. The linkage disequilibrium which would be expected to
exist at present if recombination was occurring at a rate equal to the average for the genome
can be estimated using the relationship �=( 1 -cYdo where � is the linkage disequilibrium after t
generations; c is the recombination frequency; and do is the initial linkage disequilibrium,
which has a maximum value of 0.25 (Ayala and Kiger, 1984). Using c=9xlO'S , t=350,000 and
do=0.25 gives a value for � which approaches zero (5x l O- 15 ) indicating that after 3 .9 myr,
markers 9 kb apart and initially in total linkage disequilibrium would have virtually reached
equilibrium. Therefore, assuming recombination at a frequency close to the average for the
genome, the 3.9 myr since the equid divergence would be plenty of time for hybrid D/R-type
alleles produced by cross-over in the region between exons 1 2 and 1 5 to have reached a
significant frequency in equid species.

Recombination occurs at a greater frequency in some regions of the DNA than in others. In the
human �-globin gene cluster there are two regions in which recombination is rare, separated by
a region described as a recombination hot spot (Kazazian et aI. , 1 983). The 32 kb 5 ' region,
including 3 functional globin genes and a pseudogene, has 5 restriction enzyme sites which are
polymorphic in Mediterranean and Asian populations. Of the 32 possible combinations of
these polymorphic sites, only 3 are common. Similarly, the 18 kb 3' region, containing the �
globin gene and fl anking DNA, has 5 polymorphic restrictio n site s , o f which only 3
combinations are common. Only one of the ten polymorphic restriction sites is in the COding
sequence of a functional gene; the others lie in flanking DNA, introns or in the pseudogene.
Consequently, the lack of alternative types is unlikely to be due to selection. Therefore, the fact
that only three common sequence types occur in each region indicates that recombination is
infrequent. In contrast, the 1 1 kb region between the two segments described above appears to
be the site of frequent recombination, as indicated by the occurrence of aU 9 combinations of
the 3 5' types with the 3 3' types (Kazazian et ai. , 1983).
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The horse transferrin gene, or a part of it, could be a region where recombination occurs very
rarely, if at all. The 6 amino acid substitutions distinguishing the D- and R-groups of horse
transferrin occur in a region of the gene whose human equivalent spans 9 kb (Schaeffer et al. ,
1 987). The data on human haemoglobin indicate that recombination can occur so infrequently
in a region even larger than this size, that recombinant types are not observed. Thus, the two
groups of horse transferrins could have evolved independently, then maintained their
differences, due to the absence of recombination.

An interesting situation, which in some ways parallels the horse transferrin variants, occurs in
the horse a.-globins. The horse a.-globins are encoded by two genes, a.l and a.2, which are
approximately 5 kb apart. The two genes differ at one position: residue 60 is lysine in a.l and
glutamine in a.2. Two haplotypes occur: BI has a tyrosine at position 24 in both a.l and a.2,
while B I I has phenylalanine in both these positions. Other haplotypes occur at lower
frequencies, and all these are easily expl ained as being derivatives of the BI and B I I
haplotypes. However 'hybrid' haplotypes (eg. a.l =Tyr 24, a.2=Phe 24) have not been observed
in the screening of thousands of horses (Clegg, 1 987). Both the BI and BII haplotypes also
occur in Przewalski' s horse (Ryder et al. , 1 979) indicating that these haplotypes predate the
formation of the domestic horse species. This situation differs from that of transferrin in that it
involves two separate genes, but it may be evidence for another region in which recombination
is infrequent.

Alternatively, the two distinct groups of horse transferrin variants could be a result of selection
against the hybrid types. The ancestral horse transferrin could have been such a hybrid type.
Random mutations would have produced separate progenitors of the D- and R-types, each of
which were selected in favour of the hybrid type. Each type then accumulated substitutions,
and consequently the two types diverged. POSSibly, the two types evolved in separate
populations and were subsequently brought together by cross-breeding. The two types would
have been selectively neutral with respect to each other. At any stage, including at present, any
hybrid types formed through recombination would have been selected against, and therefore
eliminated. This model could be tested by constructing the hybrid variants, and attempting to
determine any functional differences between them and the natural variants.

Generally, synonymous substitutions are observed more frequently in the coding regions of
genes than are amino acid-altering substitutions (Kimura, 1983). This is due to selection acting
to remove many of the mutations which cause amino acid substitutions. The ratio of
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synonymous to non-synonymous substitutions in exon IS (3:5) is therefore odd, although the
data i s so limited this cannot be taken too seriously. It does suggest that amino acid
substitutions in this region are not subject to elimination by natural selection. Therefore,
although the absence of insertions/deletions in this region suggests that its length may be
important, it appears that the types of amino acids at many positions in this region is of lesser
importance. This suggests that it would be unlikely that hybrid variants would be removed by
natural selection.

