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ABSTRACT

Lactoferrin, a monomeric 80 kDa glycoprotein, is a major component of human milk
and is found in many other exocrine secretions as well as in the neutrophilic granules of
white blood cells. A member of the transferrin family of iron-binding proteins, lactoferrin
has the ability to bind tightly but reversibly 2 Fe3* ions with the concomitant binding of
2C032-ions. Crystal structure studies clearly demonstrate that the polypeptide chain is
folded into two similar lobes, representing the N- and the C-terminal halves of the protein,
and that each lobe contains one of the two very similar iron-binding sites. Transferrins
also show considerable versatility in their binding properties, being able to bind many
metal ions in place of Fe3+ and anions in place of CO32". Differences between the two
sites become more pronounced, however, with the substitution of non-native metals and
anions, and the origins of this inequivalence have long been debated.

To investigate the means by which lactoferrin can accommodate anions larger than
carbonate, the diferricdioxalatolactoferrin (Fep(C204)2Lf) complex was prepared and
crystallised. The crystals, which were isomorphous with those of Fep(CO3)2Lf, were
used to collect a complete 2.4 A data set at the Photon Factory (Japan) synchrotron
source. The structure was refined by restrained least squares methods to a final R factor
of 0.196 for all 31758 reflections in the resolution range 8.0 to 2.4 A. The polypeptide
folding and domain closure were identical to those of the native Fep(CO3),Lf. In contrast
to the carbonate complex, however, in which the two binding sites appear almost
identical, with the carbonate coordinating in a symmetrical bidentate mode to each iron,
when oxalate is the anion, the coordination around the metal differs between the N- and
the C-lobe. In the C-lobe, the oxalate has a symmetrical 1,2-bidentate coordination to the
iron, but in the N-lobe this coordination is quite asymmetric (O1ox-Fe = 1.87 A, Onox-Fe
=2.55 A). Analysis of the structure indicates that the stereochemistry of the oxalate
coordination to the iron is influenced by the position of the anion-binding arginine. The
position this arginine can adopt in each lobe is, in turn, influenced by residues more
remote from the iron site and which differ between the N- and C-lobes.

All lactoferrins so far characterised are glycoproteins, but the importance of the
glycan chains for structure and/or function has yet to be established. Enzymatic methods
were used to deglycosylate human and bovine lactoferrins, and the native deglycosylated
forms of the human protein were compared with respect to CD spectra, iron binding and
release, stability to proteolysis and heat stability.

Deglycosylation was carried out at pH 6.0 on the iron-free form of lactoferrin, using
an endoglycosidase preparation from Flavobacterium meningosepticum, comprising
PNGase F and Endo F. Deglycosylation was rapid for human lactoferrin, being
essentially complete within 12-24 hr. Only partial deglycosylation of bovine lactoferrin
could be achieved under the same conditions, however, and this is attributed to the relative
inaccessibility of at least one of the glycosylation sites.



The CD spectra of native and deglycosylated human lactoferrins were found to be
essentially identical in the range 250-350 nm, implying the same three dimensional
structures. Both also bind iron in identical fashion; 2 Fe3+ ions are bound and binding is
complete within 1 minute. The release of iron as the pH was lowered from 8.0 to 2.0 also
showed no significant difference, the pH at which 50% release had taken place being 3.2
and 3.0 respectively for native and deglycosylated proteins. Susceptibility to proteolytic
digestion by bovine trypsin over a period of 24 hr showed similar fragmentation patterns
and a similar time course for the reaction for both species. Iron binding ability as a
function of temperature was used as a measure of heat stability; melting temperatures
derived from these experiments were 64°C for native and 63°C for deglycosylated
lactoferrin. Comparison of the three dimensional structures of glycosylated iron-
lactoferrin with deglycosylated apo-lactoferrin are consistent with these results, showing
only a small increase in flexibility near the glycosylation site, when the carbohydrate is
removed.

Conclusions are that the in vitro physicochemical properties of lactoferrin are
unaffected by the presence or absence of its glycan chains. /n vivo studies may be
necessary to establish the importance, if any, of glycosylation.
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CHAPTER I
INTRODUCTION

Iron is widely used in living systems to provide an essential metal ion in many
biological processes, usually as a functional component of metalloproteins. The potential
dilemma, arising from the very low solubility of iron in physiological conditions, has been
solved by a system of proteins exquisitely designed to solubilise, store, sequester and
transport iron. Fe(III), the thermodynamically stable form of iron under physiological
conditions, is precipitated as insoluble ferric hydroxides at concentrations greater than
10-18 M (Aisen & Listowsky, 1980), but in vertebrates it is safely compartmentalised into
catalytic and carrier proteins such as haemoglobins and cytochromes, storage proteins
such as ferritin, and proteins of transport and regulation, namely the transferrins.

I.1 TRANSFERRIN FAMILY: Historical overview$

Proteins of the transferrin family, which include serum transferrin, ovotransferrin
(or conalbumin) present in egg white, and lactoferrin found in milk and exocrine
secretions, have been studied since the beginning of this century.

Osborne and Campbell (1900) isolated conalbumin from egg whites, but it was not
until 1946 (Atherton, 1946) that its iron-binding properties were recognised. Meanwhile,
with the stimulus of war research into blood plasma fractionation, serum transferrin was
isolated and characterised (Schade & Caroline, 1946).

The most striking feature of transferrin chemistry, the unique synergistic cation-
anion relationship, was first outlined in a landmark paper by Schade et al (1949). Two
Fe3+ ions were found to be bound to the molecule but it was recognised that specific
binding only occurred if two HCO3™ (or CO32-) ions were also bound. By 1962, when it
was realised that the only difference between hen serotransferrin and conalbumin was in
the attached carbohydrate moiety (Williams, 1962), conalbumin was renamed
ovotransferrin.

Lactoferrin, first noted as the "milk red protein" from bovine milk (Sorenson &
Sorenson, 1939), was purified and characterised as an iron-binding protein by Groves
(1960) and Johanson (1960). Montreuil gave the name lactotransferrin, but now it is
generally known as lactoferrin, indicating its initial identification in milk and the fact that
although it is similar to transferrin, it is a distinct protein encoded by a separate gene.

Thus by 1960, the three major members of the transferrin family, ovotransferrin,
serum transferrin and lactoferrin had been purified, characterised and recognised as
belonging to a larger family known collectively as transferrins. Members of this family

§ Using Bezkorovainy (1980), Brock (1985), Aisen & Harris (1989) as secondary references unless
otherwise stated.



appear to be present in all vertebrates so far examined.

Transferrins have also recently been characterised in several invertebrates, eg the
hornworm moth Manduca sexta (Bartfeld & Law, 1990) and the cockroach (Jamroz et al,
1993). Finally a further distinct member of the transferrin family was identified with the
discovery that a membrane-bound antigen, p97, from human melanoma cells, had a
substantial amino acid sequence identity with the other transferrins (Rose ez al, 1986).
This protein has now been renamed melanotransferrin and has been found to be present in

at least one other species (chicken).

I.2.1 Molecular Properties

All the transferrins are monomeric glycoproteins of 680-700 amino acids with
molecular weights of approximately 80,000 Da. The exception to this is melanotransferrin
which, while homologous to the other transferrins, has a 25 amino acid C-terminal
extension believed to be involved in anchoring the protein to the plasma membrane of
melanocytes (Rose ez al, 1986). The isoelectric points of ovotransferrins, transferrins and
melanotransferrin range between 5.0-6.0, while the lactoferrins are distinguished by much
higher isoelectric points around 8.5-9.0 (Brock, 1985).

Transferrins exhibit an internal amino acid sequence homology of about 40%
between the N- and C-terminal halves, which is reflected in their bilobal tertiary structure
(Gorinsky et al, 1979; Anderson er al, 1987). The most outstanding feature of transferrin
chemistry, however, is the synergistic anion-cation binding relationship mentioned earlier.
Two ferric ions are bound together with two (bi)carbonate ions. Neither ion is bound
strongly without the other, but taken together binding is extremely strong with a stability
constant ~1020 molar (Aasa et al, 1963). Despite the high stability constant, this binding
is readily reversible, both in vivo and vitro and indeed many of the biological functions of
the transferrins depend on this reversibility.

1.2.2 Biological Roles of Lactoferrin

The common iron binding ability of the transferrins means that they all share certain
general roles. These include a role in regulating iron levels in the body, and the ability to
depress bacterial growth by iron deprivation (see below). However, the differences in
both the bodily location and the individual molecular properties of lactoferrin give rise to
certain distinct biological roles.

(a) Location and expression of lactoferrin

Lactoferrin is found in a wide variety of mammalian milks, and other exocrine
secretions, such as tears, saliva and mucus. It is also in the secondary granules of
neutrophils (Table L.1).



Table I.1: The occurrence of lactoferrin in various human bodily secretions?

Secretion Concentration (mg/L)
milk 1550 - 50000
serum 0.8-3.5
saliva 8
tears 1400
bile 1600
seminal fluid 550
urine 0.3

aDerived from Bezkorovainy (1980).

bHuman colostrum contains a very high level of lactoferrin which typically falls to 1500-
2000 mg/L about 10 days postpartum.

(From Smith (1992) with permission.)

In most locations lactoferrin is largely devoid of iron. In fact most of the iron in
human milk is not, as onginally assumed, bound to lactoferrin, but is present in the lipid
and low molecular weight fraction (Fransson er al, 1980).

Both the level and timing of lactoferrin expression in the mammary gland vary
greatly between species. In some animals such as the rabbit, dog and rat, lactoferrin is
virtually absent from milk and is replaced by a variant of serum transferrin with modified
carbohydrate (Baker et al, 1968).

In humans, on the other hand, colostrum has up to 5 mg/ml of lactoferrin, although
later in lactation the level falls to 1-2 mg/ml (Lonnerdal er al, 1976). Similarly there is a
variation in the amount of lactoferrin expressed in normal and cancerous tissues (Charpin
et al, 1985; Rado et al, 1987). These variations in the level of expression, taken together
with the finding of Pentecost and Teng (1987) that the major oestrogen-stimulated protein
synthesised in the uterine tissue of the mouse is lactoferrin, suggest that the lactoferrin
genes are hormonally regulated.

While sequence homology is high between serum transferrin and lactoferrin (~60%)
and the three-dimensional structures are also very similar (Baker & Lindley, 1992), there
are important differences in chemical properties between the two proteins. Both have an
extremely high affinity for Fe3+ ions (Kg = 10-20) (Brock, 1985; Aisen & Listowsky,
1980) but the binding constant of lactoferrin is 50-90 times greater than that of transferrin
(Harris, 1986). The difference between the two iron binding sites is more marked in
transferrin than lactoferrin (Aisen et al, 1978; Ainscough et al, 1980; Mazurier et al, 1983)




with perhaps one of the most important differences being the pH dependence of the release
of iron. Transferrin begins to release iron when the pH is lowered below 6.0, whereas
lactoferrin retains iron down to pH 3.5 (Mazurier & Spik, 1980). Lactoferrin does not
bind to transferrin receptors (Cox et al, 1979; van Bockxmeer & Morgan, 1982) and thus
protein-receptor interactions may differ and factors other than pH could stimulate iron

release.

(b)  Bacteriostatic and bactericidal properties of lactoferrin

The most extensively studied and widely accepted role of lactoferrin is as a
bacteriostatic/bactericidal agent. All microorganisms, with the possible exception of
lactobacilli, require iron for growth. Lactoferrin, by virtue of its high affinity for iron, has
the potential for depriving bacteria of this essential element and thereby retarding their
growth.

One of the first studies to show the inhibitory effect of milk and lactoferrin on
bacterial growth was by Bullen e al (1972). They showed that in vitro the growth of E.
coli 0111 (associated with enteritis in infants) was depressed by milk or lactoferrin, and
that this effect could be abolished by saturating the protein with iron. (It is of interest to
note that milk is more effective than lactoferrin on its own, suggesting a synergistic action
with other proteins.) A large number of independent investigators have confirmed that
lactoferrin has a bacteriostatic effect on a diverse spectrum of gram negative bacteria
(Bishop et al, 1976; Reiter, 1983), with the common hypothesis being that lactoferrin
produces an iron deficient environment that limits bacterial growth.

Studies showed that apolactoferrin had a direct bactericidal effect on . murans and
and V. cholerae, an effect that could be reversed by the addition of iron (Amold et al,
1977). The range of organisms that could be killed was later extended (Amold et al,
1980), but these results have been questioned by Finkelstein ef al (1983) who could only
show a bacteriostatic effect.

By the 1980s the bacteriostatic properties of lactoferrin were well established in
vitro. However to show that this property could exist in vivo, it was necessary to
establish that lactoferrin could remain biologically active in the intestine. Work by Mason
(1962), and Britten and Koldovsky (1980) suggested it was reasonable to expect at least a
fraction of lactoferrin to survive digestion, and Prentice et al (1987) showed that the
amount of lactoferrin in the stool of breast fed babies was greater than in formula fed
infants, thus indicating that lactoferrin did indeed survive intact through the intestinal tract.
However, in vivo, the faecal flora of infants fed formula was not altered by the addition of
bovine lactoferrin to the formula (Wharton er al, 1992), suggesting that bovine lactoferrin
on its own does not alter bacterial growth in the infant.

While iron binding by lactoferrin is generally agreed to be the reason why it is
bacteriostatic, there remains controversy over the reported bactericidal effect of lactoferrin.



The research by Morinaga Milk Industry Company is of particular interest. A microbicidal
peptide has been isolated from both bovine and human lactoferrin, which is 18 times more
potent than the intact lactoferrin (Tomita et al, 1992). The active peptide is a loop of 18
amino acids (residues 20-37 of human lactoferrin) (Bellamy et al, 1992), the bactericidal
effect of which is independent of iron concentration but which requires contact with
bacteria. It is proposed that because this peptide has a high number of basic residues, like
many other antimicrobial peptides, it is capable of increasing cell permeability, leading to
disruption and eventual destruction of the cell. Further evidence suggests that active
peptides produced by enzymatic digestion of lactoferrin may contribute to host defence
against microbial disease (Tomita et al, 1992). This area of research is of much interest

because of the many potential commercial applications.

(¢) Lactoferrin and Iron Absorption

A possible role of lactoferrin in milk is to bind iron so tightly that it is unavailable
for bacterial growth, but still available to the infant. Exclusively breast-fed babies
maintain adequate levels of iron longer than infants fed on bovine milk formula (Saarinen,
1977), and furthermore, lactoferrin has been shown to enhance uptake of iron in suckling
pigs and weanling mice (Fransson et al, 1983a, 1983b).

The mechanisms of uptake of lactoferrin or lactoferrin-bound iron are poorly
characterised. Lactoferrin is able to donate iron to intestinal tissues but not to reticulocytes
(Mazurier et al, 1985). A 100 kDa protein, identified as a lactoferrin receptor has been
found on rabbit brush-border cells (Mazurier et al, 1989), rhesus monkey brush border
cells (Davidson & Lonnerdal, 1988, 1989) and brush border sections of the mouse small
intestine (Hu er al, 1988).

If lactoferrin does act as a carrier of iron then not only must it bind to cells via a
specific receptor but there must also be a specific mechanism for the release of iron from
the protein. Unlike transferrin, which will lose iron below pH 6.0, lactoferrin binds iron
until pH 3.5 (Mazurier & Spik, 1980), so will not lose iron spontaneously at the
intracellular pH of 5-6. A possible model could resemble the receptor-mediated release of
iron from transferrin, which involves not only pH, but also the action of the receptor itself
(Bali & Aisen, 1991; Bali & Aisen, 1992).

(d) Lactoferrin and inflammation

Iron has been shown to stimulate the formation of potentially damaging free
radicals. Gutteridge et al (1979), and Monteira and Winterbourn (1988) have shown that
both transferrin and lactoferrin could play a major role in preventing this occurring by
sequestering the iron released by degrative processes, but as lactoferrin retains iron at a
lower pH, it could be more effective than transferrin. Further work (Molloy &
Winterbourn, 1990) suggested neutrophil lactoferrin may bind iron released by



microorganisms killed at the site of inflammation, thereby not only preventing catalysis of
the formation of free radicals, but also suppressing the growth of surviving bacteria.

(e) Lactoferrin as a regulator of myelopoeisis

Neutrophil components are involved in in vitro regulation of granulocyte-
macrophage progenitor cells. Lactoferrin has been identified as being responsible for this
action (Broxmeyer et al, 1978) and consequently has been implicated as a regulator of
white blood cell maturation (myelopoeisis) in vivo. Broxmeyer et al (1978) reported that
apolactoferrin was inhibitory at concentrations down to 10-7 M, but iron-saturated
lactoferrin had the same effect at concentrations as low as 10-17 M. Lactoferrin was
inhibitory because it actually bound to the monocytes and macrophages involved; the
difference between apo and iron saturated lactoferrin was attributed to the different three-
dimensional structures of the two proteins (Broxmeyer et al, 1978, 1980).

The involvement of lactoferrin in this process remains to be conclusively
demonstrated however. Winton ez al (1981) have been unable to repeat the above
experiments. Furthermore copper-lactoferrin has been shown not to have the same effect
as iron-lactoferrin and yet the two proteins are isostructural (Smith ez al, 1992), casting
doubt on the attribution of the difference in the activity of the apo- and iron-lactoferrin to
the difference in three-dimensional structure. In spite of this, the general consensus of
opinion in the literature supports the role of lactoferrin as a regulator of myelopoeisis.

[.2.3 Physicochemical Properties

A wealth of spectroscopic studies, extensively reviewed by Aisen and Harris
(1989), has been brought to bear on the characterisation of the metal binding sites. Early
work by Warner and Weber (1953) indicated that two or three tyrosines acted as ligands
for the metal ion; the colour change seen on iron binding was ascribed to iron-phenolate
bonding (phenolate (1)—metal (dn*) transition). The position of the absorption
maximum, generally between 400-500 nm, depended on both the particular metal ion and
the nature of the synergistic anion.

NMR (Alsaadi er al, 1981) and EPR spectroscopy (Zweier & Aisen, 1977; Zweier,
1980; Ainscough et al, 1983) both indicated that a histidine also acted as a ligand for the
metal. EPR spectra have proved particularly useful not only because of the variety of
paramagnetic metal ions that can be used, but also because of their sensitivity to the ligand
environment of the metal.

Aspartate, being more difficult to characterise spectroscopically as a ligand, was
revealed to be a metal ligand only when the crystal structure of diferric human lactoferrin
was determined (Anderson et al, 1987).

The nature of the anion binding site proved more difficult to establish. One
landmark paper was that of Schlabach and Bates (1975) which led to the proposal that the



anion acted as a bridge between the metal and the protein. The direct coordination of the
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Fig. I.1 The visible absorption spectra of diferric transferrin complexes with various

synergistic anions: 1,nitrilotriacetate; 2, carbonate; 3, salicylate; 4, thioglycolate; 5,

glycine; 6, glyoxylate, and 7, glycolate. From Schlabach and Bates, 1975.

metal to the anion, as suggested by the anion dependence of the visible spectra of
transferrins (Fig.1.1), has been supporied by many studies. These include EPR studies of
VO2+-transferrins with a variety of anions (Campbell & Chasteen, 1977), electron-spin-
echo studies of Fe3+-, Cu2+- and VO2*-transferrins with oxalate and carbonate as the
synergistic anion (Zweier et al, 1979, 1982; Eaton et al, 1989, 1990) and EXAFS studies
of anion binding to Fe3+-transferrin (Schneider ez al, 1984). In addition it was established
that arginine was probably associated with the binding of the anion (Rogers er al, 1978;
Zweier et al, 1981).

PROTEIN STRUCTURE

I.3.1 Primary Structure

The complete amino acid sequences of human serum transferrin, (MacGillivray et al,
1983), chicken ovotransferrin (Williams et al, 1982; Jeltsch & Chambon, 1982), and
human lactoferrin (Metz-Boutigue et al, 1984; Mazurier et al, 1984) established the
homologous relationship between these three proteins, and the existence of the family now
known collectively as the transferrins. cDNA sequencing has expanded the number of
proteins known to belong to this family to include porcine (Baldwin & Weinstock, 1988),
homworm (Bartfield & Law, 1990), Xenopus (Moskailtis er al, 1991) and cockroach



(Jamroz et al, 1993) transferrins, murine (Pentecost & Teng, 1987), bovine (Mead &
Tweedie, 1991), and porcine (Lydon et al, 1990) lactoferrins, and melanotransferrin
(Rose et al, 1986). All show a remarkable degree of similarity, with approximately 70%
identity between the lactoferrins and 50-60% between lactoferrins and transferrins (Baker,
1994). Melanotransferrin and cockroach transferrin are slightly less similar (~40%
identity with human lactoferrin and transferrin).

Within each transferrin there is a significant sequence identity (~40%) between the
N-terminal and C-terminal halves of the molecule, a feature strongly suggestive of
ancestral gene duplication. Knowledge that stable half molecules can be made, each
binding one iron, and the existence of one primitive 40,000 Da transferrin, from an
ascidian, Pyura stolonifera (Martin et al, 1984), is in further agreement with the concept of
two-sited transferrins having developed by gene duplication from a 40,000 Da, single-
iron, precursor molecule.

All the transferrins are glycoproteins, with the carbohydrate attachment being N-
linked through the sidechains of asparagine residues. The number of carbohydrate
moieties varies from protein to protein, from one in ovotransferrin (Metz-Boutigue et al,
1984) to four in bovine lactoferrin (Pierce et al, 1991), and distribution over the molecular
surface of the protein also shows a wide variation. The primary structure of the glycan
chains differs between different transferrins and between different species of the same
transferrins. Furthermore there is heterogeneity of carbohydrate chains even in the same
species. Thus for human lactoferrin, at least 5 different glycan chains have been
identified, but only 2 glycosylation sites. Although deglycosylation experiments have
suggested that carbohydrate helps stabilise the iron binding site (Legrand er al, 1990),
these results are in doubt, given the severe methods used to deglycosylate the lactoferrin,
and the wide variations of the glycans mentioned above.

1.3.2 Fragment Studies

Further evidence of the bilobal structure of transferrins, suggested in the amino acid
sequence, came from the isolation of half molecule (and smaller) iron-binding fragments
resulting from limited proteolysis. Thus hen ovotransferrin can be cleaved into N- and C-
terminal half molecules, each being stable and able to bind iron reversibly (Williams,
1974, 1975)). These also associate strongly (Ikeda et al, 1985; Williams & Moreton,
1988) to give a non-covalent complex capable of delivering iron to cells via the transferrin
receptor. Half molecule fragments of bovine transferrin have also been prepared, with
similar but not identical spectroscopic properties (Brock et al, 1976). This highlights one
of the problems in examining two-sited proteins such as the transferrins, where the sites
are very similar; namely the difficulty of separating the individual sites and establishing the
interactions which may exist between them. Lactoferrin may also be cleaved by trypsin
but this results in an N-terminal fragment of 30 kDa and a C-terminal fragment of 50 kDa



(Legrand et al, 1990), and hence the properties of these fragments are not necessarily
those of the true half molecules.

Among the most interesting of the many transferrin fragments produced by
proteolysis, are the quarter-molecule fragments of lactoferrin (Legrand et al, 1984) and
ovotransferrin (Jhoti et al, 1987) which represent a domain of each protein (see Section
1.3.3a), and which bind iron, but with different spectroscopic properties; the iron-
saturated fragment showed a shift in the visible absorption maximum from 465 nm to 425
nm.

Recombinant DNA studies have opened the way to the production of half molecules
of transferrins, and mutagenesis experiments should help expand our knowledge of the
properties of each individual site and the factors which control metal- and anion-binding
selectivity.

Recombinant N-terminal fragments of transferrin (Funk et al, 1990) and human
lactoferrin (Day et al, 1992), each of which is terminated just prior to the connecting
peptide, have been produced, and the structures determined (Day et al, 1993).
Mutagenesis studies are also in progress. Difficulties in the expression of the recombinant
C-terminal half-molecule have so far prevented any direct comparison of the two half

molecules.

[.3.3 Crystallographic Studies

Crystallographic studies began over 20 years ago on a number of transferrins,
including rabbit serum transferrin (Al-Hilal er al, 1976), human lactoferrin (Baker &
Rumball, 1977), human transferrin (De Lucas er al, 1978) and hen ovotransferrin (Abola
eral, 1982). A low resolution (6 A) map of rabbit serum transferrin (Gorinsky ez al,
1979) clearly showed the bilobal nature of the molecule, but it was not until 1987 that a
high resolution three-dimensional structure of a transferrin, human diferric lactoferrin at
3.2 A resolution, was solved (Anderson et al, 1987). This structure was then used to help
solve the structure of diferric rabbit serum transferrin (Bailey er al, 1988). Since then the
structures of a number of half molecules, the N-terminal halves of rabbit serum transferrin
(Sarra et al, 1990), chicken ovotransferrin (Dewan et al, 1993) and human lactoferrin
(Day et al, 1993) as well as two forms of human apolactoferrin (Anderson er al, 1990; R.
Faber personal communication) have been reported.

The structure of human diferric lactoferrin, initially solved at 3.2 A resolution by
multiple isomorphous replacement (Anderson et al, 1987) and now extended to 2.2 A
resolution with a crystallographic R-value of 0.179 (Haridas et al, in press), remains the
most accurately determined three-dimensional structure and can be taken as representative
of the whole transferrin family.
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(a)  Diferric human lactoferrin

A striking feature of the lactoferrin molecule, seen even at 6 A resolution, is its
bilobal nature. The polypeptide is folded into two globular lobes. The N-terminal half of
the polypeptide forms one lobe, the N-lobe (residues 1-333), and the C-terminal half, the
C-lobe (residues 345-691), with about 40% sequence identity between the two lobes. A
short 3-turn o helix (residues 334-344) links the two lobes.

Each lobe is further subdivided into two dissimilar domains; N1 and N2 in the N-
lobe and C1 and C2 in the C-lobe. The domains are each based on an o/ framework,
having either a five-stranded (N2, C2) or six-stranded (N1, C1) mixed [ sheet with
helices packed on either side. The combined metal and anion binding sites, one in each
lobe, lie at the inner end of the cleft between the two domains of the lobe. Although
deeply buried, ~10 A from the surface, these are accessible to the solvent via water

molecules bound in the cleft (Anderson et al, 1989).

Fig. 1.2 Ribbon diagram of diferric lactoferrin, showing the organisation of the
molecule, with the N-lobe on the left, and the C-lobe on the right. The positions of the
two Fe3+ ions are indicated by stippled circles. The interdomain 'backbone’ strands in
each lobe can be seen behind the Fe3+ ions. The diagram was prepared using the
program Ribbons (Richardson, 1985; Priestle, 1988).




I

The main interactions between the two lobes, apart from the linking helix, are a set
of hydrophobic interactions between N1 and Cl domains, which could allow for
movement of one lobe relative to the other, and could also explain the difficulty of

separating the half molecules produced by proteolysis.

Fig. .3 A schematic diagram of the folding pattern found in each lobe of human
lactofernn. Helices are shown as cylinders, while the f-strands are represented by

arrows {{rom Baker er af, 1987).

The wwo domatns 1n each lobe are not made up of a continuous piece of chain. The
first ~90 residues form the first half of domain 1 (1-90; 345-433), then the chain crosses
behind the iron site, via an extended § strand, to form the entire second domain (91-251;
434-595). Tt then crosses back, again as an extended f3-strand 1o give a second “back-
bone" strand behind the iron site, and the next 70 residues fold to complete domain i
(252-320; 596-675). An o helix crosses back towards domain 2, and this together with
the backbone strands forms the back of the 1ron site, and the pancipal links between the 2
domains. The C-terminus of the protein, a helix {(676-691), corresponds to the linking
helix between the two lobes.

The two lobes are almost identical in folding, as expecied from a 40% sequence

identity, so that when superimposed, 85% of Cq atoms match with an rms deviation of
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~1.0 A. Differences arise from the N-lobe being slightly more open than the C-lobe, and
variations in amino acid sequence which alter some of the external loops change
hydrogen-bonding patterns in some parts of the molecule, and give rise to three extra
disulphide bridges in the C-lobe. The main difference between the two lobes arises from
their external environment within the molecule. The molecule does not have two-fold
symmetry; instead the two lobes are related by a screw axis, a rotation of ~180° and a
translation of 25 A. This means that equivalent parts of the two lobes are not in equivalent
environments; for instance, the 'back’ of the N1 domain butts on to the front' of the C1

domain (Fig. 1.2)

(b) Metal- and anion-binding sites

The two binding sites, each having one Fe3+ and one CO32' (not HCO3") ion, are
remarkably similar. In each case the carbonate ion is coordinated to the ferric ion in a
bidentate manner, and is also hydrogen bonded to the protein via Arg 121 (465), Thr 117
(461) and the N-terminus of an a-helix, helix 5. The metal coordination is completed by
four protein sidechains, through the imidazole nitrogen of a histidine (His 253; His 597 in
the C-lobe), a carboxylate oxygen of an aspartate (Asp 60; Asp 395 C-lobe) and the
phenolate oxygens from two tyrosines (Tyr 92 and Tyr 192; Tyr 435 and Tyr 528 in the

C-lobe), to give a six-coordinate, approximately octahedral geometry around the metal.

Asp R i"‘“::: ghiticcc e} ) ’H’l“//// ooy
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Tyr 121-
192 e

Fig. .4 Schematic representation of the iron and anion binding sites of lactoferrin.
(Taken from Anderson et al, 1989.)
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These protein ligands are widely spaced along the polypeptide chain. One comes
from each domain, and one from each of the backbone strands, an arrangement which
should have advantages when large scale conformational changes take place on metal and
anion binding and release. This arrangement 15 in marked contrast to many
metalioproteins where the metal is an integral part of the protein. For example in the blue
copper protein azurin, the ligands are contributed by a smalt foop of the polypepiide chain.
The ligands used in lactoferrin, including those for the anion, are conserved 1n all
transferrins except melanotransferrin and the serum transfemn from Manduca sexta (Table
1.2), both of which have been observed to hind only one iron atom (Baker er af, 1992,

Rartfeld & Law, 1990).

Table 1.2: Conservation of metal- and anion-binding residues in transferrins

Lf hTf cOTf  (Tf bLf mi.f MTt msTf
Asp60  Asp Asp Asp Asp Asp Asp Asp
Ty92  Tyr Tyr Tyr Tyr Tyr Tyr Phe
Tvrl92 Tyr Tyr Tyr Tyr Tyr Tyr Tyr
N-lobe | His233 His His His His His His Gln
Argl2l Arg Arg Arg Arg Arg Arg Arg
Thrl17 Thr Thr Thr Thr Thr Thr Thr
Asp3935 Asp Asp Asp Asp Asp Ser Asp
Tyed3s Tyr Tyr Tyr Tyr Tyr Tyr Asn
Tyr528 Tyr Tyr Tyr Tyr Tyr Tyr Asp
C-lobe {His597 His His His His His His Arg
Argd6s  Arg Arg Arg Arg Arg Ser Thr
Thr461 Thr Thr Thr Thr The Ala Ser

Lf, human lactoferrin; h'Tf, human transferrin; ¢OTY, chicken ovotransferrin; rTf, rabbit
transferrin; bLf, bovine lactoferrin; mLf, mouse lactoferrin, MT{, melanotransferrin;
msTf, Manduca sexta transferrin.

(From Baker, 1993 with permission.)

The anion, as well as providing two iron ligands and forming a bridge between the
metal and the protein, occupies a positively charged pocket made by Arg 121 (465 in C-
lobe} and the N-terminus of helix 5 (residues 122-125, N-lobe; 466-469, C-lobe), both of
which have positive charges associated with them. The N-terminus of an «-helix has a

+(.5 charge by virtue of the helix dipole, and is frequently the site of anion binding in



14

other proteins. Unlike the protein ligands to the metal, the ligands to the anion come from
a short stretch of polypeptide chain located in just one domain (N2 for the N-lobe site and
C2 for the C-lobe site) and thus the anion site should not be changed by domain
movements.

The importance of anion binding by transferrins is underscored by a number of
points. The first is that ferric ions cannot be bound tightly without the concomitant
binding of a suitable anion. There is thus a synergistic relationship between cation and
anion, in that each is required for the tight binding of the other. There is both kinetic
(Cowart ef al, 1982; Kojima & Bates, 1981) and crystallographic (Baker et al, 1987;
Anderson ef al, 1989} evidence to suggest that the anion binds first and prepares the site
" for metal binding by neutralizing the positive charge at the binding site. This would
create, with the carboxylate and phenolate oxygens a highly anionic site, with high affinity
for Fe3*, The crucial role of the anion is further highlighted by both the invariance of the
residues involved in anion binding and the almost perfect hydrogen bonding geometry for
carbonate at the anion binding site. All residues involved 1n anion binding (117, 121-125
in the N-lobe, 461, 465-469 in the C-lobe) are conserved in all transfermins so {ar
sequenced, except for those with reduced ron-binding ability; Manduca sexra transfemin
and melanciransfernin. The hydrogen bonds from these conserved residues; contributed
by two peptide NH groups (from residues 123 and 124 in the N-lobe, 467 and 468 in the
C-lobe) and the sidechains of Arg 121 (465) and Thr 117 {461), are short, linear and
exquisitely arranged to stabilisc the carbonate anion binding to the protein {Fig. 1.5).
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Fig. L5 The hydrogen bonding environment of the carbonate anion in human lactoferrin

{shown for the N-lobe site). Lengths of hydrogen bonds shown in Angstroms.
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An unexpected observation that further focuses on the importance of anion binding
is the protein structural similarity between transferrins and certain bacterial periplasmic
binding proteins (Anderson et al, 1987; Baker et al, 1987). These include those specific
for L-arabinose (Gilliland & Quiocho, 1981), D-galactose (Vyas et al, 1983), sulphate
(Pflugrath & Quiocho, 1985) and phosphate (Luecke & Quiocho, 1990). Each of these
proteins is similar not only in size to a single lobe of lactoferrin, ~300 amino acids, but
also in the folding of the polypeptide chain. The resemblance is most striking between
lactoferrin and the sulphate binding protein. Both have exactly the same topology and the
anion binding site is primarily located at the equivalent helix N-terminus in each case
(Figs. 1.6 and 1.7). In the sulphate binding protein, however, in contrast to lactoferrin,
other helices from both domains also contribute to the anion binding, and the anion site is

slightly further from the backbone strands.

Fig. 1.6 Comparison of the folding patterns of (a) the N-lobe of lactoferrin, and (b) the
bacterial periplasmic sulphate-binding protein. (From Baker et al, 1987.)
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Fig. 1.7 Comparison of the anion-binding sites in lactoferrin (left) and the bacterial

sulphate-binding protein (right). (From Baker ez al, 1991.)

The initial step in binding could be the binding of the anion to domain 2. In
lactoferrin, this would be followed by the iron binding, and then the closure of domain 1
over the site, and in the periplasmic binding proteins, just the closure of domain 1.

Given the similarity between the periplasmic binding proteins and the transferrins,
both in overall topology and in the anion site, it is conceivable that the two families may
have diverged from a common anion-binding precursor molecule. Gene duplication
would give the two-sited transferrin molecules. It seems likely therefore that the
transferrins could equally well be thought of as anion binding proteins to which a metal
binding functionality has been added.

(c) Apo human lactoferrin

While crystallographic studies of human diferric lactoferrin (Anderson et al, 1989)
and rabbit transferrin (Bailey er al, 1988) characterised their binding sites and protein
structure, physical studies (Rossenau-Montreff et al, 1971; Kilar & Simon, 1985) showed
that a substantial conformational change accompanies iron binding and release. The nature
and extent of this change were graphically illustrated by the X-ray analysis of
deglycosylated human apolactoferrin at 2.8 A (Anderson et al, 1990), now extended and
further refined to 2.0 A resolution, R =0.176.

The most striking observation is the large-scale domain movement in which domain
2 of the N-lobe rotates 54° relative to domain 1. The domain moves as a rigid body, with
all the deformations confined to the linking hinge region at the back of the iron site. These
changes are basically restricted to the pivoting of helix 5 (in domain N2) on helix 11, and



17

the bending of the two f backbone strands. This causes the binding cleft to open wide
and expose a number of basic residues previously buried in the interdomain cleft. It also
separates the potential ligands so that the two tyrosine ligands, and the anion ligands
remain with the N2 domain, whilst the histidine and aspartate ligands remain with N1.
This structure suggests a model for the mechanism of iron binding, in which first the
anion and then the metal binds to domain 2 (N2 and C2) with the cleft open, after which
the domains close over the metal to complete its coordination to domain 1 (N1 and C1).

Fig. [.8 Schematic diagrams of the N-lobe of lactolerrin showing the change from the
'open’ form of apolactoferrin to the 'closed’ form of diferric lactoferrin.
(From Anderson er al, 1990.)

An equally interesting feature of the human apolactoferrin structure determined by
Anderson et al (1990) is that whilst the N-lobe 1s open, the C-lobe is closed even though
neither has metal bound. This was unexpected, for although disulphide 7, which links the
C1 and C2 domains, has no counterpart in the N-lobe, and may give extra rigidity to the
C-lobe, it was not expected to prevent opening of the lobe. A likely explanation lies in the
flexibility of the molecule, with an equilibrium proposed to exist between open and closed
forms in solution (Anderson er al, 1990). In fact a recent crystal structure of a second
crystal form of apolactoferrin (R. Faber, personal communication) has shown that indeed
both lobes can open simultaneously. The opening of the N-lobe is about 50°, but the C-
lobe opening is less, ~15°, - supporting the hypothesis that the extra disulphide bridge
increases the rigidity of the C-lobe. The apolactoferrin structures also show that even in
the absence of any metal ion, the closed form must be a stable structure, and there must be
very little difference in energy between the open and closed forms.
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Fig. 1.9 Schematic representation of the structural changes associated with binding and
release by transferrins and by bacterial periplasmic binding proteins. For the unliganded
form (left) an equilibrium is presumed to exist between open and closed states. Binding
is to the open form, giving an intermediate in which the ligand is bound to one domain

only; domain closure then gives the fully-closed liganded form (lower right). (From

Baker er al, 1992 with permission.)

.4 METAL AND ANION SUBSTITUTION

1.4.1 Metal substitution

The metal binding site seems ideally designed for the binding of Fe3* both in terms
of charge and size. The high-spin d3 configuration of the Fe3+ ion is compatible with the
quite distorted octahedral geometrical arrangement of the ligands provided by the protein,
and the +3 charge is neutralised by the 3 anionic oxygen ligands (1 carboxylate and 2
phenolate oxygens). The sizes are such as to allow strong binding of the metal ion to the
anion and very favourable hydrogen bonding of the anion to the protein. In spite of this
there is clearly sufficient flexibility in the binding site to accommodate other metal ions.

Many solution studies, using a variety of spectroscopic techniques, have been
carried out on a variety of metal- and anion-substituted transferrins. Other metal ions that
can bind to the two specific sites include di- and tri-valent transition metal ions such as
Cr3+, Mn3+, Co3+ (Aisen et al, 1969; Ainscough et al, 1979), Mn2+, Co2+, Cu2+, Cd2+,
Zn2+ (Tan & Woodworth, 1969), trivalent lanthanides such as Tb3+, Eu3+, Pr3+, Er3+,
Ho3+ (Luk, 1971) and other trivalent cations such as Ga3+, and A3+ (Gelb & Harris,
1980) and tetravalent actinides Th*+ and Pu#* (Harris ez al, 1981). Some of these are of
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biomedical relevance. For example Ga3+ and In3+ transferrins are used in biomedical

imaging, A3+ has been implicated in Alzheimer's disease, and all manganese in human
milk is reportedly bound to lactoferrin (Lonnerdal, 1984). It is probable that iron is not
the only element whose level in biological fluids is controlled by binding to transferrins.

How can this variety of metal ions be accommodated? Only the aspartate ligand
hydrogen bonds to other protein atoms, the remaining metal ligands are not so
constrained, and the apolactoferrin structure shows that the domains could be less ‘closed’
to accommodate the bigger lanthanides. Lanthanide binding studies on transferrin have
shown that the larger cations such as Nd3+ and Pr3+ only bind to one binding site (Gelb &
Harris, 1980) and this is apparently the C-lobe site (Zak & Aisen, 1988). For lactoferrin,
which binds metal ions more strongly than transferrin (Aisen & Leibman, 1972), all the
lanthanide ions, from Yb3+ to La3+ bind with two metal ions per molecule (Smith, 1992).
It is conceivable that protein complexes of larger metal ions may not exhibit the same
closed structure as for Fe3+. Spectroscopic monitoring of metal binding usually only
reflects tyrosine coordination (Baker, 1994). In the 'open' apolactoferrin structure, both
tyrosines are close together and are adjacent to the anion site on domain 2 (Anderson ez al,
1990), but far away from the Asp and His ligands. Thus a lanthanide ion could bind to
both tyrosines and the anion with the transferrin/lactoferrin in the open configuration, and
water molecules complete the coordination of the lanthanide instead of the Asp and His
ligands. Hence the degree to which lanthanide coordination stabilises the closed structure
would not necessarily be detected spectroscopically. Ulumately crystallographic studies
of lanthanide-substituted transferrins are needed to define the coordination of the larger
metal ions (Baker, 1994).

The recent crystallographic studies of copper-substituted lactoferrin (Smith er al,
1991, 1992) complement the solution studies. These show that in this case, where the
metal ion is about the same size as Fe3+, the closed structure can indeed be formed.
Moreover the extent of domain closure over the bound metal is exactly the same as for
iron. The main difference is that there is a slight displacement of the copper atoms relative
to the iron positions, ie. 1.0 A in the N-terminal site, and 0.4 A in the C-terminal site.
This brings about changes in metal coordination geometry and increases the non-
equivalence of the two sites. In the N-lobe, the anion, which remains in approximately
the same position but rotated ~20°, becomes monodentate to the copper, and is very likely
bicarbonate. Thus copper is bound in a 5-coordinate square pyramidal geometry in the N-
lobe, but in a 6-coordinate distorted octahedral geometry in the C-lobe. The difference
between the two sites was attributed to there being slightly more room for adjustment in
the N-lobe, allowing the copper in this site to take on a more favourable geometry.
EXAFS measurements with copper ovotransferrin are also consistent with 5-coordination
in one lobe and 6-coordination in the other (Garratt ez al, 1991). These results imply that
while other metals may bind in the same sites as Fe3+, their coordination need not be the
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same, and furthermore, different metals may enhance the differences between the sites.

1.4.2 Anion Substitution

The binding of different anions to the transferrins has been explored by a variety of
spectroscopic techniques, and this has led to a greater understanding of the mechanism of
iron binding and release. Schlabach and Bates (1975), using visible absorption
spectroscopy to explore the binding of over 30 different anions to transferrin, showed that
many organic acids can act as the synergistic anion, but certain inorganic anions such as
phosphate, nitrate and sulphate cannot do so. This confirmed and extended earlier EPR
studies by Aisen er al (1967). They concluded that the common feature of all synergistic
anions was the presence of a carboxylate group and a nearby electron-denor ligand
(hydroxy, keto, amino or carboxylate), but no more than one bulky group present on the
carbon ¢ to carboxylate. A selection of synergistic anions is shown in Table 1.3. An
"interlocking sites model” was proposed in which the anion bound to the metal and
simultareously bound to a positively-charged protein group, suggested to be an arginine

sidechain, through the carboxylate group (Fig. 1.1G).

Fig. L10 A schematic representation of the 'interlocking sites' model for the binding of
anions to transferrins where L indicates the second (proximal) functional group. (From
Schlabach & Bates, 1975))
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Table 1.3 A sclection of synergistic anions bound by trans{eriins. (From Schlabach &
Bates, 1975

The EPR spectra of vanadyl-transferrin-anion complexes have been used 1o further
probe the synergistic nature of a number of antons containing a carboxylaie and a proximal
polar group (Campbell & Chasteen, 1977). Anions with two carboxylate groups (oxalate,
malonate, maleate} gave two classes of spectra, called A and B, but those with only one
carboxylate group (salicylate, glycolate, thioglycolate) gave only class B. The transition
from A to B in the first group was Jinked to the ionisation of a protein group with a pKy
=10.0. (This protein group was suggested (o be a lysine, but with the knowledge of the
three-dimensional structure, this group could be the anion-binding arginine.) It was
concluded that these resulls were in agreement with the interlocking sites model, and that
the anion bridged the metal and anion sites by coordinating to the metal through the

proximal functional group.
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EXAFS and Resonance Raman studies (Schneider et al, 1984), using thioglycolate
and 2,3-hydroxybenzoate, also showed binding through the electron donor group L, as in
the ‘interlocking sites' model, but did not indicate if the carboxylate was simultaneously
bound. More recent studies using NMR and ESEEM spectroscopy have given conflicting
results. The inequivalence of NMR signals for 13C oxalate bound to gallium transferrin
was interpreted as indicating that one end of the oxalate was bound to the metal and the
other end interacted with the protein, ie. a 1,1-bidentate coordination of oxalate (Bertini et
al, 1986a). In contrast, ESEEM on Cu?* and VO;* complexes of human transferrin
indicated that oxalate bound in a 1,2-bidentate fashion (Eaton er al, 1989). This work was
further extended in a study involving the EPR and ESEEM spectra of 18 different iron-
transferrin-anion complexes. These were all consistent with bidentate binding of the
anion. and led to the proposal that all anions behave as bidentate li gands with coordination
to the iron through both the carboxylate and proximal groups, and the carboxyl group
acting as a bridge between the iron and a positively charged group on the protein (Dubach
eral, 1991). (Note: these spectra were interpreted in the light of the difernic lactoferrin

carbonate structure).
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Fig. .11 Binding modes for anions other than carbonate. (a) Oxalate binding as seen in
the crystallographic analysis of a hybrid oxalate-carbonate complex of dicupric
lactoferrin. (b) A generalised model for synergistic anion binding to transferrins which
is essentially a revised version of the 'interlocking sites' model of Schlabach and Bates.
(From Shongwe et al, 1992.)
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The only crystallographic study of a transferrin with an anion other than carbonate
has been a complex of lactoferrin in which CuZ* is the metal ion and carbonate is bound in
the N-lobe anion site and oxalate in the C-lobe site (Shongwe et al, 1992; Smith et al,
1994). This showed oxalate to be bound in a symmetrical 1,2-bidentate mode; one
carboxylate binds to the metal, the N-terminus of helix 5, and to Thr 461, while the other
carboxylate also coordinates to the metal as well as hydrogen bonding to Arg 465 (Fig.
L11).

The larger size of the oxalate ion, compared with carbonate, does however cause
local rearrangement beyond the anion site, in that the sidechain of Arg 465 is displaced ~2
A away from the anion and the ncarby Tyr 398 sidechain ~1.5 A. This movement is
possible because of the solvent-filled cavity beyond the arginine, and appears to be the
only change resulting from the introduction of the larger anion.

The implications of this structure led to the modification and extension of the
original 'interlocking sites' model of Schlabach and Bates. In the more general model for
the coordination of other synergistic anions to transferrins, the carboxylate group of the
synergistic anion binds to the N-terminus of a helix (helix 5), and metal coordination is
through both a carboxylate oxygen and the electron donor group L on the proximal carbon
(Fig. 1.11)

This generalised anion binding model implics that a major factor in the strength of
the anion binding 1s whether or not the arginine hydrogen bonds to the anion, and this
depends on the substituents on the proximal carbon. The favourable interactions of
oxalate with the arginine is probably the reason why this is the only anion that appears 10
have a binding affinity close to that of carbonate. The necessity for a larger anion to push

aside the arginine may also contribute to the lower affinity for anions other than carbonate.

[.5 DIFFERENCES BETWEEN THE TWO SITES

A feature of transferrin chemistry has been extensive debate as to the degree of
equivalence of the two binding sites and the origin of observed differences in their
properties.

When Fe3+ is the metal ion and carbonate the associated anion, there is little
evidence of inequivalence from either spectroscopic or structural data. The refined
structure of human diferric lactoferrin shows, for example, that not only are the metal and
anion binding groups the same in both sites (see also Section 1.3.3(b)), but they also have
a very similar geometrical arrangement. Superposition of 81 common atoms around the
binding site, plus metal and carbonate, shows that the rms deviation between the N- and
C- sites of diferric human lactoferrin is only 0.3 A (Baker, 1994). This close similarity is
reflected in their spectroscopic properties, and in general, spectroscopic propertics of the
individual N- and C-terminal sites where they have been compared with the
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'physiological’ Fe3+ and CO32- ions bound, are so similar as to make it difficult to
identify which site is which (Aisen & Harris, 1989).

On the other hand, it is known that in the case of transferrin at least there are distinct
thermodynamic and kinetic differences between the sites. Thus the C-terminal site has
been shown to bind iron more strongly and release it more slowly (Kretchmar &
Raymond, 1986). The two sites also differ in their acid stability, with the N-terminal site
releasing iron at a pH of ~6.5, but release from the C-terminal site occurring at pH ~5
(Princiotto & Zapolski, 1975). The biphasic acid-induced release of iron seen for
transferrin does not appear to be shared by lactoferrin although it has been reported that in
the presence of EDTA release can be biphasic (Mazurier & Spik, 1980).

Differences between the two sites become more pronounced for metal ions other
than the native Fe3+, and anions other than CO32‘.”The differences are more apparent for
larger metal ions such as lanthanides. For transferrin, some lanthanides appear to bind
only at one of the binding sites, and for lactoferrin, U.V. difference titrations show that
although binding occurs in both sites, the second metal ion binds much more weakly. A
biphasic release of Ced+ from lactoferrin contrasts with the monophasic release of Fe3+
(Smith er al, 1994b). Differences are also seen when smaller metal 1ons, such as those
from the first transition series, with a similar size to Fe3*, are bound to lactoferrin or
transferrin. When Cr3+ is bound to lactoferrin, one Cr3+* ion is more readily displaced by
Fe3+ than the other (Ainscough er al, 1980), and different EPR signals arc scen for the
two sites. Similarly the EPR spectra of VO2*-substituted transferrin, indicate different
metal configurations in cach site (Chasteen er al, 1977) as do the 13C NMR studies of
Co?*-substituted ovotransferrin (Bertini er al, 1986). The crystal structure of copper-
lactoferrin (Smith et al, 1992) also showed that the coordination of the copper and
carbonate could be different in each site. It thus appears that the sites are optimised for the
binding of Fe3+, and when different metals are bound, with different stereochemical
requirements and different sizes, the sites can adjust with small movements, but these
adjustments can be different in the two sites.