A low frequency of recombination explains how the two types of horse transferrin maintain
their differences, but not why both types are present in three diverse equid species. As the R
type has been lost in Przewalski ' s horse, the time required for the loss of an allele is short
compared to the time since the zebra, domestic horse and donkey species diverged. These
species could have retained members of both groups of transferrins simply through random
events, or selection could have had a role i n maintaining this genetic diversity through
mechanisms such as heterozygous advantage or frequency-dependent selection.
I have stated that there are no horse transferrin variants which share characteristics of both the
D- and R-types. In fact there are two variants, J and M, which have this potential. They each
have an electrophoretic mobility between that of the D- and R-group variants which were
studied. The J variant has been assigned to the D-group, and M to the R-group, according to
immunological reactivity (Kaminski et aI. , 1981). Both variants are relatively rare, being found
only in a few breeds. It would be interesting to study these variants to determine whether they
do have characteristics of both the D- and R-types.
The extent of the difference in amino acid sequence between the D- and R-groups of horse
transferrins might be expected to indicate a functional difference between the two groups.
Transferrin heterozygosity has been associated with a healthy endometrium in mares
(Weitkamp et al. , 1 99 1 ) . The FF phenotype has been associated with superior racing
performance in thoroughbreds (Osterhoff et al. , 1 974) . It might be expected that these
associations between phenotype and function would reflect the two groups of horse
transferrins. For example, is the heterozygous advantage in mares due mainly to D-typelR-type
heterozygotes? Inspection of the data of Weitkamp et al. ( 1991 ) shows that the heterozygous
advantage is due to DF and OR phenotypes as much as DO, DR, FO and FR. Thus the
differences between the two groups do not appear to be sigilificant in this case. The correlation
between the F variant and racing performance might be expected to be shared by the other D-
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type variants. The data of Osterhoff et al.
compared to

(1974) indicate that D variants may b e advantageous

0 and R regarding racing performance, so perhaps the two groups are reflected in

this case, though the data is somewhat limited.

4.3.6 Positions of polymorphisms in the primary structure

All the polymorphisms found in the horse transferrin sequence were in the C -terminal half of
the molecule (Figure

33). Is this a consequence of the method of looking for them, or does it

represent the real distribution of variation within the molecule? Admittedl y , attention w as
focussed on this half of the molecule, initially due to the findings of Chung and McKenzie

( 1 985) who detected 2 polymorphisms in the amino acid sequence after peptide mapping the
whole molecule, i .e. they did not focus on the C-Iobe. The SSCP analysis covered almost the
whole molecule when using the DFI sample, and found two polymorphic fragments, both in
the C-terminal half. The SSCP analysis using DF2 and F1FI samples did concentrate on the

3'

end, for reasons o f experimental convenience, but did not detect any further v ari ati on.
Therefore, although experimental methods did focus on the C-terminal half-molecule to some
degree, I believe the greater variability in this region is at least partially representative of the
real situation. This question can only be resolved by complete sequencing of either the

0 or R

aUele and comparison with the DIF1 sequence already obtained.

Assuming then, that the C-Iobe of horse transferrin shows greater variability between alleles
than the N-Iobe, does this parallel the situation when inter-species comparisons are considered?
The C-terminal portion of the molecule does differ more between species than the N-terminal
half when serum transferrins are compared, but the opposite is true of lactoferrins (Table

5).

The transferrins are thought to have evolved via a gene duplication, resulting in the duplicated
protein structure. The two lobes would initially have been identical in sequence, but differed in
their poSition within the molecule, and may therefore have differed functionally. This situation
could result in one lobe (the N-Iobe in serum transferrins) being selectively constrained while
the other is comparatively free from selective constraints and is able to evolve a little more
rapidly, perhaps taking on a slightly modified function.
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Table 5
Interspecies Comparisons of Mammalian Serum Transferrins and Lactoferrins