Anions other than the physiological CO32- also reveal the differences between the
two sites, especially when combined with metals other than iron. Thus the use of oxalate
as the synergistic anion gives rise to spectroscopically distinct sites for ovotransferrin with
Al3+, Ga3+ and Zn2+ with the spectra indicating that the anion arrangement is very similar
but not identical in the two sites (Bertini ez al, 1986). When copper is the metal ion,
transferrin will bind oxalate in just the N-lobe (Zweier & Aisen, 1977). On the other
hand, copper-lactoferrin and copper-ovotransferrin each bind two oxalate ions, but
binding occurs preferentially in the C-lobe (Zweier, 1980; Shongwe er al, 1992).
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[.6 QUESTIONS TO BE ADDRESSED BY THIS THESIS

This thesis seeks to investigate two areas of lactoferrin structure and function. The
first is the means by which lactoferrin can accommodate anions larger than carbonate, and
the second is the effect of glycosylation on various physical and chemical properties of the
protein. Given

(i) the biological importance of iron binding,

(ii) the prevalence of many different anionic metabolites (eg. oxalate, glycolate) as well

as carbonate which can act as the synergistic anion, and

(iii) the synergistic relationship between the anion and the metal ion,
it was decided to investigate the effects of binding oxalate as the synergistic anion with
Fe3+ as the associated cation. This first section aimed at determining how the anion binds
and whether its binding is the same in both sites, as well as seeking to explain the apparent
strong preference for carbonate over oxalate when Fe3+ is the metal ion.

To this end the oxalato complex of diferric lactoferrin, Fep(C204),Lf, was prepared.
Solution studies were carried out in order to determine the conditions under which binding
occurred, and to establish the spectroscopic signatures of the resulting lactoferrin
complexes. Crystallographic analyses were then necessary to resolve the detailed mode(s)
of interaction of oxalate with lactoferrin and to provide the basis for relating the solution
studies to the three-dimensional structure.

The roles of the carbohydrate moieties of glycoproteins are a subject of continuing
research and debate. Lactoferrin is no different in this respect. The primary structures of
the lactoferrin glycans and their points of attachment have been determined, but evidence
that the carbohydrate has roles in iron binding, stability receptor binding and antibacterial
properties has been contradictory and inconclusive. Further doubts about the proposed
roles of the glycans are raised by recent structural studies of native and deglycosylated
lactoferrin.

Thus the purpose of the second section, was not to answer all these questions, but
to compare a limited number of physicochemical properties of native and deglycosylated
lactoferrin in an attempt to relate these to possible roles of the carbohydrate. A fuller
discussion of the roles of the glycans on glycoproteins in general, and in lactoferrin in
particular, is given at the beginning of Chapter IV.
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CHAPTER II
PREPARATION OF DIFERRICDIOXALATOLACTOFERRIN

II.1 EXPERIMENTAL PROCEDURES

A particular feature with metal and anion binding studies on a protein such as
lactoferrin, with its very high affinity for iron under physiological conditions (when
atmospheric CO2 provides adequate CO32- for complexation), is the need for strict control

over the presence of both metal ions and anions.

I.1.1 Glassware and Dialysis Tubing

All glassware was soaked in Pyroneg, then washed using DECON 50, and rinsed
thoroughly with deionised water. It was subsequently treated with A.R. concentrated
nitric acid, and thoroughly rinsed with Milli Q-water and dried at 100°C.

To minimise contamination from metal ions, the dialysis tubing was heated at 80°C
for 10 minutes in a solution of 0.6M NaHCO3, 1 mM EDTA (disodium salt). This was
repeated using a fresh solution, and the tubing was then rinsed 4 times with Milli-Q water.
Finally the tubing was heated to 90°C in two changes of Milli-Q water and stored in a
50:50 ethanol:water solution at 4°C.

II1.1.2 Solutions

(a) Tris-HCI buffer:

The appropriate amount of tris(hydroxymethyl)aminoethane (SERVA
Feinbiochemica) was dissolved in Milli-Q water, and the solution adjusted to the required
pH with A.R. hydrochloric acid. Sufficient NaCl was added to the Tris-HCI solution to
make it the desired molarity before adjusting the pH.

(b)  Phosphate buffer:
This was prepared by titrating a 0.01M solution NapHPO4.2HO (Reidel-deHaen)
with a 0.01M solution of NaH7PO4 (Reidel-deHaen) until the desired pH was reached.

(c) HEPES buffer:
Prepared by dissolving N-2-hydroxyethylpiperazine-N'-2-ethane sulphonic acid
(U.S. Biochem Corp.) in Milli-Q water and adjusting the pH with concentrated HCL.

(d) FeNTA solution:
This was prepared by dissolving the appropriate amount of NTA (disodium salt)
(Sigma) in water to give a concentration of 0.01M. One equivalent of Fe(NO3)3.9H20,
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AR. grade (Reidel-deHaen) was added to give a 1:1 FeNTA complex. The solution was
freshly prepared and used within 24 hours. The concentration of this solution was

determined by atomic absorption spectrometry.

I1.1.3 Gel Electrophoresis

SDS polyacrylamide gel electrophoresis was carried out following the procedure of
Laemmli (1970). 0.75 mm slab gels were cast, with a stacking gel of 4% acrylamide,
1.7% crosslinking and a resolving gel of 9% acrylamide with 2.7% crosslinking. Protein
samples were denatured and given a uniform charge by heating at 100°C for 2 minutes in a
solution of 0.125M Tris-HCI pH 6.8, 4% SDS 20% glycerol, and a total of 4 pg of
protein loaded per well. The reservoir of the electrophoresis apparatus was filled with
buffer (0.025M Tris-HCI pH 8.3, 0.192M glycine, 0.1% SDS), and the electrophoresis
carried out under constant current conditions, using SmA until the dye front had penetrated
the resolving gel, and 10 mA thereafter.

Gels were stained overnight using Coomassie Blue stain (0.125% Coomassie Blue
R-250, 50% methanol, 10% acetic acid) then destained by soaking for 1 hour in 50%
methanol 10% acetic acid, followed by several hours in 7% acetic acid, 5% methanol.

II1.1.4 Electronic Spectra

(a)  Electronic Absorption:

Absorption spectra in the range 240-700 nm were recorded with a Hewlett-Packard
8452A diode array spectrophotometer interfaced with an IBM-compatible computer. The
calibration of the instrument was regularly checked using a holmium oxide filter, and no
fluctuation of wavelength was observed. Quartz cuvettes (1.5 ml with a path length of 1

cm) were used to hold the protein samples.

(b)  Electron paramagnetic resonance spectroscopy:

Electron paramagnetic resonance (EPR) spectra were recorded at 110K, with protein
concentrations of approximately 15 mg/ml, using a Varian E-104A spectrometer equipped
with a Varian E-257 variable temperature accessory. The protein sample (usually about
0.5 ml) was loaded into an EPR tube of 2 mm diameter back-filled with argon and slowly
cooled to 110°K by passing a stream of oxygen-free nitrogen, cooled by liquid nitrogen,
into the cavity and over the sample tube. Spectral g-values were calibrated with
diphenylpicrylhydrazyl (DPPH) as standard.

Spectral g-values for the resonances were calculated using the equation:
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gsample = ggd X Bsua

Bsample
where ggq = 2.0036 (for DPPH)
Bsud = the observed magnetic field for the DPPH standard
Bsample = the observed magnetic field for the metal ion complex

11.1.5 Purification of Apolactoferrin

All buffers used had been previously passed down a BioRad Chelex-100 column in
order to minimise contamination by adventitious metal ions.

Apolactoferrin was prepared at 4°C following the method of Norris et al (1989).
Fresh human colostrum, collected 1-4 days post-partum, was normally used, although
colostrum which had been stored at -20°C for less than 3 months could be used without
any noticeable difference to the properties of the lactoferrin prepared. The colostrum
(typically 100-400 ml) was gently stirred while sufficient (NH4)2S04 was added over the
period of an hour to bring the solution to a concentration of 2 M. Stirring was continued
for a further hour to ensure the complete precipitation of the caseins and immuno-
globulins. The solution was centrifuged at 12,000 r.p.m. for thirty minutes to remove the
fat and casein. The supernatant was dialysed successively against 2 changes of Milli-Q
water (5 L each) and 2 changes of 0.025M Tris-HCI pH 7.8 0.2M NaCl (5 L each) over a
total period of 24 hours. The crude lactoferrin was loaded on to a CM Sephadex C-50
column (20 ¢m x 4 c¢cm) previously equilibrated in 0.025M Tris-HCI pH 7.8, 0.2M NaCl,
and the column was washed until the eluent showed no absorbance at 280 nm.
Lactoferrin, which remained tightly bound to the top of the column, was eluted using a
0.2-1.1M NaCl gradient (200 m1:200 ml), 10 ml fractions being collected using a
Pharmacia fraction collector. Lactoferrin generally eluted as a single, well-resolved peak,
although occasionally a smaller peak would elute just prior to the major band (Plowman,
1979). The column could be restored for further use by washing with 0.025M Tris-HCI
pH 7.8, 1.5M NaCl, and then equilibrating with 0.025M Tris-HCI pH 7.8, 0.2M NaClL

The concentration and iron saturation of the lactoferrin was estimated using
e owm=10.7and g% .. =0.51 respectively (Aisen and Leibman, 1972). The
purity of each fraction across the peak was checked using SDS polyacrylamide gel
electrophoresis, and pure fractions combined. The preparation procedure gave an average
yield of 2 mg per ml of colostrum, with the lactoferrin having a maximum iron content of
8-10% saturation. A comparison of the spectral ratios of A280 nm/A466 nm and
A412 nm/A466 nm With those of fully iron-saturated lactoferrin (ratios of 20-23 and 0.70 to
0.75 respectively) provided a further check on the purity and iron binding properties of the
lactoferrin (Norris et al, 1989).
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II.1.6 Preparation of Diferricdioxalatolactoferrin (Fea(Cp04),L1)

Three separate methods were used in attempts to prepare oxalate-substituted diferric
lactoferrin complexes, as outlined below. Two involved the use of carbonate-free
solutions, but the third was based on attempts to displace carbonate directly with oxalate
(Shongwe et al, 1992).

(a) Metal-binding titration

5 ml of apolactoferrin (10 mg/ml in 0.025M Tris-HCI, 0.2M NaCl, pH 8.0) were
placed in a Schlenk tube, 6.3 mg of AR sodium oxalate (BDH) (50 fold excess) were
dissolved in the solution, and the pH was gradually lowered to 4.3 with 0.10M metal-free
HCI. At this stage a light precipitate appeared which was removed by filtration. Release
of CO, was promoted by subjecting the solution to a small vacuum (10-12 mmHg) over a
period of two hours during which time the Schlenk tube was intermittently flushed with
argon. The pH of the solution was restored to 8.0 with CO2-free NH3, prepared by
bubbling ammonia gas through Milli-Q water which had also been evacuated and flushed
with argon.

Using a spectrophotometer to monitor the titration, 2 pl aliquots of 0.01M FeNTA
solution were added to 1 ml of the carbonate-free apolactoferrin/oxalate solution in a

sealed 1.5 ml quartz cuvette, back-filled with argon.

(b)  Anion-binding titration

In a similar manner to the above, a titration of carbonate-free apolactoferrin/Fe3+
solution with 0.01M sodium oxalate solution was carried out. In this case the pH of the
apolactoferrin solution was lowered to 4.3, the solution subjected to a gentle vacuum, and
the pH raised to 8.0 as before. A 2 molar excess of ferric citrate was added (citrate is a
non-synergistic anion) and the titration of the carbonate-free apolactoferrin/Fe3+ solution
with 0.01M sodium oxalate was carried out.

(¢c) Displacement method

Three tubes with Fep(CO3),Lf (10 mg/ml in 0.025M Tris-HCI, 0.2M NaCl pH
8.0), one with a 50-fold, one with a 100-fold, and the third with a 200-fold excess of
sodium oxalate, were left at 4°C for a period of 6 weeks. The UV-visible spectrum of
each solution was measured daily for the first week and then weekly thereafter.

I1.1.7 Preparation of Diferricdioxalatotransferrin (Fe(C204)2Tf)

Diferricdioxalatotransferrin was prepared using human apotransferrin (Sigma) under
carbonate-free conditions as in section I1.1.6(a). This was done in order to be able to
compare the spectra of the oxalate complexes of lactoferrin and transferrin, prepared and
measured under identical conditions.
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I1.1.8 Preparation of Diferricdioxalatolactoferrin Solution for EPR
Spectroscopy
To minimise contamination from excess FeNTA, the Fea(CaO4)2Lt solution was
quickly passed down a BioRad Chelex-100 column (1 cm x 10 ¢m) previously
equilibrated in 0.025M Tris-HC, 0.2M NaCl pH 8.0.

[1.1.9 Crystallisation of Diferricdioxalatolactoferrin

Successful crystallisations of various lactoferrin species in this laboratory include
the following species: native human FeoL! (Baker and Rumball, 1977), nauve human
apoLf (Norris er al, 1989), deglycosylated human apol.f (Norris ef al, 1989), native
hovine Lf (Norris et af, 1986), native human CuL{ (Smith er af, 1991), native human
Cu(CO3)(C204)L1 (Smith ez al, 1991}, recombinant N-terminal half molccule, LIN (Day et
al, 1992), deglycosylated LN (Day er al, 1992), and the mutants LiNy R1218, LiN R1ZIE
and Liy D60S. All these have mvolved very similar conditions, ¢ very pure protein, high
protein concentration (typically 50-80 mg/ml) and dialysis from low 1onic strength
buffers, with a pH between 7.6-8.4. A very similar strategy was therefore followed in the
present case, but as Fep(CoO4)7L1 had been shown to slowly revert to the carbonato-
complex {see results), butfers were made COz-tree, and the crystallisations were set up

under an atmosphere ot argon.

{a)  Preparation of buffers for use in crystallisation

In order to mintmise contamination by COx2 the selutions were subjected 1o the same
repeated evacuauon and flushing with argon as the protein solution. Thus 100G mi of
0.01M NaoHPO4 (pH 4.5) was placed in a round-bouom tlask and had a small vacuum
(10-12 mmHg) applied to it over a period of 2 hours during which time the flask was
intermattently flushed with argon. The pH of the solution was then raised to 8.0) using
CQO;-free ammonia solution.

AR methanol used in the dialysis solution for crystallisation, was also evacuated

under argon as above.

(bY Crystalilisation

The protein used had a purple-red colour (with a visible absorbance maximum at
482 nm, and a ratio of A280 nm/A482 nm 0f 19.0. Using a microconcentrator (Centricon
30, Amicon) the protein was concentrated to 70 mg/ml and loaded into 30 ul microdialysis
buttons. These buttons were set to dialyse against 20 ml of 0.01M sodium phosphate pH
8.0, 11% methanol, in vials which had been back-filled with argon, and then sealed
securely to prevent CO9 contarnination.
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II.2 RESULTS

11.2.1 Purification of Apolactoferrin
Lactoferrin generally eluted as a single well-resolved peak between .85 M and

1.0 M NaCl (Fig. 1L1).
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Fig. IL.1. Elution profile for purification of lactoferrin by CM-Sephadex C-50

chromatography, using a 0.2-1.1 M NaCl gradient.

The preparation usually gave a yield of 2 mg of pure lactofernin (as judged from’
SDS gels and spectral ratios) per ml of colostrum, with the lactoferrin having a maximum

iron content of 8-10% saturation.

11.2.2 Preparation of Diferricdioxalatolactoferrin

(a) From carbonate-free solution
Spectrophotometric titrations carried out in the absence of carbonate clearly showed
that 2 moles of Fe3+ and 2 moles of oxalate bound per mole of lactoferrin (Fig. II.2a, b).
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Fig. I1.2. Fe3+*- and oxalate-binding titrations with carbonate-freec human apolactoferrin.
(a) Addition of Fe3* to lactoferrin in the presence of excess oxalate. (b) Addition of
C7042- 10 lactoferrin in the presence of excess Fe3+,

(b) By displacement

All attempts to prepare oxalate complexes of lactoferrin by displacement of carbonate
from Fep(CO3),Lf were unsuccessful, even when the protein was subjected to a 200-fold
molar excess of oxalate for a period of six weeks. The wavelength of the visible
absorption maximum increascs from 466 nm for Fep(CO3),Lf, 10 474 nm for a mixed
carbonate/oxalate complex, to 482 nm for Fep(C204)2L1 (sec below). In these
displacement experiments the visible absorption maximum remained unchanged at 466

nm, indicating that there had been no displacement of carbonate by oxalate.
[1.2.3 Electronic Spectra

(@)  Electronic absorption spectra

The substitution of carbonate by oxalate in diferric lactoferrin results in a distinct
change in the wavelength of maximum absorption in the visible electronic spectrum. The
dioxalate complex has a purple-red colour (Amax 482 nm) (Shongwe er al, 1992)
compared with the brick-red carbonate complex (Amax 466 nm) (Fig. 11.3). A mixed
carbonate-oxalate lactoferrin complex, preparcd by exposing Fea(C204),Lf 1o atmospheric
CO3 for 2 weeks had a visible absorption maximum at an intermediate value of 476 nm.
Furthermore the substitution of oxalate for carbonate gave a decrease by over
1000 mol-! cm-! in the molar absorption cocfficient of the complex (Table I1.1).
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Fig. I1.3(a). Electronic visible spectra of oxalate and carbonate complexes of diferric

human lactoferrn.

)d

Fig. I1.3(b). Solutions of oxalate and carbonate complexes of diferric lactoferrin. (a)
Feo(CrOy)oLt, (b) mixed carbonate and oxalate diferric lactoferrin, (¢) Feo(COR)oLI.
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Table I1.1. Charge transfer absorption maxima and extinction coefficients of

diferric lactoferrin and transferrin complexes.

Complex Amax (nm) Z (mol"lL cm'!
Fer(CO3),Lf 466 4600
Fep(Cp04)oLf 482 3600
Fep(CO3)Tf 466 4400
Fep(Cp04) TS 472 3300

(b)  Electron paramagnetic resonance spectra

The EPR spectra (Fig. 11.4) provided a more sensitive indication of the nature of the
anion bound to lactoferrin than the visible absorption spectra. The EPR spectrum of
Feo(CO3),Lf has a unique strong resonance near 1500 gauss (g'=4.3), and a weaker
resonance at 700 gauss (g' = 9.7), whereas the dioxalato complex has a broad peak
centering on 1100 gauss. The mixed carbonate-oxalate complex mentioned above could

be clearly identified from the presence of both types of spectrum.

r T T ™
750 1000 1150 1500 1750

Magnetic Field (Gauss)

Fig. I1.4. EPR spectra of carbonate, mixed carbonate/oxalate and oxalate complexes of
diferric lactoferrin recorded at 110K and microwave frequency of 8,990 GHz. Spectra
are Fep(CO3)oLf ——, mixed Fe(CO3)(C204)LS ------ .

Fea{CoO — ——— —
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[1.2.4 Crystallisation

Large (0.5 x 0.5 x 1.5 mm) needle shaped, purple-red crystals (Fig. IL.5) grew in
18-21 days if the vials were left undisturbed at 4°C. These crystals were characterised by
precession photography and were found to be orthorhombic, with unit cell dimensions a =
155.46,b =96.92, ¢ = 55.85 A oo = B =y = 90" and space-group P21212; (deduced from
systematic absences in the diffraction pattern). Assuming one molecule in the asymmetric
unit of the crystal, the value of Vi is 2.63 A3 Dalton-! (Matthews, 1968) corresponding
to a solvent content in the crystals of ~53%. The crystals are closely isomorphous with
those of the native carbonate complex, Fep(CO3)2Lf (a = 156.26, b = 97.40, ¢ = 55.85 A
&= P =y=490)

Fig. I1.5. Crystal of Fep(C204)2Lf. This was grown by microdialysis against 0.01M

sodium phosphate, pH 8.0, containing 11% methanol.

[1.3 DISCUSSION

The preparation and interconversion of carbonate, oxalate, and hybrid oxalate-
carbonate complexes of diferric lactoferrin is summarised in Fig. I1.6. Stringent
carbonate-free conditions were necessary to prepare a pure dioxalato complex. This
complex was stable only under CO»-free conditions; carbonate begins to replace oxalate
after one hour's exposure to atmospheric CO7, with an approximately 1:1
carbonate:oxalate complex being formed after 2 weeks' exposure to atmospheric CO».
Fep(C204),Lf was completely converted to Fep(CO3),Lf after 1 day's incubation with
0.1M NaHCOs3. Both visible and EPR spectra were used to monitor the formation of the
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oxalate and carbonate complexes, but the EPR spectra proved to be far more sensitive (0

small contamination of Fea(C204)2L1 by carbonate.

Fe,(C,00,L1 . .
2 Fed+ 2 Y,2-

Amax 482 nm Fe7r 26504 CO32" -free apolf j
carbonate {ree

A

Atmospheric 14
CO», 2 weeks 2Fe

0.1M HCO3" 2 o2

P &

mixed carbonate-

oxalatw complex
Amax 476 nm Feo(CO3),LL

Amax 466 nm

2iX-fold excess oxalate

Fig. IL.6. Reaction scheme for the preparation and interconversion of carbonate and

oxalate complexes of difermie factoferrin,

Further discussion and interpretation of the spectroscopte results in the hght of the

crystal structure of Fea(Co04)2LL will follow 1n the concluding chapter (Chapter V).
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CHAPTER III

CRYSTAL STRUCTURE OF DIFERRICDIOXALATOLACTOFERRIN
III.1 METHODS

III.1.1 Stabilisation and Mounting of Crystals

Lactoferrin crystals are generally very difficult to handle. Having been grown at
low ionic strength, in the cold, they are temperature-sensitive and have a tendency to
dissolve in their mother liquor. Previous studies with Fe2(CO3),Lf (Anderson et al,
1987) showed that the crystals could be stabilised by replacing the volatile alcohol by a
less volatile one such as 2-methyl-2,4 pentanediol (MPD). This also led to improved
resolution in the diffraction pattern. Accordingly dialysis buttons with crystals of
Fep(Cr04)2Lf were successively transferred to vials containing phosphate buffer and the
following methanol/MPD solutions: 10%:2%, 8%:4%, 6%:6%, 4%:8%, 2%:10%,
0%:12%, 0%:16%, allowing at least 24 hours to equilibrate in each solution. The
solutions were subjected to a gentle vacuum and flushing with argon as in Section I1.1.9,
to prevent any carbonate contamination of the crystals. Careful checks were made on the
crystals to ensure that they were not cracking or dissolving. The stabilised crystals were
then mounted in thin-walled, siliconised capillary tubes, along with a little of the mother

liquor, and the ends of the capillaries were sealed with wax.

II1.1.2 Data Collection

X-ray diffraction data to 2.2 A resolution were collected by screenless Weissenberg
photography (moving crystal/moving film) using a Weissenberg camera equipped with
imaging plates developed by Dr N. Sakabe, at the Photon Factory synchrotron radiation
source, Tsukuba, Japan (Sakabe, 1991). This method, which is both rapid and efficient,
allows many thousands of reflections to be recorded on each plate. Furthermore, the use
of the high intensity X-ray beam of the synchrotron enables more data, often to higher
resolution, to be collected from individual crystals; an important consideration when the
crystals are few in number, small, or diffract only moderately to poorly.

Crystals were first aligned along a direct cell axis using small angle oscillation
photographs taken with a polaroid cassette. Reflection data were then recorded on Fuji
imaging plates and measured as laser stimulated luminescence with a BA100 image plate
densitometer, as described in the Synchroton users guide (Rehse and Zubak, 1992). Two
crystals were used in the data collection, one with the crystal aligned along its a-axis, and
the second aligned along its b-axis. The camera settings and exposure times used to
collect the data are summarised in Table IIL. 1.



38

Table 1.1 Image plate (IP) data collection statistics
Parameter Valee
Source Beam-line 6A2 Photon Factory
Method Screenless Weissenberg Photography
Wavelength 1LOA
Crystal to IP distance (mm) 430)
Coupling constant 2.5
Oscillation range 7
Number of osc?/1P 8
 scan specd (Ys) 8
Exposure per image (s) 64
Number of IPs 15 (a-axis) 14 (b-axis)
Total exposurc(s) 060 (a-axis) 896 {(h-axis)

111.1.3 Data Processing

The image plate data were processed using the program WEIS (Higashi, 1991).
Each image was tust onented using the fiducial marks recorded on the image, and then a
number of medium-1o-strong retlections were used to refine the inigal orientation matrix
parameters. Initially data to 10.0 A were used for refinement. Once the missctting
parameters, DR and DS, (DR and DS are the rmy differences between the observed and
calculated spot positions in the x and y directions) had reached 2 minimum, the resolution
of the data used for refinement of the orientation matrix was progressively extended 10 3.5
A. Although some images could be processed without manual intervention, others
required a constderable amount of manipulation hefore a setiing file could be obuained that
could accurately predict the positions of all the spots. Some of the difficulties were due to
hoth crystals giving split spots at higher resolution. This was especially marked in the
data collected around the a-axis. All data within a sphere of 2.2 A were processed.
Details of the a-axis and b-axis data processing are given in Tables IH.2a and 1I1.2b

respectively.
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Table 1I1.2a Data collection and processing statistics for the a-axis Fep(CpOg)pLf

images

o fange represents the oscillation range for which data were collected for ¢ach image. DR and DS give a
measure of the misseuing of the centre of each reflection. DR and 1S are the rms differences between

the observed and calculated spot positions in the horizontal and vertical directicns respectively.

RMS/BGID is the ratio of the standard error to the background fevel of density.

Image Plate () range % expected reflections DR
observed
1 -3.5 - 3.5 64.5 0.45
2 3.0 - 10.0 597 0.55
3 9.5 -16.5 65.3 0.52
4 16.0 - 23.0 66.5 (.46
5 22,5 - 295 60.1 0.43
6 290 - 36.0 57.7 (.33
7 355 - 425 56.2 0.32
8 42.0 - 49.0 56.5 0.31
9 48.5 - 55.5 58.7 .32
10 55.0 - 62.0 51.2 {1.32
11 61.5 - 6835 52.4 .29
12 68.0 - 75.0 52.0 (.29
13 74.5 - 81.5 50.2 {3.28
14 g1.0 - 88.0 51.3 .29
15 87.5 - 945 521 0.28

DS

0.39
(.33
0.35
0.44
0.39
0.25
(.24
0.21
0.25
0.24
0.24
(.24
(.24
0.21
(.28

RMS/BGD

33
3.0
2.8
2.8
2.6
2.3
2.3
2.0
2.0
1.9
2.2
.7
1.7
1.6
1.8

Total range of 98° {((.5" overlap per image).
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Table H1.2b Data collection and processing statistics for the b-axis Fea(CpO4)L{

1mages
Image Plate W range % expected reflections DR DS  RMS/BGD
obscrved
2 4.0 -11.0 5G.1 0.31 (.33 2.1
3 10.5 - 17.5 55.4 0.22 0.34 2.6
4 17.0 - 24.0 55.3 (.34 0.33 2.6
5 23.5 - 20.5 55.1 (.32 0.32 2.6
6 30.0 - 37.0 52.8 .33 0.35 2.5
7 36.5 - 43.5 59.6 .29 0.33 1.8
3 43.0 - 50.0 63.0 (.31 0.33 I.5
9 49.5 - 56.5 67.0 0.3¥ (.35 1.0
10 56.0 - 63.0 70.1 0.39 0.36 1.0
11 62.5 - 69.5 70.1 0.39 .36 1.0
12 69.0 - 76.0 73.5 {338 .36 .9
13 75.5 - 825 67.4 .41 .39 !
14 82.0 - 89.0 66.2 .38 0.38 1.1
15 2.5 - 4.5 52.5 (.35 .33 1.1
Total range of 91.57 (0.5" overlap per image).

The integrated intensities from cach image were combined. and the data from the
image plates scaled and merged using the CCP4 programs ROTAVATA and AGROVATA
(the CCP4 Suite Programs, 1994), Table I11.3 summarises the relevant statistics for data
collected from crystal 1 and crysial 2 and the combined data from both crystals.
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Table [11.3 Merging of the intensity data

Source of data set Numer of unique reflections Rmerge Resalution Range
for data with 21y

Crystal 1 27819 0.107 50-22A

(a-axis)

Crystal 2 27346 (.072 50-22A

(b-axis)

Combined data 38482 0.136 50-22A

(crystals | and 2)

Runeree = ZH-II/ET

The final scaled and merged data set, using data from both crystals, was derived
from 163844 measurernents, with a multiplicity of 4.3, This gave 38482 unique
reflections (Ryperge = (1136) for data 2 1 oy in the 50-2.2 A resolution range. Data were
88% complete overall, with a 62.5% completeness in the 2.28-2.20 A shell.

Fig. 111 shows the percentage of the total number of unique retlections measured
with I> [ oy, 207 and 307 as a function of resolution. There is a sharp decrease in the
percentage of obscrved reflections {with I>20y) at about 2.9 A and the maximum effective
resolution of the data (that used for restrained least squares refinement) can be taken as 2.4
A, where about 50% of the reflections are observed with I>2a;. Swatistics on the final data

set for Fea(CoOy)p1t are given in Table HIL4,
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Tabic I11.4 Statstics on the final data set for Fep{C204, L1

Maximum measured resolution, dpin (A)2
- number of expected reflections o dpip
- overall completeness of data to dpq
Maximum resolution used in refinement, deer (A)2
- number of expected reflections 10 dper
- observed reflections to deer
- completeness of data 1o d@
Highest resolution shell (A)
- unique reflections in this shell

- completeness in this shell

aThe resotution of the reflection(s) measured at the highest value of 8

2.2
43691
73%
2.4
33435
31758
94.9%
2.54-2.4
4809
83.3%
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II1.2 STRUCTURE DETERMINATION

Since the crystals of Fep(Cp04)7Lf are isomorphous with those of Fep(CO3)2Lf
(see Table I11.5), the refined coordinates of Fep(CO3)2Lf determined at 2.2 A (Haridas et
al, in press) could be used as an initial model. As the major differences between the two
structures were likely to be around the anion and metal binding sites, the eight sidechains
that bind directly to the two metal ions, together with the anion-binding arginine (residues
121 and 465) and threonine (residues 117 and 461) sidechains were truncated to their Cg
atoms, the two ferric ions, two anions and all solvent molecules were removed, and the
individual temperature factors were all set to a uniform 25 AZ. This model was used to

initiate refinement.

Table I11.5 Comparison of the unit cell dimensions of Fea(C204)2Lf and
Fea(CO3),Lf crystals
Complex Axial lengths (A) Angles Space-group
Fer(C204)7Lf 155.46 96.92 55.85 oi=R=y=90 P2121241
Fe2(CO3)oLf 156.26 97.40 55.85 o= B=y=90 P21212;

II1.2.1 The Refinement Problem

The crystallographic refinement of a protein structure poses particular problems
because of the limited resolution of the data, and the small number of observations (X-ray
data) compared with the number of parameters to be refined. For Fep(Co04)7Lf 32,000
reflections were recorded to 2.4 A and approximately 22,000 parameters (X, y, z, B for
~5300 atoms) were to be refined, a ratio of only 1.4:1. In order to improve this ratio,
known structural parameters such as ideal values of bond lengths, bond angles, torsion
angles, planarities of groups, etc are included in the refinement as observations. This
approach to refinement, in which the protein geometry is restrained, and atoms are not
individually free, is referred to as restrained least squares refinement. The program used
for refinement of Fey(Cp04),Lf was PROLSQ (Hendrickson and Konnert, 1980).

II1.2.2 Refinement Strategy

The general philosophy of refinement was as follows. The structure was refined in
a series of rounds, each comprising 10-30 cycles. During each round the restraints on the
geometry were relaxed (to allow atoms to move) and then retightened to bring the structure
back to proper geometry. (Note, however, that the rms deviation of bonds from standard
values was not allowed to become too high, typically not allowed to exceed 0.05 A.) At
the end of each round, 2Fo-Fc and Fo-Fc electron density maps were calculated, and the
fit of the model was examined on an Evans and Sutherland PS300 interactive graphics
system. Where corrections could be made, the model was rebuilt manually using the



program FRODO (Jones, 1978). Regions that were in doubt (eg poorly defined
sidechains) were omitted from the model, to be re-included later. Regions with high B
values were several times systematically removed from the model and were then rebuilt
into subsequent maps. Solvent molecules were not included until relatively late in
refinement. When they were included, they were only added to the model if (1) the
electron density was >26 in the Fo-Fc map, and greater than 16 in the 2Fo-Fc map, and
(2) the position was structurally reasonable, ie within hydrogen bonding distance of other
potential hydrogen bond partners (protein atoms or other solvent molecules). Several
times during the course of refinement all water molecules with a B value greater than 70
A2 were removed, and the water model re-evaluated after another series of refinement
cycles.

Towards the end of the refinement the program PROCHECK (Laskowski et al,
1993), which assesses the geometrical correctness of the model, both overall, and residue
by residue, was used to help identify aspects of the structure that should be examined

more closely.

[11.2.3 Structure Solution and Refinement

A difference Fourier synthesis was calculated using the observed structure
amplitudes for Fea(C204)7Lf and Fep(CO3),L1; ie the coefficients used were
[1FFex(C204)7L1l0bS-1FFes(CO3),Le(0bs)l, with phases o calc (Fea(CO3)Lf. The map was
displayed on an Evans and Sutherland PS300 graphics station using FRODO (Jones,
1978). The largest positive and negative peaks were in the vicinity of the N-lobe and C-
lobe metal- and anion-binding sites, with a positive peak adjacent to the anion site in each
lobe, implying that a larger anion was now bound; the extra density arising from the 2
extra atoms of the oxalate ion (Fig. II1.2). A pattern of positive and negative peaks similar
to that seen in a Cup(C204)(CO3)Lf-Fea(CO3);Lf difference Fourier synthesis (Smith er
al, 1994) indicated a movement of Arg 465 and an accompanying movement of Tyr 398
away from the C-lobe site. A similar pattern of positive and negative peaks was seen in
the N-lobe, but here the pattern was more complex and difficult to interpret (Fig. I11.2).



(a)

Fig. IT1.2 Fep(Cp04)7Lf - Fep(CO3),Lt difference electron density map (calculated with
coefficients AF = F(I:cz(czgvzlﬁ - F(;:ez(c()S)sz) in (a) the N-lobe and (b) the C-lobe

sites. Negative density is shown in red and positive in blue. The FepLf model is

superimposed in yellow.
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(@)  The course of refinement

The refinement of Fep(C204)2Lf was carried out using PROLSQ (Hendrickson and
Konnert, 1980). The starting model was as described in Section II1.2. After the first
phase of refinement (22 cycles), the metal ions and protein ligands were added to the
appropriate 2Fo-Fc density, but the anion sites were left vacant, with the anion-binding
arginine (121, 465) and threonine (117, 461) residues remaining truncated at CB-
Following a further 22 cycles of least squares refinement, the two oxalate ions, arginines
121 and 465, and threonines 117 and 461, were added to the appropriate 2Fo-Fc density.

At this stage it was noted that the electron density showed the oxalate ion fitted as a
symmetrical 1,2-bidentate ligand to the iron in the C-lobe. This was not the case in the N-
lobe, however. Here the electron density indicated an asymmetric 1,2-bidentate binding
of oxalate to the metal. A cautious approach was adopted. The oxalate ion in the N-lobe
was fitted in a very conservative manner, making it as symmetric to the iron as possible
within the confines of the electron density. The following refinement cycles caused the
oxalate ion to move back to being quite asymmetric (O1(ox)-Fe =1.9 A, O2(0x)-Fe=2.4
A). Several times during the course of the refinement the positions of both oxalate ions
were checked by excluding them from the final 5-8 cycles of least squares refinement in a
particular round, and calculating 2Fo-Fc and Fo-Fc maps to establish their true positions.
Further checks on the position of the N-lobe oxalate ion were made either by manually
placing the oxalate to have more symmetrical binding to the iron, or moving the iron atom
to have symmetrical binding to the oxalate, but in all cases subsequent refinement cycles
moved it back to being asymmetric (Fig. I11.14).

Solvent molecules, all treated as water, were fitted into Fo-Fc density (contoured at
2 times the rms deviation of the map) following the criteria described above. To hasten
the process of water addition, the refined Fep(CO3),Lf structure was superimposed on the
Fep(Cp04),Lf structure and the positions of the waters in the Fep(CO3);Lf structure
checked against the criteria listed above. The positions of about 95 water molecules were
found in this way.

Major rebuilds of the structure were carried out during rounds 2, 3, 4, 5, 6 and 8 of
refinement (see Table II1.6). 'Omit maps' were especially useful in helping to establish
the correct conformation or position of poorly defined sidechains and loops.

Individual B factors were refined after 91 cycles of xyz refinement (R = 22.7%).
Restraints were placed on the B factors to prevent excessive shifts during refinement and
to keep the B values of adjacent atoms within 5 A2 of each other. New water molecules
were given a temperature factor of 25 A2 and treated in a similar manner to the protein
atoms. Monitoring after refinement showed those with excessive increases in B values,
and these were checked on the graphics system and removed if at all doubtful.

The progress of the refinement is summarised in Table II1.6. Although the R factor
did not reduce much in the last few stages, the quality of the structure, as judged by the
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geometric and structural criteria (hydrogen bonding, bond lengths and angles,
Ramachandran plot (Ramakrishnan and Ramachandran, 1965), distribution of Chi-1 vs
Chi-2 angles, etc) was significantly improved. The program PROCHECK (Laskowski et
al, 1993) was especially useful in helping to evaluate the model in terms of these critena.
In the final stages, although it was possible to place some of the more poorly
defined parts of the structure, it was also decided to remove the {irst three residues of the

N-terminus because of their very high B factors and their poorly defined electron density.

Table 111.6 Course of Retinement of Fea(ChrOg )L

Round Number R Factor rmsA bonds Comments
of cycles o

1 2 3405300 0.035 525 Adaw. overall B =25 A?
5323 protein atoms

2 0.9 - 28.8 0.027 Added 2Fe3*, all ligand sidechains.
o ’ | Rebuilt 32 sidechains
5323 protein atoms, 2Fe3*
Refined with 5-2.5 A data, xyz
refinement

b

Added 2 oxalate jons, Arg 121, Arg
465, Thr 117, Thr 461

Rebuilt 23 sidechains. TPixed bad
CONLACts.

5377 . a3t Y42
5323 protein atoms. 2”7, 20204
Refined with 5-2.5 A data, xyz
refincment only,

3 22 28.5 -5 257 0.625

Added 120 water molecules.
: 2 2 2
4 25 26.0 - 22.] 0.021 Rebuill loop 418-424 and 15 sidechains

5323 prolein atoms, 2k, 2(32042‘
Refined with 5-2.4 A data, xyz
refinement.

Added 40 water molecuies, removed 1
5 40 22.7 - 22.1 0.024 water. Rebuilt N-terminus, 10

sidechains, checked oxalate positions

with omit maps.

5323 protein atoms, 2Fe3+, 207042

xyz B refinement with 5-2.4 A data,

Added 33 water molecules, removed 6
water molecules. Omit map used to
help rebuild loop 418-424. Rebuilt 9
sidechains,

5323 protein atoms, 2Fe3+, 2C2042-
xyz B refinement with 8-2.4 A data

6 25 227 - 224 0.018

cont, ...
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Table II1.6 Course of Refinement of Fep(CpO4)sLf (cont.)

Round Number R Factor rmsA bonds Comments

of cycles %o

Added 3 water molecules removed 16
7 40 226 19.23 0.019 ot e

Checked oxalate position with omit
maps adjusted sidechains.

5323 protein atoms, 2Fe3*, 2C2042"

xyz B refinement with 8-2.4 A data.

Omit map used to check residue 512.

Deleted 46 waters (B>70 Az or too
close contacts). Adjusted sidechains of
loop 418-424.

5323 protein atoms, 2Fe3+, 2C)042-
xyz B refinement with 8-2.4 A data.

8 30 20.14 - 19.78 0.019

Replaced 2 waters, deleted 8 waters.
9 25 19.92 - 19.24 0.014 Omit map used to help rebuild Glu 221.

Adjusted sidechains.
5323 protein atoms, 2Fe3+, 2C2042".
xyz B refinement with 8-2.4 A data.

0.020 Ran PROCHECK on model from round
: 9. Adjusted sidechains, emphasis on
Chi 1, Chi 2 angles and chirality.
Checked oxalate in C lobe.
Removed residues 1-3 of N-terminus
5275 protein atoms, 2Fe3+, 2C)042-
xyz B refinement with 8-2.4 A data.

10 23 20.9 - 20.05

Ran PROCHECK on model from round
11 30 19.91 - 19.75 0.018 10. Adjusted Arg 465 slightly.

5275 protein atoms, 2Fe3+, 2C)042-
xyz B refinement with 8-2.4 A data.

12 12 19.74 — 19.68 Ran PROCHECK.

I11.2.4 The Quality of the Final Model

The final Fe(C204)2Lf model comprises the complete molecule, excluding the N-
terminal residues 1-3, ie residues 4-691, 5275 protein atoms, 2 ferric ions, 2 oxalate ions
and 121 solvent molecules. The stereochemistry of the model, summarised in Table II1.7,
is very close to ideal; the rms deviations from standard values of bond lengths and (1-3)
angle distances are 0.018 A and 0.059 A respectively. The R factor is 19.6% for data
with I>1.0o71 between 8 and 2.4 A resolution.
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Table 1I1.7 Refincment statistics for Fep(C04)7L1

Resolution limits (A) 8.0-24
Iniial R factor (%) 34.0
Final R factor (%) 19.6
Number of reflections used 31758
Number of protein atoms 5275
Number of solvent molecules 121
Other ions 2Fed+ 2C042-
Number of carbohydrate residues -
Number of refinement cycles 318
rms deviations {rom 1deality
Bond lengths (A) 0.018
Angle distances (A) 0.059
Planarity (A) 0.011
Chiral volume (A3) 0.248
Non-bonded contacts A 1.208
Average B value (main chain atoms) 45.3
Avcrage B value {sidcchain atoms and waters) 49 4

{a)  Agreement with X-rav data

The average maximum coordinate error in the Fea{CrOg)0Lf modet was estimated
from the variation in the R factor with resolution as described by Luzzad (1952) (Figure
[11.3). Excluding points at the lowest resolution, where the higher values can be atributed
to a failure to fully account for the solvent structure, and at the highest resolution, where a
large proportion of the data were unobserved (see Fig. IIIL1) the maximum average eror
in the structure is ~0.3 A. The theoretical variation of R factor with resolution was

calculated for non-centric data.
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R factor

sinB/A

Figure ITI.3 A Luzzati plot of the crystallographic R factor (Luzzati, 1952) as a function
of resolution for Fep(C2O4)7Lf. The theoretical vanation of R with resolution for

rms errors of 0.1, 0.2, 0.3 A in atomic positions, is shown for non-centric data.

The value obtained {rom the graph represents the maximum average error; the error
would be somewhat less than this in the well-ordered internal regions (the arca around the
binding sites and secondary structure clements for example) but substantially more in the
poorly-defined parts of the molecule such as some of the external loops connecting the B
strands and helices. In spite of much effort to determine the correct conformation of these
regions with the use of omit maps, some remained ill defined in comparison to the rest of

the structure (see Table I11.8).

(b) Agreement with expected geometry

The correctness of the model was also assessed by analysing the distribution of
dihedral angles. A Ramachandran plot (Ramakrishnan and Ramachandran, 1965) of the
main chain torsion angles (¢ and y) (Fig. I11.4) shows that virtually all liec within the
allowed and partially allowed regions of conformational space, as defined by Laskowski
et al (1993) in the program PROCHECK. The 'most favoured' regions account for
81.9% of non-glycine residues, and a further 16.6% of residues occupy the ‘additionally
allowed' regions. Only 2 residues, Leu 299 and Leu 642 are in normally disallowed
regions; these are both central residues in y-turns which are in equivalent positions in cach
lobe. These types of turns are characterised by mainchain conformational angles around ¢
=70°, y =-50° (Baker and Hubbard, 1984). In the case of Leu 299 and Leu 642 these
torsion angles are (68°, -50%) and (58°, -40°) respectively, similar to the characteristic
value for classic y-turns. The residucs on either side, 298 and 300, 641 and 643, intcract



51

via 1-3 hydrogen bonds (Baker and Hubbard, 1984). These two y-turns with their highly
conserved Leu-Leu-Phe sequence within the transferrin family are found in part of the
wall of the binding cleft in each lobe, and seem to be a common feature of transferrin
structure (Smith er al, 1994).

Ser 191 occupies a 'generously allowed' region, with mainchain (9, y) torsion
angles of 53°, -174°, designated as an € conformation (Sibanda et al, 1989). This residue
is in a well-ordered part of the structure, at the N-terminus of helix 7, and makes an
important contribution to the N-lobe binding site, hydrogen bonding with the oxalate-
binding Arg 121. The same € configuration of Ser 191 is also seen in the lactoferrin
structures with carbonate as the anion; Fep(CO3)2Lf (Anderson et al, 1989) and
Cup(CO3)oLf (Smith er al, 1994). The equivalent residue in the C-lobe is Gly 527 which
has the same configuration. In all other transferrins whose sequences are known, there
are glycine residues in this position in both lobes.

Further assessments of the correctness of the model are given by PROCHECK
(Laskowski et al, 1993). These include comparisons of mainchain parameters, such as
the quality of the Ramachandran plot, a-carbon tetrahedral distortion and hydrogen bond
energies, with the average values of structures at the same resolution. These comparisons
show that the structure is better than average in all respects except the standard deviations
of the at-carbon tetrahedral distortions and hydrogen bond energies, although even here
the deviation is still within acceptable limits (Fig. IIL.S). Sidechain parameters (standard
deviations of Chi-1 gauche minus, Chi-1 trans, Chi-1 gauche plus, Chi-1 pooled standard
deviations, and Chi-2 trans angle standard deviations) are all better than average (Fig.
I11.6). A plot of Chi-1 vs Chi-2 dihedral angles (Fig. I11.7) should have most residues
clustering around the crosses which represent one standard deviation for the gauche
minus, trans, and gauche plus regions for Chi-1 and Chi-2 dihedral angles. It can be seen
in Fig. II1.7 that only 36 residues are more than 2.5 standard deviations from ideal, also
indicating the overall good quality of the structure. A plot of residue properties (abs mean
deviation of Chi-1, omega, and zeta), residue by residue is given in Appendix 1.
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Fig. 1114
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Fig. 1IL.5
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rig. nLe  Side-chain parameters
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Fig. 1117

Plot of Chi-1 vs Chi-2
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(c)  Temperature factors

Fig. I11.8(a) shows average mainchain and sidechain temperature factors as a
function of residue number. The average mainchain B value of 45 A2 reflects the
weakness of the high resolution data and the fact that all data were used in the least
squares refinement. (Only about 52% of reflections have I>2c7at 2.4 A.) The high B
values are also consistent with the overall B estimated from a Wilson plot (Wilson, 1942)
which gives an average B of about 50 AZ. It is clear that the residues with low B values
correspond to a helices, B strands and residues involved in the metal- and anion-binding
sites. These regions are, in general, internal and stabilised by a large number of hydrogen

bonding and other interactions with other protein atoms and internal water molecules.

(d)  Fit to electron density

The fit of the model to the electron density can be quantified by calculating
correlation coefficients which give a residue by residue measure of the agreement between
the model electron density and the final 2Fo-Fc electron density map. Real-space
correlation coefficients for the individual residues, calculated using the real-space fit
routine in the model building and refinement program O (Jones er al, 1991), show that in
general the correlation of the model with the data is high (Fig. II1.8(b)) with most of the
residues having correlation coefficients greater than 0.8. The regions which have the
poorest correlation(<0.7) include the external loops 220-222, 240-243, 280-285 and 293-
294 in the N-lobe, the loops 417-424, 623-628 in the C-lobe, and the C-terminal residues
687-691. Well-defined regions of the model, including the metal- and anion-binding
ligands, and those residues near the binding site all show good correlation between
observed and calculated density (correlation coefficients between 0.85 and 0.90). The
pattern is similar to that seen when temperature factors are plotted as a function of residue
number (Fig. II1.8(a)).

Most of the protein structure is represented by well-defined electron density.
Examples of typical electron density in the well-defined regions are shown in Fig. I11.9,
while Fig. III.10 shows the density for several poorly-defined regions. The least
satisfactory parts of the structure are also listed in Table IIL8.
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Fig. II1.9 Examples of well-defined electron density in the final 2Fo-Fc map for
Fep(C204)2Lf, contoured at 1.56. (a) Part of the N2 domain B-sheet, (b) Ser 114, His
116 and the disulphide bridge 115-198.
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Fig. I11.10 Examples of the most poorly-defined electron density in the final 2Fo-Fc
map for Fep(C204)2Lf, contoured at 0.76. (a) Residues 292-295, (b) Part of the loop
417-423. Although it was difficult to fit the model precisely to the electron density in

these regions, the course of the polypeptide chain was unambiguous.
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Most of the protein structure is represented by well-defined electron density; the
least satisfactory regions of the structure are listed in Table IIL.8.

Table I11.8 Poorly defined regions of the structure

Residues Average B Comment
1-3 >98 A2 Not modelled. N-terminus projects into

solvent, electron density poorly defined.
Could be both disordered and/or

heterogeneous
220-222 80 A2 External turn, probably disordered.
293-294 75 A2 Part of a projecting 3 turn, probably
disordered.
417-423 85 A2 Large flexible surface loop. No
interactions with the rest of the molecule.
689-691 61 A2 C-terminus of molecule. Probably
disordered.
Carbohydrate attached to Not modelled. Electron density poorly
Asn 137 and Asn 478 defined and indicated little interaction with

protein structure. Probably is both

flexible and chemically heterogeneous.

In these poorly defined regions there is generally sufficient density to follow the
polypeptide chain, but this density is rather weak and fragmented, and the atoms have
high B values, indicative of disorder. Towards the end of refinement the first 3 residues
of the N-terminus were removed because of very high B values and weak electron
density. Sequencing has shown that there can be a chemical heterogeneity at the N-
terminus (Stowell ez al, 1991) and this, combined with the positional disorder, made
accurate modelling of the N-terminus very difficult. Residues Ser 421, Asp 422, Pro
423, all of which occupy regions that are either 'generously allowed' or 'additionally
allowed' in the Ramachandran plot, form part of a large extended surface loop (residues
417-423) with high B values. This makes no interactions with the rest of the protein and
has little internal structure. Although there was electron density for the whole course of
the loop, it was poorly defined and the difficulty encountered when trying to build into
this density probably reflects the flexibility or disorder of the loop.