% Identical Residues
N-Iobe

C-Iobe

Exon 15

Total

76. 1
74.9
74.6
7 1 .9
8 1 .9
73.4

70.6
72.6
70.9
71.1
75.9
72.9

50.0
46.4
64.3
53.6
75.0
67.9

73.4
73.7
72.8
7 1 .5
79.0
73. 1

75.5

72.3

59.5

73.9

65.6
58.8
70.5
66.9
66.6
59.4

73. 1
68.6
76.0
73.7
75.4
70.0

75.0
75.0
78.6
75.0
7 1 .4
78.6

69.4
63.6
73.3
70.3
7 1 .0
64.7

64.6

72.8

75.6

68.7

Transferrins
Horse
Horse
Horse
Human
Human
Pig

Human
Pig
Rabbit
Pig
Rabbit
Rabbit

Mean

Lactoferrins
Bovine
Bovine
Bovine
Human
Human
Mouse

Human
Mouse
Pig
Mouse
Pig
Pig

Mean

Percentage identity was calculated using the Gap program of the GCG package. The N and C
lobes were divided between residues 357 and 358 in horse transferrin, and i n the equivalent
position in other sequences. Exon 15 was residues 5 80-607 of horse transferrin, and the
equivalent region of other sequences.
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The degree of polymorphism is concentrated particularly in exon 1 5 . In the 85 bp lying
between the PCR primers, 9 base substitutions distinguish the D, Fl, F2, H2, * alleles from the

0, R alleles, producing 5 amino acid differences between the two groups. 'This region of the
molecule does appear to be more variable than the average for the whole molecule (see Table
5). However in the lactoferrins (human, bovine, mouse) exon 1 5 is, if anything, a little less
variable than the average for the whole molecule. This implies that if this region is functionally
Significant, the significance differs between serum transferrin and lactoferrin.

4.3.7 Positions of polymorphisms in the 3-dimensional structure

The 3-dimensional structures of rabbit transferrin and human lactoferrin have been determined
(Bailey et al. , 1988; Anderson et al. , 1 989). The two proteins are very similar in the overall
structure, so it is likely that the horse transferrin also has a similar structure. The paper
reporting the human lactoferrin structure (Anderson et al. , 1 989) included a stereo diagram of
an cx-carbon chain trace with some residues numbered. Less detail was published for rabbit
transferrin, so it has been easier to analyse the horse transferrin polymorphisms using human
lactoferrin as a model structure, rather than rabbit transferrin.

When the positions of polymorphisms found in horse transferrin were l ocated on the 3dimensional structure of human lactoferrin (Figure 39), they appear to be clustered in a
particular portion of the C-Iobe, i.e. the end furthest from .the N-Iobe. The polymorphisms all
also appear to be on external loops of the protein, such that they may be exposed on the surface
of the molecule. Interestingly, two amino acid substitutions distinguishing bovine transferrin
variants A and D2 (Maeda et al. , 1984) are located on external loops of the molecule adjacent
to the cluster of polymorphisms in horse transferrin (i.e. at positions equivalent to residues 470
and 554 in horse transferrin). The only amino acid substitution in human transferrin whose
position is known lies in the N-Iobe, in a position equival e nt to residue 3 2 1 of horse
transferrin. This is close to the part of the N-Iobe which is equivalent to the C-Iobe region
which is polymorphic in horse transferrin (Wang et ai. , 1967).

Why might the polymorphic residues in horse transferrin all occur in o ne region of the
molecule? As outlined in Section 4.3.6, the distribution of substitution sites in the primary
structure could be partly due to experimental bias. This bias would also influence the
distribution of these sites in the 3-dimensional structure. However, the folding of the molecule
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Figure 3 9 . Pos i t ions o f the horse tra nsferr i n a m i no aci d sequence polymorphisllls OIl the 3 d i me n s i o n a l s t r u c t u re o f h u m a n l actofe r r i n . H u m a n l actoferri n i s repre sented a s a r i b b o n
diagram , w i th lhe N-Iobe above the C-Iobe. The two orange spheres represe nt i ro n atoms. Pink
spheres r e p r e s e n t t h e s i d e - c h a i n atoms o f t h e resi d u e s w h i ch are p o l y mo r p h i c i n h o r s e
transferri n. N o t e the c l u s tered distri bu tion of t h e pol ymorphic residues. Photograph courtesy o f
D r . TCli B aker, Department of Chemistry and B iochemistry, Massey U ni vers i ty.
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brings polymorphic sites which are relatively distant in the primary structure close together in
the tertiary structure, which is not readily explained by chance. TIlis, together with the two
bovine polymorphic sites in the adjacent region, indicates that this variable region is a genuine
observation. 'This conclusion can only be confirmed by further sequencing to determine the
level of polymorphisms throughout the molecule.

The clustered distribution of the polymorphic sites suggests that this variable region of the
molecule may form a functional unit. The high variability of this region may indicate that it is
functionally unimportant. The residues that are variable are on external parts of the molecule,
and provided they are not involved in interactions with other molecules (eg . the transferrin
receptor) the observed substitutions might be insignificant. If this is the case, it seems likely
that there would be other parts of the molecule which are equally variable. Although both the

N- and C-Iobes of transferrin are required for receptor binding (Esparza and Brock, 1 980;
Brown-Mason and Woodworth,

1 984), there is no indication that almost the whole molecule

interacts with the receptor. Therefore, unless other external parts of transferrin are constrained
by the requirements of interacting with other molecules, there must be other parts which are
essentially functionless, and might be as variable as the region I have observed. Further
sequencing would clarify this.