Two large clouds of electron density, corresponding to the position of the two
glycan chains of lactoferrin, could be seen extending from the sites of their attachment;
Asn 137 and Asn 478. Unfortunately although the boundaries were relatively well
defined, the resolution of the electron density within each cloud was insufficient to be able
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1o place any carbohydrate moieties with any confidence. The two carbohydrate chains
attached to human lactoferrin are known to be heterogeneous, with at ieast five chemical
structures having been identified {Spik er af, 1982), and clearly there 1s spatial disorder or
flexibility. The electron density indicates few interactions with the protein which might

stabilise the carbohydrate chains.

II1.3 THREE-DIMENSIONAL STRUCTURE

The general organisation of Fea(CyO4)pL1 is the same s that described previously
for Fep(COs)7Lf (Anderson et al, 1989; Baker er af, 1987). In both structures the
polypeptide chain is folded into two lobes (N-lobe and C-lobe) and each lobe 1s further
subdivided into 2 similarly sized domains (N1, N2 and C1, C2). Therc is a42%
sequence identity between the two lebes of the molecule which 1s reflected in the similar
fold of the polypeptide chain. A rotation of ~180° of the C-lobe, followed by a transiation
of ~25 A allows the C-lobe to be superimposed on the N-lobe with 85% of the Co atoms
matching within an rms deviation of ~1.0 A. (Superpositions were performed using the
program LSQKAB (CCP4 program suite, 1994).) The structural agreement is even closer
i the N1 and C1 domains and N2 and C2 domains are superimposed separately. The N-
lobe 1$ slightly more open than the C-lobe, so that if the N2 and C2 domains are
superimposed the NI and C1 domains are shghtly out of register. For the individual
domains, the rms deviations after superposition are ~0.8 A (~133 Co atoms).

Euach lobe contains a single metal- and anton-binding siic located in the interdomain
cleft with the metal 10n taking ligands from both domains and from two of the interdomain
crossover strands. The anion, on the other hand, forms a bridge between the metal and
just one domain of the protein, being liganded to a short suetch of the polypeptide chain of
dormain 2 {N2 or C2). A schematic diagram of the folding patiern and a sterco view of the
Co trace of Fea{Ca204)9L1f are shown in Figs. HI.11 and 111.12, while a ribbon diagram

(Fig. II1.13) shows the division into domains.
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Fig. III.11 Schematic representation of the secondary structure elements for the N-lobe
(left) and C-lobe (right) of Fep(C204)2L1. Helices are shown as cylinders and 3 strands

as arrows. Sites of insertion in one lobe or the other are shown in black.

Fig. I1I.12 Stereo Ca plot of Fep(C204)2Lf. The N-lobe is above, the C-lobe below
and the domains are labelled N1, N2, C1 and C2. The iron atoms are shown with filled

circles, and the 2 glycosylation sites are marked by stars. Disulphide bridges are shown
as thickened lines.
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Fig. II1.13 A ribbons diagram of Fep(C204)2Lf showing the division into domains.
The N-lobe is on the left and C-lobe on the right. N1 and C1 domains are shown in

blue, N2 and C2 domains in yellow, the connecting helix purple, and the iron atoms as

stippled red spheres.
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II1.3.1 Secondary Structure
All four domains have similar secondary structure, based on a mixed [3-sheet with

helices packed around it. Table IIL9 lists the residues which make up the B-sheet and

helical structure.

Table III.9 Residue assignments for the secondary structure of Fep(C204)2Lf
B-strands@ Helices®)
N-lobe label C-lobe N-lobe label C-lobe
5-10 a 345-350 12-31 (1) 351-365
33-39 b 368-374 41-53 (2) 376-388
54-59 c 389-394 60-69 (3) 395-407
75-82 d 408-415 105-108 4) 449-453
90-100 e 435-443 121-136 (5) 465-481
112-116 f 456-460 144-153 (6) 484-488
153-158 g 489-494 166-170 (6a) 501-505
204-211 h 540-547 190-203 (7) 526-539
226-231 i 570-575 212-218 (8) 547-554
246-258 ] 590-602 223-227 (8a) 567-571
304-310 k 647-653 241-245 (8b) 585-589
263-279 ) 605-621
315-321 (10) 658-664
321-332 (11) 664-678
334-344 (12) 680-691
@ Residues were included in 3 strands if they contributed to the hydrogen bonding of
the B sheet or were part of a continuous sequence of residues with B-type (¢, y)
angles.
®) Helices were defined in terms of those residues involved in the continuous
hydrogen bonding of the helix. This meant that the residues at the end of the helix
may not have the characteristic torsion angles (¢, y) of a helix, although the
intermediate ones do.

The topologies of the B-sheets and helices are the same as described previously for
Fep(CO3),Lf (Haridas et al, in press), and the nomenclature for the helices and [3-strands

follows that used for both Fe;(CO3),Lf and rabbit serum transferrin (Bailey ez al, 1988).
All are mixed [B-sheets with both parallel and antiparallel strands. The domain 1 B-sheet in

each lobe has four parallel strands (a, b, ¢, d strands) directed towards the interdomain
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cleft, and two antiparallel, pointing to the exterior of the molecule, with the strand order
being b-a-c-j-d-k. In the N2 and C2 domains there are four parallel strands pointed to the
interdomain cleft (f, g, h and /j) but only one antiparallel (¢). The strand order is g-f-h-e-
(i+j); thus the P sheet topology is the same in each domain but with an extra antiparallel
strand in the domain 1 sheets. The two strands (e and /j) which pass behind the binding
site each contribute to the B-sheets of both domains. The inserted loops within each of
these strands may contribute to the flexibility of the molecule, which is necessary for the
opening and closing of each lobe.

Lactoferrin is an o/ protein (Levitt and Chothia, 1976), with the helices generally
running antiparallel to the B-strands. In domain 1, the three helices connecting the first
four parallel B-strands thus have their N-termini pointing towards the interdomain cleft.
The polypeptide chain then passes behind the metal-binding site (strand €) and a similar
o/ structure makes up the bulk of domain 2. This domain has three extra helices (4, 6
and 8) compared to domain 1 but nevertheless the helices 5, 7 and 9 are oriented so that
their N-termini all point towards the interdomain cleft. Finally the chain crosses back to
complete the folding of domain 1, and leads to the final helix (in the N-lobe this is the
connecting helix, in the C-lobe it is the C-terminal helix). It can be seen that a
consequence of the o/ motif adopted by each domain is that the N-termini of the helices
contribute to the interdomain cleft. It is proposed that the partial positive charge associated
with these o helix N-termini (Hol er al, 1978) may have a role in attracting the anion into
the binding site in lactoferrin (Anderson et al, 1989).

The majority of helices in Fe2(C204)7Lf contain essentially all ct-type hydrogen
bonds, but there are short pieces of 31p-helix such as helices 4 and 8a. A notable feature
of each lobe is the unusually wide first turn of helix 5. This also occurs in serum
transferrin and the sequence in this turn is highly conserved . Helix 5, which binds the
anion (oxalate or carbonate) at its N-terminus, begins with two n-type (1-6) hydrogen
bonds (1210...126N and 1220...127N in the N-lobe, 4650...470N and 4660...471N in
the C-lobe) instead of the usual a-type (1-5). The helix appears to play a key role in the
binding site, hydrogen bonding not only to the anion, but also to the metal ligand, Asp 60
or Asp 395. In fact residues 114 to 130 (458 to 474 C-lobe) (the helix 5 N-terminus and
the preceding f3-strand) are amongst the most highly conserved regions in all transferrins
(Metz-Boutigue et al, 1984). Helix 5 is further disturbed by a kink in the middle
associated with a conserved proline (Pro 128, Pro 472), and the glycosylation sites Asn
137, Asn 478 are found at or close to its C-terminus.

I[11.3.2 Comparison of Secondary Structure in the Two Lobes
On the whole the [ sheets are the most highly conserved secondary structure
elements between the two lobes, forming their structural core. Equivalent -sheets in each



66

lobe have essentially the same conformation and hydrogen bonding patterns.

The helices, however, are more variable. While some match closely, even having
the same termination hydrogen bonding pattern, others differ, with deletions or insertions
near the outside of the molecule. Helices 1 and 6 in the N-lobe both have 3 or 4 extra
residues than their counterparts in the C-lobe. The only major folding difference between
the two lobes is found in the orientation of the last helix in each lobe (helix 12). These
helices are really not comparable structurally, do not show sequence homology and fulfil
different roles. In the N-lobe, helix 12 points away from the main body of the lobe, to be
the connecting helix to the C-lobe, whereas the C-terminal helix 12 folds back behind the
binding site to contribute to the hydrophobic region between the two lobes. This helix is
fastened down by two additional disulphide bridges, not present in the N-lobe (677 to 483
and 686 to 405) giving an extra constraint on the C-lobe domains.

As expected, turns are the most variable elements between the two lobes, with many
of the insertions and deletions occurring in the loops between the secondary structure
elements. Nevertheless it is interesting to note that amongst the conserved tumns are the
two classic y-turns; 298-300 and 641-643, mentioned before. Such turns are quite rare
(Nemethy and Printz, 1972; Matthews, 1972) but these two turns are conserved in all the

ransferrin family.

II1.3.3 Metal and Anion Sites

The direct coordination of the anion to the metal means that in cach case the metal-
and anion-binding sites are highly interdependent. In contrast to the situation where
carbonate is the synergistic anion, in which case the two binding sites are extremely
similar (Haridas er al, 1995), the final model for the oxalate structure shows a clear
difference between the binding sites of the two lobes.

In each lobe the iron atom makes the same four bonds with equivalent protein
sidechains; Asp 60, Tyr 92, Tyr 192 and His 253 in the N-lobe and Asp 395, Tyr 435,
Tyr 528 and His 597 in the C-lobe. These protein ligands, as well as binding to the iron
atoms, make a number of hydrogen bonds. The non-coordinating carboxylate oxygen of
Asp 60 (395) receives two important hydrogen bonds from the peptide nitrogens of Gly
62 (397) on helix 3 and Thr 122 (466), on helix 5; providing a direct protein-protein
interaction between the two domains. Tyr 92 (435) and His 253 (597) are hydrogen
bonded to water molecules and Tyr 192 receives a hydrogen bond from the guanidinium
Nn2 of Arg 210. In these respects the two binding-sites are identical to other lactoferrin
structures (Anderson et al, 1989; Smith et al, 1994; Day et al, 1993, see Fig. 1.4).

The most striking difference between the binding-sites of the two lobes (and from
Fea(CO3)oLf), is clearly related to the substitution of the carbonate ion by oxalate. In the
C-lobe the oxalate ion is bound in a symmetrical 1,2-bidentate mode to the iron, with bond
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lengths OQgx-Fe = 2.07 A, Oz0x-Fe =191 A. In the N-Iobe, however, the coordination
is quite asymmetric, with bond lengths O1ox-Fe = 1.87 A, Ozox-Fe = 2.55 A; a lenthening
of the Opox-Fe bond relative 10 Ojgx-Fe of ~0.65 A. In each lobe the oxalate completes
the octahedral coordination of the iron (Figs. I11.14 and II1.15).

The overall geometry of the two sites therefore differs also. In both lobes it can be
best described as distorted octahedral (Table II1.10). In the C-lobe the metal to ligand
distances are all between 1.8-2.1 A, close to the ideal value of 2.0 A, with the sole
exception being the His sg7-Fe bond which is lengthened to 2.32 A. The error in the Fe-
ligand bond distances, estimated at =0.2 A, is such that caution should be adopted in
intcrpreting small differences in bond lengths. Nevertheless the lengthening of the
Hissgy-Fe bond appears significant. The Hissg7-Fe-Orgx axis thus becomes the long axis
of the distorted octahedron, with a length of 4.4 A, compared with the other axes, Aspgg-
Fe-Tyryg92 and Opgx-Fe-Tyrgy, of ~3.8 A cach.

Table IT1.1G Bond lengths (ﬁx) and angles (7) at the ron sites of Fep(CaO4g)nLf

(Iron atoms shown as shaded spheres)

N-lohe C-lobe
{2} Bond lengths (fs)
Oy92 Os2s
1-75 -8t
92 O -96 {37 Ol 3 435 Oy 33 ponne 1 3
>/ e g \(|:/
253 N7213 %oz/c\m 597 N7232 }oz/c\m
191 198
OGO 0395
(b) Bond angles (")
Ogo-Fe-0g2 103.4 O395-Fe-0435 82.4
Oeo-Fe-O102 169.6 0395-Fe-Os523 170.6
Ogp-Fe-Nysa 96.0 O3g5-Fe-Nsg7 70.6
Ogp-Fe-Ol gy 95.2 (J395-Fe-O1oy 91.5
Opo-Fe-0244 79.8 0395-Fe-Opox 38.4
Ogy-Fe-O197 79.8 O435-Fe-Osog 99.3
Qgz-Fe-N2s53 82.2 Q435-Fe-Nsg97 85.6
O197-Fe-Noss 75.6 Os528-Fe-Nsg7 105.5
O1ox-Fe-Nosa 165.8 O10x-Fe-Nsg7 160.4

O]O'x'Fe‘Ozo)( 75.8 OIOX_FS_OQOX 83-8
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The significantly larger chelate angle (=85° for oxalate compared with =64° for
carbonate) allows a somewhat more regular octahedral geometry in the C-lobe site
compared with that seen in the C-lobe of Fep(CO3),Lf, but the angles still vary between
71° (Asp39s-Fe-Hissg7) and 105° (Tyrszg-Fe-Hissg7). (The ideal value is 90°, the error in
angles is estimated to be =5°.)

The N-lobe binding site geometry is profoundly affected by the asymmetry of the
oxalate coordination to the metal. The long Fe-O20x bond of 2.55 A is trans to the Fe-
Tyrgp bond of 1.96 A. This means that in the N-lobe, the Opox-Fe-Tyrg; axis is the long
axis (4.5 A) of the metal coordination sphere. The Fe-Aspgg bond of 1.8 A is trans to the
other short, Fe-Tyr192 bond of 1.8 A, giving a short axis of 3.6 A. The Fe-Hisps7 bond,
at 2.13 A is, as expected, slightly longer than the Fe-O distances, but still considerably
shorter than that seen in the C-lobe. The third axis of the metal coordination sphere
Hisps57-Fe-O1ox is an intermediate length of 4.0 A.

The asymmetry of the oxalate bonding to the iron in the N-lobe is reflected in the
reduction of the O1ox-Fe-O70x chelate angle from ~84° in the C-lobe to ~76° in the N-lobe.
Other angles, whilst close to the optimal 90°, vary from ~80° (Aspeo-Fe-O20x and Tyrgp-
Fe-Tyr192), to 103° (Aspgo-Fe-Tyr192). A list of relevant bond lengths and angles in the
two iron sites is given in Table II1.10. Views of the two sites are shown in Figs I11.14
and III.15.

What are the reasons for the different anion coordination in each lobe? The
hydrogen bonding pattern of the oxalate in each site is quite different. In the C-lobe the
oxalate is symmetrically bound to the metal and makes five hydrogen bonds with the
surrounding protein structure, including one with the anion-binding arginine residue, Arg
465 (O40x..-Neg65). The other four hydrogen bonds comprise two with the main chain
nitrogens of residues 467 and 468 (O1ox..-N467, O30x...N4gg) and two with Oyl of Thr
461 (O30x..-071461, O40x...OY1461). In the N-lobe, on the other hand, the equivalent
arginine, Arg 121, is in a different orientation. The oxalate cannot remain in a
symmetrical position (relative to the iron) as this would bring it too close to the arginine.
Instead the oxalate ion rotates 15° in its plane around O1ox (see Fig. IIL.16 and Table
II1.11) and makes a set of three hydrogen bonds with the arginine; N€121...040x,
NN2121...020x, and NN2...040x. The hydrogen bonds involving O1ox and Opox remain
the same as in the C-lobe, but the changed oxalate orientation means that the interactions
with Oyl of Thr 117 are also changed, relative to the C-lobe. The primary difference in
the two sites is that Arg 465 has been able to swing further away from the anion site,
allowing the anion to remain symmetrically bound to the iron, and still remain hydrogen
bonded to the arginine (Fig. I11.17).
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Table II1.11 Hydrogen bonding interactions around the oxalate ions and the

surrounding protein in Fep(CrOq)2Lt

nz ass - )
€ ass ",
\/ . IHQ gt
RE 445
N-1ghe C-lahe
O2ox.--NT12123 251 A
Osox..-N112123 265 A
Quox---NeET121 251 A Odox...INE4g5 280 A
Ouox--Ovl117 263 A Ouox.--O7l461 3.40 A
O30x.--O71117 2.65 A O30x...07146] 2.69 A
O1px...N124 2.62 A O10x...Nasz 258 A

Olox...N123 310 A O1ox..-Nag7 2.88 A
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(a)

Fig. IlI.14 Views of the 2Fo-Fc electron density in the oxalate-binding site of the N-
lobe (top) and C-lobe (bottom). The final model of the Fep(Cp04)Lf structure is

superimposed in yellow. Oxalte coordinates in a symmetrical 1,2-bidentate mode in the

C-lobe, but in the N-lobe the coordination is asymmetric.
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HR 117

Fig. II1.15 Stereo views of the iron-binding site of the N-lobe (top) and C-lobe
(bottom) of Fep(CrO4)oLf.
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‘

Fig. II1.16 Superposition of the oxalate ions from the two binding sites (N-lobe

yellow, C-lobe blue), showing the rotation of the oxalate ion in the N-lobe with respect

to that in the C-lobe. Note also the different hydrogen bonding interaction with the

arginine.

The reason for the difference in the orientation of these arginines (and therefore the
oxalate ions) lies in residues more remote from the binding site. The N-lobe Arginine 121
is held in place by a hydrogen bond to Oy of Ser 191. This hydrogen bond cannot be
made in the C-lobe as the equivalent residue is a glycine. Furthermore if the Arginine 121
is moved as in the C-lobe a clash would occur with Phe 183. Such steric hindrance does
not happen in the C-lobe as the residue equivalent to Phe 183 is a smaller proline (Pro
519) sited further from the iron site. This relative restriction of the orientation of the
anion-binding arginine in the N-lobe is in contrast to the situation in the C-lobe. Here not
only is Arginine 465 free to swing further away from the iron site (because of the lack of a
restraining hydrogen bond or steric hindrance), but it can also adopt a position where it is
strapped in place by two additional hydrogen bonds from Tyr 398 and Tyr 526. Such
stabilising bonds cannot be made in the N-lobe where equivalent residues are both
phenylalanines (Phe 63, Phe 190) (Fig. I111.17).
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b4

PHE 183

Fig. II1.17 Superposition of the anion-binding arginine residues from the two anion-
binding sites, Arg 121 (N-lobe, yellow) and Arg 465 (C-lobe, blue), showing their
different orientations and interactions with oxalate (shown centre bottom), Ser 191 (Gly
527, C-lobe), Phe 190 (Tyr 526, C-lobe), Phe 183 (Pro 519, C-lobe) and Phe 63 (Tyr
398, C-lobe). (Labelling shown for N-lobe only.)

[11.3.4 Solvent Structure

As described earlier (Section II1.2.3(a)), all solvent molecules added were treated as
water. Some peaks on the outside of the molecule are more diffuse and could represent
phosphate ions or MPD molecules which were present in the crystallisation medium;
however, at this resolution they could not be distinguished from disordered water. When
the refined structure of Fep(C204)7Lf was superimposed on the Fep(CO3),Lf structure,
approximately 95 waters were found to be in conserved positions. The remainder of the
water molecules were located from analysis of 2Fo-Fc and Fo-Fc density maps over

several rounds of refinement and manual rebuilding. A total of 121 water molecules have
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been included with an average B value of 57, of which 6 arc 'second-shell’ waters,
interacting with only other solvent molecules. The remainder are first shell waters and
have at least one protein hydrogen bond partner. The small number of water molecules
included (121) for a protein of this size reflects the somcwhat conservative approach
adopted, and the exclusion of solvent molecules with Jarge increases in B values on
refinement. Clearly many less well-ordered water molecules will be associated with the
Feo(Cr04),L1 structure but at the present resolution they cannot be reliably placed.

Whilst the more mobile regions of the structure are not assoctated with well-defined
solvent sites, such well-defined water molecules are found in other regions where they are
trapped within the protein structure. Of the 121 water molecules 41 are totally internal,
removed from the bulk solvent. Such molecules make an important contribution to the
overall stability of the molacule. Well-defined clusters of water molecules are also found
within the interdomain cleft in each lobe. The anion-binding arginine projects into this
cavity and these solvent molecules can be displaced by the arginine as it moves (o permit
the coordination of larger anions.

Several water molecules appear to play an important part in the hydrogen bonding
networks of cach binding site. One tightly bound water is found close to the iron atom In
cach site. In the N-lobe this water (OW 916) is hydrogen bonded o the phenolic oxygen
of the ligand Tyr 92, as well as 1o Gly 61 N, Thr 122 Oyq and Pro 251 O, and is only
3.24 A from the iron. In the C-lobe an equivalent water (OW 918) is hydrogen bonded to
Tyr 435 OH. Thr 466 Oy and Pro 595 O, and is 3.6 A from the metal. These water
molecules are conserved in Fea(CO3 Lt (Anderson er al, 1989), CusLf (Smith er af,
1994), and FelLIN (Day et af, 1993), and in cach cuse neither solvent molecule interacts
with the interdomain network.

Another solvent molecule common to both sites, and all four structures s hydrogen
bonded 10 Ngi of the histidine ligand (His 253 N-lobe, His 5397 C-lobe). These water
molecules make 1dentical contacts in each lobe, namely 10 Og1 and Ogr of Glu 80 (N-lobe)
and Glu 413 {C-lobe), and form part of the interdomain solvent network.
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CHAPTER IV

DEGLYCOSYLATION OF LACTOFERRIN AND A COMPARISON OF
SOME PROPERTIES OF THE NATIVE AND DEGLYCOSYLATED
FORMS

IV.1 INTRODUCTION

Glycosylation is the most common post-translational modification of proteins. Itis
also the most diverse, with the particular glycans attached being amino acid specific,
polypeptide specific and also tissue specific. The carbohydrate is most commonly N-
linked, through the amide nitrogen of an asparagine sidechain, or O-linked through the
hydroxyl oxygen of serine or theonine. Although the consensus sequence specifying N-
glycosylation is well known; Asn-Xaa-Thr or Asn-Xaa-Ser where Xaa is any amino acid
other than proline, an equivalent sequence for O-glycosylation has yet to be determined.
Many more less common linkages such as the glycosyl-phosphatidylinositol anchor found

in melanotransferrin have been more recently recognised.

IV.1.1 Functions of Glycoprotein Glycans

The intriguing question of the functional significance of the carbohydrate on
glycoproteins has long been a subject of interest and still remains wide open. For a small
number of proteins an alteration of physico-chemical properties or modulation of
biological activity has been demonstrated, yet in others no marked effect of the presence of
the carbohydrate could be detected. The role of the carbohydrate thus remains an cnigma.
It is apparent that the glycans do not have a single function but act in a variety of ways that
vary from one protein to another. This means that each glycoprotein must be examined
individually to determine the contributions of its attached carbohydrate to its properties and
functions.

The carbohydrate moieties of glycoproteins form a large part of their total molecular
mass (frequently 20-50%) and on occasions can hydrogen bond back to the protein
surface. They thus have the potential to cover a large proportion of the polypeptide
surface. For this reason the possible roles of the glycans fall into two main categories; the
conferring of particular physico-chemical properties on the protein or signalling for cell-
cell or cell-surface recognition processes (see Table IV.1).
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Table IV.1. Functions of glycoprotein glycans

Type Function
Physicochemical Modify solubility, electrical charge, mass, size and viscosity
in solution.
Control protein folding.
Stabilize protein conformation, confer rigidity to molecule.
Confer thermal stability and protection against proteolysis.

Biological Regulate intracellular traffic and location of glycoproteins.
Determine lifetime of glycoproteins in circulation.
Modify immunological properties.
Modulate activity of enzymes and hormones.
Act as cell surface receptors for lectins, antibodies, toxins,
etc.

Participate in cell-cell interactions.

From Lis, H. and Sharon, N. (1993).

Glycosylation may thus affect the solubility, effect of pH, conformation, rigidity,
stability and susceptibility to proteolysis of proteins that are modified this way. Several
recent studies have highlighted these points.

NMR studies have shown that the glycosylated forms of bovine ribonuclease
(RNase B) have a greater overall dynamic stability and rigidity than the non-glycosylated
form (RNase A) (Joao, et al, 1992). The increase in stability may not only affect those
residues close to the attachment site, but others as far as 30 A away, including the active
site residues. It is therefore possible for the oligosaccharide to influence enzyme activity
in two ways; by increasing the stability and rigidity of the molecule, or by steric hindrance
of a functionally important site. For the same reasons, glycosylation can give increased
resistance to proteolysis by limiting the access of the attacking proteases to vulnerable
sites, or increasing the rigidity of the protein. Such resistance has been well documented
(see Lis & Sharon, 1993) with perhaps the most extreme case being the glycocalyx with
which some viruses such as HIV protect themselves from their host.

The relationship between heat stability and glycosylation has been shown for two
different B-1,3/1,4 glucanases. The thermostability of the glycosylated forms of these
enzymes (expressed in Saccharomyces cerevisiae) was considerably greater than their
non-glycosylated counterparts (expressed in E. coli) (Olsen & Thomsen, 1991). Such
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findings must be important to industry where thermostability is often a requirement.

Another well documented function of the glycans on many proteins is their
involvement in the initiation of correct polypeptide folding in the endoplasmic reticulum
and the subsequent maintenance of protein solubility and conformation. Many proteins
that are incorrectly glycosylated are subsequently degraded.

On the other hand there are examples where prevention of glycosylation does not
alter the expression of the protein, and others where removal of the carbohydrate from the
mature protein is of little apparent consequence to its thermostability, sensitivity to
proteolysis or function. All glycoproteins differ in their carbohydrate requirements. At
present it is still impossible to predict the consequences of altering the glycosylation of a
glycoprotein. The loss of a single N-linked glycosylation site in erythropoetin reduces
activity by 2 70% (Parekh et al, 1989), whereas tissue plasminogen activator actually has
improved biological activity and a longer half life in the non-glycosylated form.

Equally (if not more) interesting than the effect of the glycans on the physico-
chemical properties and biological activities of proteins, are their roles in biological
recognition. Here their structural diversity provides precise protein targeting and cell-cell
interactions. The carbohydrates can act as recognition determinants for a variety of
biological processes, including the clearance of glycoproteins from the circulatory system
(Ashwell & Harford, 1982), intracellular trafficking of enzymes (Komfeld, 1992) and a
wide range of cell-cell interactions, from the ABO blood group determinants (Koscielak,
1986), to the attachment of sperm to ova (Wassaram, 1990), and the role of selectins on

the surface of leukocytes (Springer, 1990).

IV.1.2 Glycosylation and Recombinant Proteins

The advent of recombinant DNA technology has led to the rapid growth in industry
centred around the production of recombinant proteins. The production of recombinant
protein generally involves the expression of recombinant DNA 1n a cell line that is
different from that which produced the native protein. Glycosylation may thus be altered
or even absent. An understanding of the roles of the carbohydrate moieties is thus not
only of theoretical interest and biomedical relevance, but also has a major impact on the
biotechnology industry that produces glycoproteins for therapeutic applications.
Erythropoietin, the first recombinant glycoprotein produced industrially for clinical use, is
used to treat anaemia of patients on haemodialysis. This protein had sales exceeding
US$645 million in 1991, while recombinant tissue plasminogen activator, a clotting agent,
had sales of US$200 million (Lis & Sharon, 1993). In both these cases understanding the
roles of the carbohydrates was essential in controlling their biological activity (see Section
IV.1.1).
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IV.1.3 Glycosylation of Transferrins

Almost all proteins of the transferrin family are glycosylated, the only known
exceptions apparently being the transferrins of several of the cartilagenous fishes (Stratil ez
al, 1983), yet in spite of extensive work, the roles of the attached carbohydrates are not
clear.

In the case of human lactoferrin, two biantenary complex oligosaccharides are
attached, through Asn linkages, one in the N-terminal half of the molecule (Asn 137), and
one in the C-terminal half (Asn 478) (Spik et al, 1982; Metz-Boutigue et al, 1984). In
fact, at least five different carbohydrate moieties are associated with human lactoferrin
(Spik et al, 1988) (see Fig. IV.1), and with only two different attachment sites, which
means that there is a microheterogeniety such as is quite commonly found in
glycoproteins.

Functions that have been attributed to these glycans on lactoferrin include the
conferment of enhanced resistance to proteolysis (Spik et al, 1985) a role in receptor
binding (Davidson & Lonnerdal, 1988) and a modification of iron binding (Legrand et al,
1990). With respect to iron binding it was shown that the full removal of the glycans
from the 30 kDa N-tryptic fragment of lactoferrin led to a 50% loss in iron-binding
capacity. This loss was ascribed to the reduction of the stability conferred on the protein
by the glycan moiety. Deglycosylation of the whole molecule was not attempted.

The three dimensional structure of diferric lactoferrin showed the glycosylation sites
to be remote from the iron-binding sites, some 20 A away (Anderson et al, 1989). The
carbohydrate was disordered, with only the first few residues able to be modelled, and as
far as could be judged, the glycans extended from the protein surface with little direct
hydrogen bonding back to the polypeptide. For these reasons it was difficult to see how
such events as iron binding could be directly affected by the presence of the carbohydrate.
A re-evaluation of the properties of deglycosylated lactoferrin was undertaken as part of
this study.
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Fig. IV.1 Primary structure of human lactoferrin glycans. (Adapted from Spik et al,
1988.)

IV.1.4 Methods of Deglycosylation

A variety of approaches have been used to study the roles of the carbohydrates of
glycoproteins. These include deglycosylation of the native protein, either chemically or
enzymatically, or the prevention of glycosylation itself.

Chemically, hydrazinolysis, for example, can cleave N-glycosidic linkages,

although with this method, care must be taken to prevent unwanted additional modification

of the protein. Enzymatically, a set of exoglycosidases can be used for the stepwise
hydrolysis of the major portion of the glycans. However, with the recent discovery of
endoglycosidases it has now become possible to release susceptible carbohydrate chains
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'en bloc' from the protein. Two classes of enzymes are available for the liberation of
asparagine-linked chains; endo -N-acetylglucosamidases (eg Endo F), which hydrolyse
the glycosidic bond between the two N-acetylglucosamine residues adjacent to the
asparagine (thus leaving a single N-acetylglucosamine on the protein) and the N-
glycanases, eg PNGase, which hydrolyse the GlcNAc-Asn linkage. If the glycosylation
site is not sterically hindered, the use of endoglycosidases can give rapid, complete
deglycosylation with no chemical damage to the remaining polypeptide.

An alternative to deglycosylation of the native protein is the prevention of
glycosylation, either by the use of specific inhibitors of transferases, eg tunicamycin, or
the expression of recombinant proteins in cell lines with known defects in glycosylation,
or in bacteria such as E. coli which produce completely non-glycosylated proteins. Site-
directed mutagenesis is frequently used to abolish glycosylation sites (enabling the role of
an individual sugar chain to be investigated). Problems associated with these approaches
can include poor expression of the protein (the carbohydrate may be essential in the
folding and transport of the nascent polypeptide - see Section IV.1.1). Furthermore the
effects observed after removal of the glycosylation site might be due to the change in the
amino acid sequence itself rather than the loss of carbohydrate.

The method chosen to deglycosylate lactoferrin, hydrolysis by a mixture of Endo F
and PNGase, which had been prepared in our laboratory, was dictated partly by practical
reasons. The presence of the two N-linked glycans on human lactoferrin suggested the
use of either endoglycosidase as an ideal method of deglycosylation, but the cost of
buying sufficient enzyme to deglycosylate the required amount ol lactoferrin would have
been quite prohibitive (~$100,000). These enzymes could, however, be prepared in our
laboratory with small expense, apart from time and the unpleasant nature of the organism.
There was also a second advantage, that of freshness of the enzyme preparation, which
was at least 30 times more active than could be purchased. This ensured a rapid, safe
deglycosylation of the protein; essential if one is to study the properties of the remaining
polypeptide.

IV.2 EXPERIMENTAL

IV.2.1 Preparation of Endo F and PNGase

Endo F and PNGase are obtained from Flavobacterium meningosepticum which
releases the enzymes into the culture medium during growth. A mixture of the two
enzymes was prepared following the method of Elder and Alexander (1982). The culture
of Flavobacterium meningosepticum was obtained from the National Health Institute,
Porirua, Wellington. Because the strain was isolated locally it may not be identical to that
used by Elder and Alexander.

Cells were grown to stationary phase in M9 medium (M9 medium consists of (per
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litre) 5 g casamino acids, 3 g KHpPOy4, 6 g NapHPO4, 0.5 g NaCl, 1 g NH4Cl,
autoclaved and then 1 ml of sterile 1 M MgSO4 and 10 ml of sterile 0.01 M CaClj added).
Usually 3.5 L batches were used, attempts to scale up the production to 30 L only giving a
twofold increase in the amount of enzyme. The culture was maintained at 22°C, with a
stirring rate of 450 rpm, and airflow of 800 cm3/min. Stationary phase was usually
reached after 30 hours. All subsequent work was done at 4°C.

The cells were removed by centrifugation at 8000 g for 40 minutes, and the medium
brought to 95% saturation with ammonium sulphate. The suspension was then allowed to
equilibrate for at least two hours. (If the solution had to be left over night at this stage it
was also made 50 mM in EDTA.) The solution was centrifuged (13,800 g for 40
minutes) and the resulting very small pellet was suspended in 100 ml of 0.025 M Tris, 50
mM EDTA 50% ammonium sulphate, adjusted to pH 7.2 with HCI. This suspension was
stirred for 1 hour before being centrifuged (17,300 g, 20 min) and the resulting pellet was
resuspended in about 20 ml of 0.02 M Tris-HCI pH 7.2, containing 0.15 M NaCl and 5
mM EDTA. Not all the pellet could be dissolved and any insoluble material was removed
by centrifugation (17,300 g, 20 minutes). The dark brown supernatant was then applied
to an Ultrogel AcA44 (LKB, Uppsala, Sweden) column (2.5 x 100 cm). Three main
protein peaks were identified and their constituent fractions were pooled. Each of these
was concentrated by ultrafiltration to between 0.2 and 0.5 ml (Amicon YM-5 membrane).
Initially glycerol was added to 50% (v/v) before storing the sample at -20°C, but it is now
recognised that the protein stores better without the addition of glycerol.

1V.2.2 Endoglycosidase Assay

Each of the three peaks concentrated from the AcA44 column was assayed for
endoglycosidase activity using a method developed by Dr G.E. Norris. In this method 5
pl of each peak were added to 100 pl of ovalbumin soln (2 mg/ml) in 0.1 M sodium
phosphate buffer, 50 mM EDTA, 0.5% Nonidet P40, pH 6.1 (Nonidet buffer) and
incubated at room temperature overnight. The samples were analysed using SDS
polyacrylamide gel electrophoresis, using a 10% resolving gel, following the method of
Laemmli (1970), and staining with Coomassie Brilliant Blue Rp59. Endoglycosidase
activity was shown by the splitting of the 45 kDa ovalbumin band into two discrete bands
(Fig. IV.2).



Fig. IV.2 Assay for endoglycosidase activity using ovalbumin as a substrate. Lanes 1
and 4 are untreated ovalbumin, lanes 2 and 3 are ovalbumin treated with Endo F and

PNGase. The splitting of the 45 kDa band shows that both glycosylated and

deglycosylated ovalbumin are present.

IV.2.3 Preparation of Human Apolactoferrin

Human apolactoferrin was prepared following the procedure outlined in Chapter II.

IV.2.4 Deglycosylation of Lactoferrin

Apolactoferrin, 200 mg in 40 ml of Nonidet buffer, was incubated at room
temperature with 200 pl of the concentrated active endoglycosidase enzyme fraction until
deglycosylation was judged to be complete (usually 12-36 hours depending on the activity
of the enzyme preparation). For comparative purposes a 200 p portion of the lactoferrin-
Nonidet solution was removed before addition of the enzyme, and kept at room
temperature.

The progress of deglycosylation was monitored using SDS polyacrylamide gel
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electrophoresis (Chapter II) to observe the reduction in molecular weight (2.5 pg of
protein loaded per well). The gels were stained with Coomassie Brilliant Blue R250, and
then scanned with an Isco Gel Scanner (Model 1312) at 580 nm. To verify that the
decrease in molecular weight was due to loss of carbohydrate and not unwanted protease
activity, gels with a heavier loading of lactoferrin per well (20 pig) were also run as above,
except that they were stained with thymol-H2SO4, and Fuschin Basic; stains which are

specific for glycoproteins.

I1V.2.5 Purification of Deglycosylated Lactoferrin

Gel filtration proved to be an ideal means of separating the deglycosylated lactoferrin
(molecular weight 74 kDa) from the endoglycosidases (molecular weight ~35 kDa).
Thus, after deglycosylation, the lactoferrin-incubation solution was dialysed against 0.025
M Tris-HCI, S mM EDTA, 0.15 M NaCl, pH 7.8 (AcA buffer), prior to precipitation by
the slow addition of finely powdered ammonium sulphate. The fraction of protein
precipitating between 55-77% ammonium sulphate saturation was centrifuged (17,300 g
15 min), the resulting pellet dissolved in the minimum volume (<10 ml) of AcA buffer,
and subjected to gel filtraton. The column used was an Ultrogel AcAu4y4 column (2.5 x
100 cm) equilibrated in AcA buffer. The peak protein fractions were checked for purity
by SDS polyacrylamide gel electrophoresis as before, and those fractions with just a
single band migrating at 74 kDa (compared with 80 kDa for native lactoferrin) were
pooled and concentrated by ultrafiltration (Amicon 8050 cell, XM50 membrane). Impure
fractions were combined, dialysed against 0.025 M Tris-HCl, 0.2 M NaCl, pH 7.8 and
subjected to 1on exchange chromatography on CM Sephadex C-50 (Pharmacia) (2.5 x 20
cm column) equilibrated with the same buffer. The protein was eluted using a linear salt
gradient as previously described in Chapter II. Homogeneous fractions of molecular
weight 74 kDa were combined, and concentrated. All work was carried out at 4°C.

IV.2.6 Determination of Protein Concentration
Lactoferrin concentrations were determined spectrophotometrically using a Hewlett-
Packard 8452 Diode Array Spectrophotometer as described in Chapter II.

IV.2.7 Tests for Carbohydrate

If accurate conclusions were to be drawn from this work it was crucial that the
protein used in these studies was indeed fully deglycosylated. Therefore in addition to the
thymol-H2SO4 and Fuchsin Basic stain used to follow the progress of deglycosylation on
SDS polyacrylamide gel electrophoresis, two further quantitative tests were used to
determine the completeness of deglycosylation.

(i) The phenol-sulphuric acid test (Ashwell, 1966) was used to determine the sugar
content of native and deglycosylated lactoferrin. All samples were analysed in duplicate,
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read against a blank containing water instead of the protein solution, and compared 10 a
standard plot based on glucose standards. A control standard of lactoferrin, concentrated
sulphuric acid and water in place of phenol was also used.

(ii) Amino acid analysis. Analysis of N-acetylglucosamine content was carricd out
by Drs G E. Norris and J. Reid. To both native and deglycosylated lactofernn (2 mg)
were added 0.5 ml of 5.9 M HCl containing I mg/ml of phenol. Samples were sealed
under vacuum and hydrolysed for 24 hours at 110°C. Amino acid analyscs were carried

out on samples of approximately 0.2 mg using a Beckmann 199 BL amino acid analyser.

IV.2.8 Iron binding

The iron content of the deglycosylated and native apolactoferrin solutions were
determnined as outlined in Chapter 11, by comparing their spectral ratics A280 nm/A466 nm
and A41?2 nm/Ad66 nm with those of the fully iron-saturated protein (ravos 20-22 and 0.70-
(.74 for native lactoferrin and 19-20 and 0.70-0.74 for deglycosylated lactoferrin).

Iron-binding experiments were carried out at room temperature, and the iron binding
followed spectrophotometrically by monitoring the change in absorbance at 466 nm using
a Hewlett Packard 8452 Diode Array Spectrophotometer, Freshly prepared FeNTA
solution {Chapter II) was added to a solution of apolactoferrin which was equilibrated in
0.05 M Tris-HCL, 0.025 M NaHCO3, 0.2 M NaCl pH £.0. Two mole equivalents of
FeNTA were added to the Jactoferrin (1 ml) 1n a quanz cuvette, vsing a microsynnge, and

the rise in absorbance at 466 nm recorded.

V.29 Heat Treatment and Iron binding

The thermostabilities of native and deglvcosylated lactofermin were compared by
measuring the etfect of heat treatment of cach protein on iron-binding. Brictly, native and
deglycosylated lactoferrin were heated to 50°C in a thermostatted water bath, held at this
temperature for 1 hour, cooled to 20°C and then the iron-binding measured as in Section
IV.2.8. Experiments were repeated at 55°, 60°, 657 and 70°.

IV.2.10 pH-Mediated Iron Release

The effect of pH on iron release from native and deglycosylated lactoferrin was
determined by dialysis of protein samples against solutions of different pH. A series of
buffers covering the pH range 8.0-2.3 were prepared (0.05 M Tris-HCI, pH 8-7.0; 0.05
M ammonium acetate, pH 6.5-3.5; 0.1 M glycine-HC], pH 3-2.0 each containing 0.2 M
NaCl). Samples were dialysed for 48 hours against each buffer (steps of 0.5 pH unit),
and measurements made of the pH (Radiometer pHMS82 Standard pH meter) and
absorbance at 466 nm (Hewlet-Packard Diode Array spectrophotometer). The percentage
of iron saturation at ¢ach pH was calculated as (A4e6 nm at pH)(A466 nm at pH 8.0).
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IV.2.11 Circular Dichroism Spectra

Circular Dichroism (CD) spectra were recorded on a Jobin/Yvon V dichrograph
linked to an Apple II computer and a Hewlett Packard plotter. Light from a Xenon arc
source is passed through a double monochromater which produces a beam polansed in the
horizontal plane. A birefringence modulator then splits the hight into left and right
polarised beams. These are focussed to a thin line in the sample cavity and a detector
measures the absorbance of the two beams (AL and AR). Samples are held in cylindrical
quartz cuvettes with a path length of 0.1 em for the UV and far UV regions. The
spectrum of the protein solution was first recorded, the zero being set at a wavelength at
which there were no observed dichroic bands. The spectrum of the butfer was then
recorded, using the same settings as for the protein, and subtracted from the protein
spectram.

The spectra were recorded in the 250-350 nm region using a step size of (.5 nm,
sensitivity 1 x 109, response time 1 s, shit width 20 nm, and path length 0.1 cm.
Apolactoferrin was dissolved in 0.02 M Tris-HCY0.2 M NaCl, pH 7.8, with protein
concentrations of 4.1 mg/ml for the native protein and 4.6 mg/ml for the deglycosylated
protein. Molar ellipucities (8) were calculated using the equaiion

(6] = ﬁ%—éﬁILAR) degrees cm? d mole-!

where M is the molecular mass (74,000 Da for deglycosvlated lactoferrin, 80,000 Da for
native lactoferrin, calculated values) | = path length in din, ¢ = concentration in g/ml. The

numbers 33 and 100 are included in the equation for historical reasons.

IV.2.12 Proteolysis Experiments

A comparison of the susceptibility of native and deglycosylated lactoferrin to
proteolytic attack by trypsin was monitored using SDS polyvacrylamide gel
electrophoresis. Solutions of iron-saturated native and deglycosylated lactoferrin (1.6
mg/ml) in 0.05 M Tris-HC, pH 8.0, were incubated at 37°C with bovine trypsin (Sigma
T-1005). Twe sets of expertments were carried out, one with an enzyme-to-substrate
ratio of 1:50 w/w, the other with enzyme-to-substrate ratio of 1:25 w/w. Aliquots were
removed after 10 min, 30 min, 1, 2, 3, 4 and 24 hours. The reaction was stopped by the
addition of an equal volume of an SDS denaturing solution (0.125 M Tris-HCI, pH 6.8,
4% v/v SDS, 0.075 M dithiothreitol, 20% glycerol), followed by heating to 80°C for 2
minutes. Control samples of native and deglycosylated lactoferrin were incubated under
the same conditions, but without the presence of trypsin. The incubated samples were
analysed by SDS polyacrylamide gel electrophoresis, and stained with Coomassie Blue.
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IV.2.13 Structural Comparisons of Native and Deglycosylated Lactoferrins
The glycans of some glycoproteins are involved in control and/or maintenance of
protein folding and conformation, and may also confer dynamic stability and rigidity on
the molecule. Structural effects caused by the removal of the carbohydrate moieties from
lactoferrin could include:
(i)  achange in relative domain orientations,
(i)  an alteration of the three dimensional suucture within a domain,
(ii) an increase in flexibility of the molecule especially within the vicinity of the
glycosylation sies.
Four crystal structures (two glycosylated, two deglycosylated) were used o
compare the three dimensional structures and thermal parameters of glycosylated

tactoferrins with deglycosylated Jactofermins. These were:

Diferric lactoferrin (Feol.l) glycosylated (Handas et al, 1994)
Diferric dioxalatolactofernin (Fep L) glycosylated (This work)
Apolactoterrin {(ApoLf) deglvcosylated {Anderson er al , 1987)

Recombinant N-lobe lactoferrin (Felin deglycosylated (Day eral |, 1992)

Relative domain orientations were compared for the N-lobe only, by superimposing
Fel.fn (deglycos) and Feallf (glycos). Apol.f could not be used in this comparison
because iron binding itself causes a large rotation (54°) of one domain relative to the other
{Anderson er al, 1990).

Superpositons of the Coatoms of the N2 domains (residues 92-250, containing the
slycosylation site at Asn 137) were used 10 compare three dimensional structures within
that domain.

The effect of glycosylation on the flexibility of lactoferrin was analysed by
comparing the thermal parameters (B factors) of the above proteins. The thermal
parameter (B factor) is related to the amplitude of vibration of an atom about its mean
position. In practical terms it includes contributions from the vibration of an atom and
from any discrete disorder in its position, ie, it includes both dynamic movement and static
disorder. An increase in the B factors of a section of polypeptide is therefore an indication
of an increase in disorder or flexibility of that region.

Thermal parameters (B factors) were calculated for the mainchain and the sidechain
atoms, an overall B value calculated for each protein and a plot of B factor versus residue
number was made using the program BAVERAGE (version 2.12) (The CCP4 Suite of
Programs for Protein Crystallography, 1994.) Plots of B factor versus residue number
show that following deglycosylation there was an increase in the average B factor for the
polypeptide loop around the site of glycosylation at Asn 137 compared with the rest of the
domain. The average B factor of this loop was normalised for each protein using the ratio:
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Average B factor for residues 134-144
Overall B factor for the protein

This figure was used {o compare the flexibility of the glycosylation loop between one

protein and another.
IV.3 RESULTS

IV.3.1 Preparation of Endoglycosidase

Analysis of endoglycosidase activity (using ovalbumin ( Fig. 1V.2)) showed the
activity to be concentrated in the first two protein peaks (Fig. IV.3) eluting from the
AcAgq gel filtration column used in the purification of the enzymes. Plummer er af (1984)
have shown that the endoglycosidase prepared this way is 1n fact a mixture of two

activities; endo-B-N-acetylgiucosaminidase F (Endo ), and peptide:N-plycosidase F

(PNGasc F).

0.24

Abs
280 nm

D

G O k § 1 ¥ 1 i
10 20 3 40 50 60
Fr. No

Figure 1V.3 Elution profile for purification of endoglycosidase, using AcAq4 gel

filtration.

IV.3.2 Deglycosylation of Human Apolactoferrin
The deglycosylation of lactoferrin, when incubated with the endoglycosidase
preparation, was quick, clean, specific and essentially complete. SDS polyacrylamide gel
electrophoresis showed that after 16 hours incubation, lactoferrin was represented by only
-one band, with the molecular weight being reduced from ~80,000 Da for the native protein
to 74,000 Da for the incubated protein {measured by peak maxima (Fig. I'V.4).
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Figure IV.4 SDS gel monitoring the deglycosylation of human apolactoferrin. Lanes 1
and 4, molecular weight markers (Sigma M.W. SDS 200 kit: a 116 kDa, b 97.4 kDa,
¢ 66 kDa, d 45 kDa, e 29 kDa), lane 2 native lactoferrin, lane 3 lactoferrin after 16 hours

incubation with endoglycosidases.

The purity of the deglycosylated protein was also assessed from the spectral ratios
of A280/A466 nm and A412/A466 nm- The values of 19-20 and 0.70-0.74 obtained are
comparable to those of pure native lactoferrin. The fact that this deglycosylated protein
has also been crystallised in its apo form (Norris et al, 1989) is another indication of its
purity. Approximately 70% of the starting material was recovered as pure deglycosylated
protein; a result similar to that obtained for other incubations (Tarentino et al, 1974).

Since the endoglycosidase prepared consisted of a mixture of Endo F and PNGase F
(Plummer et al, 1984) with pH optima of 4-6 and 8.5 respectively (Tarentino & Plummer,
1987), the incubation was tried at several different pH values (pH 4.0, 6.0, 7.0 and 8.0).
Deglycosylation occurred at each pH, but it was found to be most efficient at pH 6.0.
Thus these results suggest that in this case it is the Endo F which is primarily responsible
for the deglycosylation.
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IV.3.3 Confirmation of Deglycosylation

SDS polyacrylamide gels stained with thymol-sulphuric acid showed a transient
pink band appearing in the lanes with the control native lactoferrin, but none in the lanes
with the endoglycosidase-incubated lactoferrin. This indicates that the latter contained
little or no carbohydrate.

If Endo F is primarily responsible for the deglycosylation of lactoferrin then

cleavage should occur as shown below.

Fuc
===-— GlcNAc — Man '
Man — GIcNAc—— GIcNAc—— Asn
---— GlcNAc — Man

This would leave one N-acetylglucosamine residue (GluNAc) remaining at each
glycosylation site (Plummer er al, 1984), giving a total of two for deglycosylated human
lactoferrin, whereas an average of nine would be expected for native lactoferrin (Spik ez
al, 1982). Thus an analysis of glucosamine peaks in an amino acid analysis of both native
and deglycosylated lactoferrin should give a more quantitative estimate of the sugar
content of the deglycosylated protein.

In the amino acid analysis, glucosamine appeared as a small peak eluting
immediately after phenylalanine. The ratio of glucosamine peaks found for native and
deglycosylated lactoferrin was 4:1 (after standardisation of the samples using methionine
peaks, and integration of peak areas). This compares reasonably well with the predicted
ratio of 9:2 and suggests that in the deglycosylated protein all except the two N-linked
sugars have been removed.