Alternati v e l y , the polymorphic regio n could have a fu ncti o n which i s favoured b y
heterozygosity, which explains both the l arge number o f horse transferrin variants and the
substantial differences between the two groups. Transferrin heterozygosity has been associated
with a healthy endometrium, which is an indicator of fertility in mares (Weitkamp et al. ,
W eitkamp

1 991).

et al. ( 1 9 9 1 ) suggested that this e ffect w a s d u e t o the anti microbi al role of

transferrin, the health of the endometrium being maintained better through more effective
protection from pathogens in transferrin heterozygotes. It is possible that it is the polymorphic
region of the molecule which is important in this heterozygous advantage.

It is unlikely that the function of the polymorphic region would be related to binding the
transferrin receptor. A receptor binding site is more likely to be a conserved region than a
variable one. The region of human transferrin which binds the receptor was show n to be
phylogenetical l y conserved among human, pig , rabbit, horse and dog transferrins, by
monoclonal antibody-binding studies (Bartek
exon

et ai. , 1 985). In contrast, the sequence of the

1 5 region is more variable between species than the rest of the molecule (Table 5). In

addition, Mason et al.

( 1990) used antibodies to determine whether a disulphide bonded loop
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in chi cken ovotransferrin (residues 570-584) was the receptor binding site. This region is
equivalent to residues 590-604 in horse transferrin, which is part of the variable region I have
observed. They found this loop to be remote from the receptor binding site.

The part of the variable region encoded by exon 15 has an amino acid sequence which is more
variable between species than the average for the molecule. However, it contains a structural
feature w hich is highly conserved. This is the disulphide bonded loop selected for study by
Mason et al. ( 1 990). There are no insertions/deletions in this region in any of the proteins
shown in Figure 38, so that its length is conserved exactly. The equivalent region in the N
Iobe of the transferrins (encoded by exon 7) is very similar and is likewise conserved between
proteins/species. This conserved structural feature may be have some functional significance.

4.3.8 Interpretation of the polymorphism data

Several differences have been demonstrated between the D- and R-groups of horse transferrin,
i n a particular region of the molecule. This limited data does not reveal the extent of the
differences between the two groups. It may be that there are few differences other than those
reported here, in which case the two groups do not differ much. Alternatively, the level of
polymorphisms could be equally high throughout the whole molecule, which would negate the
observation that the polymorphisms defined a variable region of the molecule. This situation
would be clarified by obtaining the sequence of an 0 or R variant and comparing it to the DIFI
sequence reported here. If many additional polymorphic positions in the protein sequence were
located, b ut these were grouped in particular regions, this approach might define functional
regions of the molecule. For example, a non-variable surface region might be the receptor
binding site.
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4.4 CONCLUSIONS

The cDNA and amino acid sequences of horse transferrin show it to be very similar to other
mammalian serum transferrins. Conserved features of the amino acid sequence such as iron
and anion binding residues and cysteine residues indicate structural and functional similarity to
other transferrins.

Three polymorphic nucleotide positions were found by sequencing fragments of the cDNA
enCOding horse transferrin variants D and Fl' Two of these produced amino acid substitutions
distinguishing the D and F I variants.

Ten polymorphic nucleotide positions which distinguish the D, FI, F2, H2 and

* alleles of horse

transferrin from the 0 and R alleles were found by Southern blotting of genomic DNA andlor
by sequencing parts of the exons from these alleles. These nucleotide substitutions resulted in
six amino acid sequence polymorphisms.

The number of substitutions distinguishing the D- and R-groups of horse transferrin in the
small portion of the coding region which was sequenced indicates substantial differences
between the two groups of variants. This is in accordance with published results which
reported differences between the two groups in charaCteristics such as immunological
reactivity, electrophoretic mobility, serum levels and RFLPs. The presence of two distinct
groups of transferrin variants may indicate a low recombination frequency in all or part of the
horse transferrin gene. Two similar groups of transferrin variants may also be present in other
equid species such as the donkey and zebra, indicating that the precursors of the two groups
diverged over 4 million years ago.

The positions of the eight amino acid substitutions observed among horse transferrin variants
were located on the 3-dimensional structure of human lactoferrin. All eight substitutions were
located in one part of the C-Iobe, on external loops. This may define a region of the molecule
in which variability is high due to a lack of functional constraints.
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