The phenol-sulphuric acid test, which also gives a more quantitative analysis of the
carbohydrate content gave similar results (Fig. IV.5).
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Figure V.5 Sugar analysis by phenol-sulphuric acid test based on glucose standards.
Plot of absorbance at 485 nm (A4gs) versus sugar content in Hg glucose mi-! protein.
Standard values shown O, native lactoferrin [3, deglycosylated lactoterrin W

(duplicates)

The standard plot of absorbance at 485 nm versus glucose concentration indicates that on
our results native lactoferrin has a sugar content of 43 ug/mg compared with ~55 pg/me
calculated from the average number of reacting sugars in the primary siructuge (Spik ez al,
1982). The extinction coefficients vary for different sugars, and some are inert 1o the test
(Lee and Montgomery, 1961); thus the values obtained for a mixture of sugars, as in
lactoferrin, will not be related directly 10 the extinction coefficient of glucose. The value 1s
however indicative of the sugar content of the native protein. For deglycosylated
factoferrin, the value was only 9% of the original (4 ng/mg (deglycosylaled lactoferrin)
compared with 43 g mg (native lactoferrin)).

These results are consistent with the removal of all but the two N-linked sugars and
their attached fucose which should leave 7-8 ng/mg, ie 14% of the native lactoferrin, and
agree well with the amino acid analyses. Similar results were found by Tarentino er al
(1974).
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IV.3.4 Circular Dichroism
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Figure IV.6 CD spectra in the range 250-350 nm. Broken line native lactoferrin, {ull
line deglycosylated lactoferrin.

Fig. IV.6 shows the CD spectra for native and deglycosylated apolactolernin in the
range 250-350 nm. (The region below 250 nm could not be reliably accessed with the
instrument used, while spectra in the region 350-700 nm were essentially featureless since
the iron-free protein was used.) Three negative bands are seen for both the native and the
deglycosylated lactoferrin; a broad band around 275 nm, and two smaller bands at 283
and 296 nm superimposed on the former. Their shapes and peak positions are extremely
similar in the two spectra and similar also to the spectrum measured for apolactoferrin by
Mazurier et al (1976). As these bands are due primarily to the aromatic residues in the
protein (Trp, Tyr and Phe in order of intensity), this implies that there are no significant
differences in the relative positions and environments of the aromatic sidechains between

the native and deglycosylated proteins.
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IV.3.5 Iron-binding Properties

Experiments here indicate that deglycosylated lactoferrin appears to have iron
binding properties that are identical to those of the native protein. The UV-visible
spectrum of the deglycosylated lactoferrin was the same as that of the native protein,
except that the deglycosylated protein typically had a slightly lower ratio A2g¢/A466 nm
than the latter (19-21 compared with 20-22). This could have been due to the loss of
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Figure IV.7 Iron binding by (a) native, and (b) deglycosylated apolactoferrin. The rate
of iron binding is monitored by the increase in absorbance at 466 nm. The effects of
pretreatment by heating at vartous temperatures are also shown, with the binding curves
for samples previously heated for 1 hour at 50°, 55°, 60°, 65° and 70°C shown. In all

cases the inital protein concentration (before heat treatment) was 3 mg/ml,
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some absorption by carbohydrate at 280 nm. Experiments monitoring iron binding (as
measured by the absorbance at 466 nm) as a function of time show that there is no
apparent difference in the binding curves for the native and deglycosylated proteins and
that in both cases binding is essentially complete within ~1 min (see Fig. IV.7).

The release of iron as a function of pH also follows the same pattern for both native

and deglycosylated lactoferrin (Fig. IV.8).

(o)
/o satn
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Figure IV.8 pH mediated iron release from native and deglycosylated lactoferrin. The
percentage saturation with iron (calculated from the absorbance at 466 nm) is shown for
native lactoferrin (dashed line) and deglycosylated lactoferrin (solid line), as the pH is
reduced from 8 to 2.3. The differences between the two curves at lower iron saturations
are probably not significant since the absorbance at 466 nm is then very low.

Both these curves are very similar to the results of Mazurier and Spik (1980) for
native human lactoferrin at low ionic strength (I = 0.1), and emphasize the lack of any
effect of the carbohydrate on iron binding and release in vitro. These results are in sharp
contrast to those of Legrand et al (1990) which indicated a loss of 50% of iron-binding

capacity of human lactoferrin when the carbohydrate was removed. These results will be
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discussed further in Section V.2.2.

IV.3.6 Protein Stability

For some proteins, the carbohydrate has been shown to confer stability, eg by
increasing resistance to proteolysis or thermal denaturation (Tashiro & Trevithick, 1977;
Chu et al, 1978). As discussed in the introduction to this chapter, however, this property
is by no means universal (Ploegh et al, 1981; Olden et al, 1982).

(a)  Resistance to proteolysis

The effects of proteolysis by trypsin on native and deglycosylated lactoferrin are
shown in the gel in Fig. IV.9. It can be seen that although some degradation occurs fairly
quickly, even after 24 hours at 37°C most of the lactoferrin remains intact. The small
amount that has been broken down has been cleaved into two major fragments

corresponding to the 30 kDa and 50 kDa fragments characterised by Legrand et al (1984).

R N
P e S .

|

Figure IV.9 SDS polyacrylamide Agel showing the incubation of native and
deglycosylated lactoferrin with trypsin at 37°C. Lane 1 deglycosylated lactoferrin
control, lanes 2-8 deglycosylated lactoferrin incubated with trypsin for 10, 30 min, 1, 2,
3, 4 and 24 hours; lane 9 native lactoferrin control, lanes 10-16 native lactoferrin
incubated with trypsin for 10, 30 min, 1, 2, 3, 4 and 24 hours.
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These gels are a striking demonstration of the similarity of the fragmentation patterns
for the native and deglycosylated proteins, and are strong evidence that for lactoferrin the
presence of carbohydrate does not confer any additional resistance to proteolytic attack, at
least by trypsin. Results of experiments using an increased enzyme concentration
(enzyme:substrate 1:25) were essentially identical. These results are also in sharp contrast
to those reported by Spik ez al (1985). These indicated that "partially deglycosylated
lactoferrin" subjected to hydrolysis by neuraminidase, 8 galactosidase, and N-acetyl-3-
glucosamidiase) was completely destroyed by trypsin in 4 hours in contrast to the native
protein (ratio of trypsin:lactoferrin 1:50). (See Section V.2.2 for discussion of these

results.)

(b)  Thermal stability

No difference in the thermostability of the native and deglycosylated lactoferrin was
apparent up to 55°C. Comparisons of the heat stabilities of the two proteins were based
on measurements of their residual iron binding ability after heating for one hour at various
temperatures, and for both native and deglycosylated apolactoferrin, samples heated at
50°C and 55°C showed identical binding curves (Fig. IV.7), and spectral ratios identical
to those of unheated protein. A small amount of precipitation occurred at 60°C for the
deglycosylated (but not native) protein. After centrifugation, however, the remaining
soluble protein (~90% of original) retained full iron binding capacity; the binding curve
(Fig. IV.7) was unchanged and the spectral ratio was similar to the unheated protein
(although the protein concentration and absorbance at 466 nm were nccessarily reduced).
In spite of considerable precipitation of both glycosylated and non-glycosylated proteins at
65°C, the remaining soluble protein was still able to partially bind iron (spectral ratios of
A280/A466 nm = 38 (native) and 62 (deglycosylated) corresponding to ~66% and ~40%
binding respectively). At 70°C almost all protein had been precipitated for both native and
deglycosylated lactoferrins, and no iron binding capacity was observed in the remaining
soluble material.

These results show that the two forms of lactoferrin have very similar heat
stabilities, although the deglycosylated protein appears to be slightly less stable. This has
been presented graphically in Fig.. IV.10 where the percentage of iron binding capacity
remaining after heating is plotted as a function of heating temperature.
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Figure IV.10 Effect of heating lactoferrin. % of iron binding by samples of native
{dotted line) and deglycosylated (solid Iine) human lactoferrin are shown after prior
heating for 1 hour at vanous temperatures. Levels of iron binding are calculated from
the absorbance at 466 nm for the heated protein (after centrifugation and addition of
FeNTA) compared with the unheated protein. N

The melting temperature (estimated as the temperature at which 50% of iron binding
capacity remained) of each protein, calculated {rom this graph 1s ~63°C for deglycosylated
and 64°C for native apolactofermin. It is interesting to note that in a previous study of heat
stability of bovine lactoferrin (Baer et al, 1979), where neither the conditions of heating
nor the assays were comparable to this work, complement fixation measurements showed
a 50% loss of activity at ~60°C, - results similar to those reported here for human

lactoferrin.
1V.3.7 Structural Comparisons of Deglycosylated and Native Lactoferrins
(a) Comparison of domain orientations

Comparison of FeLfn {deglycosylated) with the N-lobe of FepLf (glycosylated)
show that with the exception of the C-terminal residues 313-327, the polypeptide chain
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conformation is essentially identical. Superposition of residues 4-312 (ie. the whole N-
lobe with the exception of the C-terminal peptide) gives an rms deviation in Co. atom
positions of 0.41 A indicating very little difference in the orientations of N1 and N2
domains between the two proteins. There is a major conformational difference involving
the C-terminal residues of FeLfy 321-333 (Day et al, 1993). These residues form a helix
and are part of the packing between the two lobes of FesLf, so it is reasonable to attribute
this change in conformation to the absence of the C-lobe and not to the effect of

deglycosylation.

(b)  Comparison of structure within a domain

Superpositions of the glycosylated and deglycosylated N2 domains (residues 92-
250) indicate that in all cases the overall conformations are essentially identical, with rmns
deviations varying between 0.56 A and 0.29 A (Table IV.2). In fact the extent of
agreement between proteins does not appear to be associated with the state of
glycosylation at all. Rather, the main trend shown in these superpositions in that the rms
deviations associated with the N2 domain of ApoLf are consistently higher, suggesting
that the absence of iron has a greater effect on the conformation within this domain than

the presence or absence of the glycans.

Table IV.2 RMS deviation in Co positions when N2 domains of FeaLf, ApoLf,
Fep(C204),Lf and FeLfn are superimposed on each other

ApoLf Fep(Co04)oLf FeLfy
Fea(C204),LE 0.56 A ; )
FeLiN 0.50 A 0.35 A )

FeoLf 0.48 A 0.29 A 0.29 A
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FeLfN

ApoLf

Fep(C204)2Lf

FeoLf

Fig. IV.11 Plots of B values against residuc number for the N-lobe of (top to bottom)
FeL{N, ApoLf, Fep(C204)2Lf and FesL!f. Plots show the increase in B values of
residues around the glycosylation site 137 (arrowed) when the carbohydrate is removed.
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(c) Comparison of B values

The distribution of B values along the polypeptide chain of the N-lobes of both
glycosylated and deglycosylated lactoferrin is shown in Fig. IV.11. Normalised average
B values around the glycosylation site are shown in Table IV.3.

Table IV.3 Comparison of normalised B values of residues around the glycosylation
site 137 for glycosylated and deglycosylated lactoferrins

Protein B* 134-144
Glycosylated Fe,Lf 38
Glycosylated Fer(CoO4),LL 39
Deglycosylated ApoLf 51
Deglycosylated FeL{n 32

Average B for residues 134-144
Average B for the protein

B =

Normalised average B values for the polypeptide loop 134-144 are ~39 when the
protein is glycosylated, but this has increased to ~52 when the carbohydrate is removed
(Table IV.3). Thus although deglycosylation does not appear to be associated with any
change in the overall conformation from that of glycosylated lactoferrin, there is an
increase in the general mobility of the polypeptide chain in the vicinity of the site of
carbohydrate attachment (Asn 137) (see Fig. IV.11).

Discussion of these results and possible reasons for the conflict with earlier reports
1s continued in Section V.2.
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CHAPTER V
DISCUSSION

This thesis has considered two aspects of Jactolerrin structure and funcuon. First 1s
the anion-binding ability of lactoferrin. Although lactoferrin has not been as extensively
investigated as transferrin, both proteins seem to show considerable versaulity in their
anion hinding activities (Schlabach & Bates, 1975: Smith et a/, 1991; Eaton er al, 1989).
The structural basis of this forms the first part of the thesis. Second is the role of
glycosylation of lactoferrin. Al lactoferrins so far characterised have proved to be
glycosylated, but no convincing function has yet been attributed to the attached glycans.
The use of recombinant lactoferrin in which the glycosylation is either different or not

present at all makes it essential that the effects of deglycosylation be investigated.

V.1 ANION BINDING BY LACTOFERRIN

The present crystal structure provides the first direet demonstraton of the mode of
binding of an anion other than carbonate in both lobes of a transferrin, and thus provides
an experimental test of many of the spectroscopic studies that bave been directed towards
this question over the years. Tt has also provided direct evidence. for the first ime, of the
factors which lead to inequivalence hetween the two sites, and 1t leads to a fuller
understanding of the extent to which the protein can adapt o the binding of different

anions. This, then, allows some predictions to be made about other anions.

V.1.1 Anion Binding and the Schlabach Bates Model

The carly visible spectral studies of the binding of a wide variety of anions to
transfermn by Schlabach and Bates (1975) were astutely interpreted (o show that the anion
acted as a bridge between a posiuvely charged region of the protein and the metal. The
subsequent crystal structure of human lactoferrin (Anderson er af, 1987, 1989) showed
that this was correct. Nevertheless, the proposed interlocking-sites model also implied
that dicarboxylic acids such as oxalate, malonate and maleate would coordinate (o the
metal ion 1n a monodentate or perhaps a 1,1-bidentate manner, ie. that one end interacted
with the metal and the other end with the protein (see Fig. 1.10.). It was suggested that
other anions bound to the iron via the proximal electron donor group, while the
carboxylate group interacted with a positively charged protein group. These ideas form

one of the main proposttions that this present work was intended to test,

V.1.2 Oxalate Binding to Transferrins
Many of the studies atmed at investigating the binding of synergistic anions o
transferrins have been based on the use of oxalate. There appear to be two main reasons
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for this, (1) that oxalate appears to bind more strongly than any of the other anions apart
from carbonate (Schlabach & Bates, 1975), and (ii) that oxalate is the simplest of the other
anions, and one with a well-known coordination chemistry. Complexes of oxalate and
iron even occur naturally, eg as the complex mineral humboltine, FeC204.2H20.

With two carboxylate groups oxalate has the potential for considerable versatility in
its coordination. Each carboxylate group has the potential to act either as a unidentate
ligand or to act as a bidentate chelating ligand in a 1,1-bidentate or 133 chelation mode as
shown below. Alternatively, since the two carboxylate groups are close together, linked
by a single C-C bond, oxalate can act as a chelate ligand using one oxygen from each of
the COO- groups, ie 1,2-bidentate coordination or 14 chelation.

O O O
N PN \ /
C—C M or C—C

S \O/ (}/ \O
~M

1,1-bidentate coordination 1,2-bidentate coordination
or 13 chelation or N4 chelation
Fig. V.I Two modes of oxalate coordination from smalil molecule structures.

Although there are examples of dibasic acids acting as monodentate ligands, as in
the Schlabach-Bates model, in small molecule systems it is even more cornmon to find
them as chelating ligands (Oldham, 1987). Furthermore, although 13 coordination is
found for higher members of the dicarboxylate series, the four-membered ring introduces
steric strain, and for the lower members, certainly oxalate and possibly malate and
malonate, there is a strong tendency to form chelate rings with more than 4 atoms, cg by
adopting (in the case of oxalate) the 1,2-bidentate mode.

Most of the studies of oxalate binding to transferrins have focused on the
coordination mode of the anion. Some, such as the NMR study of 13C oxalate binding 1o
the transfermrins, were interpreted as indicative of 1,1-bidentate coordination of oxalate to
the metal (Bertini et a/, 1986). 13C NMR spectra of Al3+, Ga3* and Zn?* derivatives of
both human serum transferrin and ovotransferrin with 13C-enriched oxalate, showed a
strong inequivalence between the two carboxylate carbons. It was argued that this was
not only supportive of the "interlocking sites' mode! of Schlabach and Bates, but also
indicative of monodentate oxalate binding to the metal. Later studies from the same group
(eg Bertini et al, 1986) employing CD and !H NMR spectroscopy of cobalt derivatives of
ovotransferrin, were interpreted also in terms of monodentate binding of oxalate. As late
as 1990, after the crystal structure of human lactoferrin showed carbonate binding in a
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bidentate mode, 113Cd and 13C NMR spectroscopy of the Cd2+ derivative of
ovotransferrin containing oxalate were still interpreted as indicative of monodentate
binding of oxalate to the metal (Sola, 1990).

In contrast to the above studies, magnetic measurements of electron spin echo
envelope modulation (ESEEM) for human lactoferrin and transferrin were interpreted in
terms of 1,2-bidentate oxalate coordination. These studies showed a deeper 13C
modulation for copper and vanady! transferrin 13C oxalate than vanadyl 13C carbonate
(Eaton er al, 1989). Since there is only one labelled carbon in carbonate, and the metal to
13C distances are similar for coordinated carbonate and oxalate, the deeper modulation for
the oxalate complex argued strongly for two interacting carbons. The interaction with two
equivalent or nearly equivalent carbon nucleit indicated that the two ends of the oxalate
were bound to the metal, ie a 1,2-bidentate coordination,

Recent EXAFS (extended X-ray absorption fine structure) measurements on
oxalate-substituted diferric transferrin have also been interpreted in terms of 1,2-bidentate
oxalate coordination (Mangani & Messor, 1992). In this case, however, knowledge of
the 1,2-bidentate oxalate coordination seen crystallographically for the mono-oxalato
copper-lactoferrin complex (Shongwe er al, 1992) played a significant part in the
interpretation.

The present study shows that in both binding sites the oxalate binding mode is
broadly the same, ie 1,2-bidentate coordination. These results, when combined with the
similar EPR spectra for oxalate complexes of both lactoferrin and transferrin (Aisen &
Leibman, 1972; Dubach er al, 1991) indicate that this is the normal binding mode for
oxalate to transferrins. The non-equivalence of the two oxalate carbons in 13C NMR
spectra of 13C-oxalate substituted Al3*, Ga3* and Zn?+ transferrin complexes (Bertini er
al, 1986) can now be seen as having two possible origins. Either it reflects the different
environments experienced by the oxalate carboxyl groups (in terms of their interactions
with the protein) or it arises from different coordination in the two binding sites. From the
crystal structure of Fep(C204)7Lf the former explanation seems the most likely since one
carboxyl group interacts with the helix 5 N-terminus and the other with the arginine
sidechain. On the other hand, the possibility cannot be excluded that when different
metals are involved the anion coordination may also be affected.

V.1.3 Metal-anion Relationships

The behaviour observed when oxalate is substituted for carbonate while using Fe3+
as the associated metal ion contrasts with that observed for Cu?*-lactoferrin complexes.
In the latter case both the mono-oxalato, Cux(CO3)(C04)LA1, and dioxalato,
Cu(C204)2L1, Jactoferrin complexes can be made by displacement of carbonate from
Cup(COn)2Lf using 50-fold and 100-fold molar excess of oxalate respectively (Shongwe
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et af, 1992). Furthermore the hybrid carbonate-oxalate complex is stable to atmospheric
CO;, for at least 3 months, and Cup(C204)2Lf only siowly converts to Cup(CO3)}(CrOg)LE
over a period of a month. In contrast, stable oxalate complexes of Fe3+-lactoferrin cannot
be readily made by displacement of bound carbonate, and once made, the Fep(CprOg4)Lf
complex is relatively unstable to atmospheric CO;.

The different behaviour of Fe3* and Cu?+ lactoferrin carbonate and oxalate
complexes is also reflecied in their visible speca. Thus whilst the substitution of oxalate
for carbonate shifts the absorption maximum of the charge transfer band to a lower energy
(466 nm to 482 nm) when Fe3+ is the metal ion, if Cu2+ is the metal ion, the change is to
a higher energy (434 nm to 420 nm) (Ainscough er al, 1979).

These contrasting results reflect both the different types of d acceptor orbitals
involved and the greater ligand field strength of oxalate relative to carbonate (Gray, 1965;
Moeller, 1982). The visible absorption bands in question have been assigned to a
phenolate t—metal d charge transfer transition (Gaber er al, 1974; Ainscough et al,

1980, but the lowest-energy available d orbital is of different type for the two metal ions;
for d5 Fe3+ it is dp+, whereas for d” Cu+ itis dg+. This is because the extra d electrons
of CuZ+ lead to the filling of dy+ (see Fig. V.2). The charge transfer transitions are thus
phenolate {m)—Fe(dy+) and phenolate (T)—Cu{dg*) respectively.

The difference between carbonate and oxalate 1s that oxalate 15 a stonger ¢ donor
and weaker 1 donor than carbonate. Thus when the carbonate ligand is replaced by
oxalate, the metal dg* orbitals are increased 1n energy (becuuse dg are lowered) and dg»
are decreased in energy (because dy are increased). The result is that a igand—dy»
ansition (as for Fe3+) is decreased in energy (longer wavelength) whereas a ligand-—dg=
wansition (as for Cu?+) is increased in energy {shorrer wavelength). These differences are

summansed in Fig. V.2,
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Fig. V.2. Schematic representation of energy levels for Fep(CO3)2Lf, Fea(C204)2Lf,
Cun(CO3)7Lf and Cup(Cp04)7Lf to show changes that occur with different metal ions

and anions.

The decrease by over 1000 mol-! L cm-! in the molar absorption coefficient that was
noted from Fea(CO3)oLf to Fep(CpO4)7Lf, (and from Fep(CO3)2Tf to Fep(CrO4)2TH) can
be attributed to weakened tyrosine-metal interactions. The intensity of ligand to metal
charge transfer bands is proportional to the square of the overlap of the orbitals involved
(Douglas and Hollingsworth, 1985) which, in these cases involved phenolate (r) and
metal d types.

These observations provide experimental and theoretical support for two important
aspects of transferrin chemistry. Firstly, the fact that both metal-anion and metal-tyrosine
interactions are altered when oxalate is used in place of carbonate, with Fe3+ as the bound
metal, is consistent with the idea that the sites are optimised for the binding of Fe3+ and
CO32-. These two ions together fit perfectly into the "closed" structure of the protein.
Secondly, the weaker oxalate binding means that the precise mode of coordination of this
anion is much more strongly influenced by the demands of the protein than is the case
with carbonate. This is consistent with the repeated observations (see Section 1.5) that
differences between the sites become enhanced when ions other than Fe3+ and CO32- are
used, ie because "non-native" metal ions and anions bind more weakly, the minor
differences in the two binding sites become more strongly expressed. The origin of these
differences is discussed further in Section V.1.5.
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V.1.4 Extension to Other Anions

A 'generalised' anion binding model was proposed by Shongwe et al (1992) as an
extension of the Schlabach-Bates model, on the basis of oxalate binding to the C-lobe of
copper lactoferrin. The present crysial structure shows that this model applies equally to
both lobes of lactoferrin, and to the case where the physiologically-important Fe3+ is the
bound metal ion. It is thus likely to prove valid for other metal ions and other anions.

Fig. V.3 A generalised model for anion binding to transferrins, based on crystal
structure analyses of carbonate and oxalate substituted lactoferrin. Binding of a general
anion (thick lines) is compared to carbonate (thin lines). The anion interacts with the
protein primarily through the carboxylate group (carbon 1). The interactions with the
arginine sidechain depend on the nature of the substituents R1 and Rp. (From Shongwe
etal, 1992.)

The extension to other, larger, anions, with different substituents, can be made on
the basis of the comparisons of oxalate and carbonate binding modes, from the crystal
structures of Fe2(CO3),Lf (Anderson et al, 1989), Cu(CO3)(Co04)Lf (Smith et al, 1994)
and Fep(Cp04),Lf (this work).

In the case of oxalate, one carboxylate group binds (like carbonate) to the positively-
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charged N-terminus of helix 5, and to the ferric ion. To accommodate the second
carboxylate group, the arginine sidechain, which forms the rest of the carbonate site, is
displaced away from the metal. This is necessary because of the larger size of the oxalate
ion, relative to carbonate, but is able to occur because the interdomain cleft contains a large
solvent-filled cavity next to the binding site which allows room for movement of the
arginine and some other neighbouring sidechains (see Section II1.3.3).

The common feature of all synergistic anions is the presence of at least one
carboxylate group, and this would be expected to bind to the N-terminus of helix 5 and to
the metal. To accommodate the rest of the anion, and to allow coordination of the second
donor group, L, to the metal, the arginine sidechain must be displaced (as seen with
oxalate). The binding of anions larger than carbonate is thus likely to be influenced by the
extent to which substituents on the anion alter hydrogen-bonding interactions with the
arginine and between the latter and other protein groups.

This model fits nicely with the results of Campbell and Chasteen (1977). In their
study of VOZ2+-substituted transferrin, using 16 different anions, it was found that the
EPR spectra could be grouped in two classes, A and B, which were anion dependent.
Those anions which gave both class A and B spectra comprised carbonate and the
dicarboxylic acids such as oxalate and malonate. On the other hand, anions with only one
carboxylate and a uncharged electron donor group on the proximal carbon, gave only one
class of spectrum, Class B. Anions in the second group, which include lactate, glycolate,
thioglycolate, glyoxylate and salicylate, are incapable of hydrogen-bonding to the
arginine, but those in the first group with two or more carboxylate groups are capable of
hydrogen-bonding. In the light of the crystal structures of Fep(C2O4)2Lf and
Cu(CO3)(C204)LL, it is possible to ascribe the differences seen in the EPR spectra
observed by Campbell and Chasteen, to the nature of the interaction (if any) between the
anion and the arginine sidechain.

The above interpretation is consistent with the observed pH dependence of the VO2+
EPR spectra. For the dicarboxylate anions, transition from the A spectrum to the B
spectrum is associated with the deprotonation of a protein group of pK; ~10. It is
reasonable to conclude that this group corresponds to the arginine sidechain, and that its
ionisation state influences its interaction with the anion, and in turn the metal-anion
interaction and EPR spectrum. The A spectrum corresponds to the case where the
arginine is protonated, positively charged and a better hydrogen bonding group, whereas
the B spectrum is associated with a deprotonated arginine, which would be a poorer
hydrogen bonding group and would no longer have a charge-charge interaction with the

anion.
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Table V.1: Comparison of hydrogen-bonding potential of synergistic anions to the
‘essential' arginine with the relative stability® of the related anion-transferrin complex
Anion Suucture Able to H-bond % Fe3* removed
to Arginine” by citrate(a)
G Q O
roup 1 N VY
oxalate @.,7C_ C\\\\.@ Yes 1%
O O
glycolate H\ 4-0
H—/C— C\\\\_® No 32%
HO 0O
glyoxylate H\ 4.;-0
/C— C‘\\‘.G) No 30%
O O
thioglycolate H\ 4'0
H""_/C_ C\}\\.e No 37%
HS 0O
Group 2 O\\ /-O
ketomalonate | /C_ C\\:‘@ Yes 204
O—C 0
© O
pyruvate (§ Pz 0
/C_ C\\.@ No 47%
CH; O
lactate H\ ,'/,-O
HO"—/C_ C. O No 459
CH; O
Group 3 Q;\ /,-O
malonate = ,7(3_ CHy— C\:.@ Yes 30%
O O
acetoacetate %\ 0
C—CH—Q © No 48%
/ X ’
CH, O

@Figures of the % of iron removed from the ternary complex by citrate under COp-frec

conditions are taken from Schiabach and Bates, 1975. Note, citrate used here as a

competitor for iron-binding by transferrin, has been shown to be a non-synergistic anion.
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A corollary of this argument is that for synergistic anions of a similar size, the
stability of the complexes formed with the transferrin will be dependent not only on the
interaction with the metal and the N-terminus of Helix 5, but also on the anion's ability to
interact with the ‘essential’ arginine. Table V.1 lists synergistic anions in groupings of
similar size, and compares their potential ability to hydrogen-bond to the arginine with the
stability of the complex formed with transferrin

Table V.1 shows that the competition of citrate with iron-binding by the transferrin
complex is clearly dependent on the nature of the synergistic anion. Furthermore, there is
a high correlation between the potential hydrogen bonding ability of the synergistic anion
to the 'essential’ arginine, and the relative stability of the Fe3*-anion-transferrin complex.
In Group 1, which comprises synergistic anions with a two-carbon backbone, oxalate,
which is able to hydrogen-bond to the arginine, forms a ternary complex with transferrin
that donates only 1% of its iron to the completing chelate. In contrast, those anions in
Group 1 which are unable to hydrogen-bond to the arginine, - glycolate, glyoxylate and
thioglycolate, - all yield transferrin complexes which lose between 30 and 37% of their
iron to citrate. A similar effect is seen in both Groups 2 and 3 where the carbon backbone
is lengthened to 3 carbons. In all three groups an extra 20-30% of the iron is lost from the
transferrin complex to the competing chelate if the anion does not have the additional
potential to hydrogen bond to the arginine.

An increase in the size of the synergistic anion from two- to a three-carbon backbone
also results in a pronounced loss of stability of the Fe3*-anion-transferrin complex. This
would be expected from the crystal structure of Fep(C204),Lf which shows that not only
would the arginine sidechain have to be displaced, but there also must be a consequent
rearrangement of residues beyond the arginine to make room for the larger anion. The N-
lobe of Fep(C204)2Lf shows that constraints by sidechains in the vicinity of the arginine
may restrict the conformation of the anion and so possibly reduce the stability of the Fe3+-
anion-transferrin complex. In Fep(C204),Lf the average anion-Fe bond is 1.99 Ain the
C-lobe, but this has lengthened to 2.21 A in the N-lobe, indicating reduced iron stability in
the N-lobe.

Anions such as malonate and acetoacetate imply a 1,3-bidentate coordination to the
iron. Such coordination is clearly less stable than the 1,2-bidentate coordination for
dicarboxylic acids (loss of iron from the oxalate-Tf complex, 1%; malonate-Tf complex,
30%) but it appears to have little effect on the stability of the ketone derivatives, pyruvate
(1,2-coordination) and acetoacetate(1,3-coordination) where both complexes lose the same
amount of iron to citrate (~48%).

V.1.5 Inequivalence of the Sites
An unexpected result of the structure analysis of Fep(C2O4),Lf has been the
discovery that the oxalate coordination is different in the two binding sites. In the N-lobe
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the oxalate ion is asymmetrically bound, with Fe-O bonds of 1.87 A and 2.55 A, whereas
in the C-lobe site it is much more symmetric, with bond lengths of 1.91 A and 2.07 A.
Although the differences are not great, in terms of the likely coordinate error in the
structure, they have been well tested during the refinement of the structure. All attempts to
orient the anions differently were counteracted both by the appearance of the electron
density and by the movements that took place during least squares refinement. Most
importantly, the differences demonstrate, for the first time, how sequence differences
beyond the immediate binding site can modulate binding.

The close similarity between the sites when carbonate is the anion can be explained
if it is assumed that the site is optimised for carbonate binding. When a larger anion is
substituted, the arginine sidechain which helps form the binding site is forced to move,
and it is in this movement that the effects of neighbouring residues come into play. There
is then a subtle interplay between the interactions the arginine makes with neighbouring
sidechains and with the anion, and the binding mode of the anion to the metal. As
discussed in Section II1.3.7, and summarised in Table V.2, residues Ser 191, Phe 183,
Phe 63 and Phe 190 in the N-lobe, and their C-lobe equivalents Gly 527, Pro 519, Tyr
398 and Tyr 526 exert different effects on the displaced arginine sidechain. These include
both steric effects (eg Phe 183 restricting the movement of Arg 121) and stabilising effects
(Tyr 398 and Tyr 526 stabilising the position of Arg 465 once it has moved).

The result is that in the C-lobe the anion-binding arginine can swing further away
from the anion site, allowing the oxalate both to remain symmetrically coordinated to the
iron atom and to maintain its hydrogen bonding to the arginine. In the N-lobe, however,
the arginine is restricted in its movement and this 1n turn restricts the configuration of the
bound oxalate. Assuming that the preferred binding mode for the oxalate ion is
symmetrical 1,2-bidentate, this explains why oxalate appears to bind preferentially in the
C-lobe site of lactoferrin (which supports symmetrical binding) rather than the N-lobe.

Table V.2 Residues that may modulate anion binding in human lactoferrin

== C-lobe
Ser 191  Oyhydrogen bonds to Gly 527  no hydrogen bond can be
Arg 121; helps hold Arg 121 made

in place . A
Phe 183  Large hydrophobic residue | F¥0 519 Sited further from Arg 465;
which sterically hinders no steric hindrance to Arg

movement of Arg 121 465
Tyr 398 ) Provide stabilising H-bonds
Phe 63 Cannot make hydrogen y g
Phe 190 ; bonds to Arg 31 Tyr 526 ) when Arg 465 moves away

from anion site.
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V.1.6 Extension to Other Transferrins

Attempts to extrapolate the present results, for the binding of oxalate to human
lactoferrin, to the binding of oxalate or other anions to different members of the transferrin
family must be treated with caution. Consideration must be given to both steric and
stability factors, for example the extent to which the anion-binding arginine can move, and
the question of whether it can find a stable configuration once it has been displaced.
Moreover, an unknown factor is the extent to which the domains are closed over each
binding site in the different transferrins; this is unlikely to be radically different, but
variations of 3-5° in domain closure would not be unreasonable, and could influence the
movements that are possible in the binding cleft.

Some conclusions can be drawn, however, from comparisons of the residues that

modulate anion binding in human lactoferrin. These are summarised in Table V.3.

Table V.3 Comparison of residues that may modulate anion binding in transferrins
N-lobe C-lobe

Residue no. 63 183 190 191 398 519 526 527
human Lf Phe Phe Phe Ser Tyr Pro Tyr Gly
bovine Lf Met Cys Phe Gly Tyr Pro Tyr Gly
murine Lf Thr Ser Ser Gly Tyr Pro Gln Gly
serum Tf Leu Cys Phe Gly Phe Pro Tyr Gly
ovo Tf Gln Arg Ser Gly Leu Ala Phe Gly

It is apparent that with respect to anion substitution the N-lobe of human lactoferrin
is the most sterically constrained lobe of all the transferrins. Three phenylalanines, large
bulky residues, appear to surround or occupy the space to which the arginine may swing
to make more room for the oxalate (see Fig. III.15). Not only is there steric hindrance,
especially from Phe 183, but also none of these residues can provide stabilising hydrogen
bonds to the arginine were it able to swing further away from the oxalate. Furthermore,
amongst all the transferrins, it is only in the N-lobe of human lactoferrin that the arginine
is held back by a hydrogen bond to Oy of Ser 191. In all other transferrins, and in the C-
lobe of lactoferrin, the equivalent residue is a glycine, and unable to make such a
stabilising hydrogen bond.

On the other hand, murine and bovine lactoferrin and serum transferrin appear to be
somewhat less restricted around the N-lobe site. All have a small residue, either serine or
cysteine, at position 183, so the arginine would have the freedom to move in this
direction. Murine lactoferrin in particular appears to have quite a spacious binding cleft,
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with small residues, threonine and serine at positions 63 and 190. Such residues,
although theoretically potential hydrogen bonding partners for the arginine are unlikely to
be able to reach far enough to make such stabilising bonds as seen in the C-lobe of human
Fep(C204)2Lf. Bovine lactoferrin and serum transferrin both have phenylalanine at 190,
and another bulky residue, methionine or leucine at 63, none of which is a potential
hydrogen bond partner for the arginine. Both methionine and leucine are quite flexible
residues however, and whether or not they sterically hinder the movement of Arg 121
would depend on their conformation. Thus, in contrast to the situation in human
lactoferrin, it is probable that Arg 121 in murine lactoferrin could move sufficiently freely
to allow symmetrical 1,2-bidentate oxalate coordination to the iron. Whether such
symmetrical coordination occurs in bovine lactoferrin and serum transferrin depends to
some extent on the conformation of the methionine and leucine residues at position 63.

The situation in the N-lobe of ovotransferrin is interesting. Here the residue
corresponding to Phe 183 is an arginine, which is positively charged. This could limit the
movement of Arg 121 through charge-charge repulsion. On the other hand, Gln 63 could
provide a stabilising hydrogen bond for Arg 121. These uncertainties make it very
difficult to predict the likely effects of anion substitution in this site.

The C-lobe sites of transferrins show a much greater similarity with each other than
do the N-lobe sites. In human lactoferrin symmetrical 1,2-bidentate oxalate binding is
associated with a small residue (Pro) at position 519 and hydrogen bonding residues (Tyr)
at positions 398 and 526, to stabilise the displaced Arg 465. The equivalent residues in
bovine lactoferrin are identical to human lactoferrin, and in murine lactoferrin only Tyr
526 is replaced, by GlIn, a residue which may also be able to reach far enough to hydrogen
bond with Arg 465. Thus it could be confidently predicted on this basis, that in the C-
lobe of both bovine and murine lactoferrin, oxalate would bind in a symmetric 1,2
bidentate fashion.

On the other hand, the ovotransferrin C-lobe site appears somewhat more
constrained, with bulky hydrophobic residues Leu 398 and Phe 526 unable to provide
hydrogen bonds to Arg 465, but a small residue, alanine, at position 519. This
configuration of residues is very similar to that seen in the N-lobe of serum transferrin. It
is interesting to note that when copper is the metal, oxalate binds preferentially to the C-
lobe for ovotransferrin and the N-lobe for serum transferrin.

Oxalate binding in the C-lobe of serum transferrin presents a puzzle. Only one of
the modulating residues is changed from human lactoferrin (Tyr 398—Phe). This
suggests that transferrin should bind oxalate well in its C-lobe site, although the displaced
arginine would lack one of the stabilising interactions seen in lactoferrin. Diferric
transferrin does indeed bind oxalate strongly, in both sites (Schlabach & Bates, 1975).
On the other hand, it has been shown that the C-lobe site of human serum transferrin is
unable to bind oxalate at all when copper is the metal. It is difficult to see why this should
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be so, especially when the C-lobe site is the preferred site for oxalate binding in lactoferrin
when copper is the associated metal ion (Shongwe et al, 1992). This emphasizes the
complexities that arise when the final structure depends on the competing requirements of

protein, metal ion and anion.

V.1.6 Anion Binding and Domain Closure

The versatility shown by lactoferrin in the binding of oxalate in place of carbonate
illustrates an important feature of transferrin structure. Not only does the molecule have
the large-scale flexibility required for binding and release, with domain movements that
provide the necessary framework for tight reversible binding, but it also has scope for
internal adjustment because of the large solvent filled cavity beyond the arginine. Thus
carbonate is not the only anion which can support a closed structure. The crystal structure
of Fep(C204)7Lf shows, in the case of oxalate at least, lactoferrin can form a closed
structure in both N- and C-lobes. Whether this can be extended to even larger anions is
not clear, but anions as large as phenlylactate and even xylenol orange have been reported
to act as synergistic anions (Schlabach & Bates, 1975; Harris & Gelb, 1979).

The ability of transferrins to bind other species also highlights a potential use, that of
drug delivery. The Fep(Cp0O4)7Lf structural analysis has shown that when oxalate is
substituted for the smaller carbonate, the overall protein conformation and the extent of
closure of the domains over each site is unchanged. If the closed conformation of
lactoferrin is important for receptor binding or other activities, then lactoferrin carrying
anions or metals other than the physiological CO32- and Fe3* could equally well be
recognised, provided the closed configuration is formed. Thus a possible scenario for
drug delivery is that the drug binds to lactoferrin, and once bound induces the closed
conformation so that the drug remains safely locked inside the lactoferrin molecule until
some external factor such as receptor binding or pH destabilises the complex.

Interestingly, aspirin, perhaps the most common drug of all, could well bind to
lactoferrin. Salicylate is a synergistic anion (Schlabach & Bates, 1975) and is small
enough that it could well induce the closed state. Ruthenium complexes with antitumour
activity; trans-imidazolium|tetrachlorobis(imidazole)ruthenateIll], trans-
indazolium([tetrachlorobis(indazole)ruthenate(IIl)] and
indazolium[pentachloro(indazole)ruthenate(III)], Ru(Im);, Ru(Ind); and
Ru(Ind),respectively, bind to transferrin and lactoferrin. Crystallographic studies show
that these complexes bind with high affinity to the binding cleft of lactoferrin (Smith et
al , in press). These studies were carried out using crystals of apolactoferrin in which the
molecules are restrained by their crystal environment. They did not show, therefore,
whether the protein could close over the Ru(IIl) complex. Modelling studies, however,
suggest that there is enough space for the drugs to bind and still permit closure, thus
suggesting a possible model for the delivery of these ruthenium complexes, incorporated
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into transferrin, to target cancer cells.

The question of whether an open or closed structure is adopted is a difficult one to
address. Methods used to follow binding, such as UV difference spectra and visible
charge transfer spectra monitor the binding of the tyrosine ligands to the metal ion.
Because the tyrosine ligands are only associated with domain 2, these techniques reflect
only binding to this domain and do not show whether an open or closed structure is
adopted for the particular anion. Binding of the metal to the ligands on the other domain,
and thus the formation of a closed structure, may be indicated by techniques sensitive to
the histidine ligand, eg. NMR or EPR. Thus answers to important questions as to
whether a particular anion supports an open or closed transferrin structure, and the
implications of such a structure for the transport of such a species are best addressed by a
combination of techniques. Such techniques may include not only UV/visible
spectroscopy but also EPR, NMR, low angle electron scattering and X-ray
crystallography.

It can be seen that the role of spectroscopy in these studies is changing. No longer
is it necessary to determine the basic structure; something that spectroscopy is not good at
doing, but at which X-ray crystallography has been very successful. Rather,
spectroscopy is invaluable now as a monitor of small structural and electronic changes
accompanying binding experiments and mutagenesis. The physicochemical data gained
from these measurements can now be far more accurately interpreted/reinterpreted in the
light of the three-dimensional structures of the transferrins.

The crystal structure of Fep(C204)2Lf does, however, highlight a problem in
interpreting spectra of a protein with two similar but distinct binding sites. Spectra such
as UV difference, visible and EPR present an average of the two sites; small differences in
coordination from one site to the other are revealed only by crystallography. Progress in
the next few years will be heavily dependent on the powerful combination of

crystallography, molecular biology and spectroscopy.

V.2 THE ROLE OF GLYCOSYLATION OF LACTOFERRIN

The discovery of endoglycosidases has now made it possible to enzymatically cleave
an entire carbohydrate chain from a protein in one step. This method of removal of
carbohydrate formed the basis of the present work, with the rapid and complete
deglycosylation of the whole molecule of human lactoferrin being achieved by the use of
the endoglycosidases PNGase and EndoF. This has provided, for the first time, sufficient
protein to enable an investigation of some physicochemical properties of deglycosylated
human lactoferrin, and allows some predictions to be made about recombinant human

lactoferrin.
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V.2.1 Deglycosylation of Human Lactoferrin

The deglycosylation of human lactoferrin was rapid and complete. This was not the
case, however, when deglycosylation was attempted with either bovine lactoferrin or
rabbit serum transferrin. With bovine lactoferrin some deglycosylation occurred
immediately but even after prolonged incubation (>5 days) with increased concentrations
of PNGase and EndoF, some carbohydrate remained attached to the protein. PNGase and
EndoF did not appear to remove any carbohydrate at all from human serum transferrin. In
all three proteins the carbohydrate is N-linked, and should be susceptible to cleavage by
these endoglycosidases. The probable explanation for the difference in susceptibility lies
in the three-dimensional structures of the proteins. The crystal structure of FepLf shows
that the glycosylation sites of human lactoferrin are exposed, allowing easy access by the
deglycosylating enzymes. Sites of glycosylation in other proteins where the Asn-glycan
linkages are not so exposed may not be susceptible to the enzyme. This is certainly seen
in the three dimensional structure of bovine lactoferrin (S. Moore, personal
communication), in which one glycosylation site, Asn 545, has the Asn-glycan linkage

deeply buried in a pocket of the protein (Fig. V.4).

Fig. V.4 Structure of bovine lactoferrin around the glycosylation site Asn 545. Asn
545 (highlighted with green stippled spheres) is seen buried in a pocket in the protein.

The mainchain of the protein is shown as a blue ribbon, sidechains in orange.
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V.2.2 Role of Glycosylation of Lactoferrin

A variety of functions have been suggested for the carbohydrate groups attached to
proteins (see Section IV.1.1 for more detail), and a number of these have been tested as
part of this study. Results here have shown that native and deglycosylated human
lactoferrin have:

(i)  the same iron-binding and release properties,

(ii) the same resistance to limited proteolysis by trypsin,

(i) very similar thermal stabilities,

(iv) the same overall three dimensional structure, but different flexibility of a small
polypeptide loop around one of the carbohydrate attachment sites.

These results refute several of the possible roles for the glycans of lactoferrin, in
particular the maintenance of protein conformation through specific protein-carbohydrate
interaction, the protection against proteolysis and an in vitro role in either iron binding or
iron release. There is an indication that the native protein has a slightly greater
thermostability than its deglycosylated counterpart, but even in this respect the two forms
are very similar.

That deglycosylation of human lactoferrin does not affect either the conformation of
the protein or its in vitro iron binding properties (as far as experiments here can judge) is
not surprising in light of the crystallographic results of the native FepLf structure (Haridas
et al, 1995). This shows the glycosylation sites to be distant from the iron sites; 26 Ain
the N-lobe and 20 A in the C-lobe. In each lobe, the glycosylation site is on the surface of
the molecule, while in contrast, the iron site is found deeply buried in a cleft between the
two domains (Fig. V.5). The high resolution (2.2 /OX), well refined X-ray structure of
FeoLf (Haridas et al, 1995) reveals no evidence of any significant carbohydrate-protein
interaction. Indeed the little electron density visible beyond the first one to two sugar
residues implies either disorder or flexibility in the glycans, and that the carbohydrate does
not play any structural role. Instead the glycans appear to extend from the polypeptide
surface offering neither protection from proteolysis, stabilising hydrogen bonds back to
the polypeptide, nor any interaction whatsoever with the iron binding site.

Comparison of the native FepLf (Anderson et al, 1989), native apolactoferrin
(Faber, H.R., personal communication), and deglycosylated apolactoferrin (Anderson et
al, 1990) structures adds weight to this analysis. The domain structure is almost identical
in these species. It appears that, in solution, there is a dynamic opening and closing of
both lobes of apolactoferrin, and that conformations which include either only the N-lobe
or C-lobe open, both lobes open, or both lobes closed are possible. It is clear that the
different conformations seen in the different crystal forms result from crystal packing
forces, and not the glycan interaction with the polypeptide.
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Examination of glycosylation sites of other lactoferrins further supports these
conclusions and suggests that they are likely to apply also to other members of the
lactoferrin family. Table V.4 lists the potential glycosylation sites of various lactoferrins.
The glycosylation sites were predicted from the presence of an Asn-Xaa-Ser/Thr motif
(where Xaa is any amino acid other than proline) in the primary sequence of the

lactoferrin. These glycosylation sites are shown in Fig. V.5.

Table V.4 Potential glycosylation sites of lactoferrins

Residue number of potential glycosylation site

Human lactoferrin 137 478
Bovine lactoferrin 233 281 368 478 547
Mouse lactoferrin 100 478
Porcine lactoferrin 370 478

Sites known to be glycosylated are in bold

Fig. V.5 Ribbon diagram of human iron-lactoferrin showing potential glycosylation
sites of different lactoferrins (human, orange; bovine, purple; mouse, light blue; procine,

dark blue). N-lobe on the left, C-lobe on the right. Iron atoms are shown as red

spheres.
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It can be seen that in general the glycosylation sites are scattered over the whole
surface of the molecule, often far removed from the iron-sites and binding clefts, and vary
in position from one lobe to the other.

Extension of this analysis to members of the wider transferrin family shows that

these conclusions are likely to apply also to members of the wider transferrin family (see

Fig. V.6).

Fig. V.6 Glycosylation sites of the transferrin family. Cq plot of human iron-
lactoferrin showing iron atoms in their binding clefts. N-lobe atleft, C-lobe at right.
Glycosylation sites are shown for lactoferrin (L), human serum transferrin (HT) and

chicken ovotransferrin (O), rabbit serum transferrin (RT) and potenual sites for

melanotransferrin (M).

In all cases the protein structures are very similar, as judged by the similarity of
transferrin to lactoferrin (Baker & Lindley, 1992) and by their amino acid sequence
homology (Metz-Boutigue ez al, 1984), but in contrast their glycosylation sites are very
different, varying both in number and in location over the molecular surface (Baker et al,
1987) (Fig. V.6), and again often far removed from the iron-binding clefts. It seems
unlikely, therefore, that such a variation in glycosylation amongst the transferrins would
be correlated to properties such as an iron-binding function or structure that are invariant
within this family.

The conflict of the present results with those of earlier reports can be traced back to
the experimental methods employed. One study (Spik et al, 1985) that indicated an
increased susceptibility to proteolysis of deglycosylated lactoferrin used quite prolonged
methods of stepwise hydrolysis by a number of exoglycosidases to remove the
carbohydrate. This may have resulted in partial denaturation of the protein and increased
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its vulnerability to proteolysis. The fact that much of the protein irreversibly precipitated
during this deglycosylation procedure (G. Spik, personal communication) supports this
hypothesis. Care was taken in this present work to duplicate as closely as possible the
conditions of proteolysis by trypsin, so that an accurate comparison of results could be
made.

A more recent study of iron binding (Legrand er al, 1990) that used PNGase (as in
this study) to remove the carbohydrate, based conclusions about iron binding on the
analysis of deglycosylated N-terminal 20 kDa and 30 kDa N-tryptic fragments of
lactoferrin. Such fragments are neither representative of a complete lobe (40 kDa) of
lactoferrin nor the whole molecule. These fragments lack the helix behind the iron site and
the loop 280-330. It could be thus expected that this fragment would release iron more
easily, and that the conformation change would be different irrespective of the presence of
carbohydrate. There may in fact be a different interaction of the glycans with this
fragment because of the missing 280-330 polypeptide loop. In contrast, the present
results are based on the well characterised whole molecule lactoferrin where the
deglycosylation was rapidly and effectively carried out using highly active PNGase and
Endo F.

There remains the strong possibility that the glycans of lactoferrin may be important
in its adhesion to cells, and interaction with specific receptors, although evidence so far is
contradictory.

Native and deglycosylated lactoferrins seem to have similar immunological
properties; polyclonal antibodies raised against the native protein have been shown to
cross react also with the deglycosylated form (Norris, G.E., personal communication).
Although antibodies are known to occur against carbohydrate epitopes (Tarentino et al,
1974, Feizi, 1985) they do not appear to be essential in the antigenic reactions of human
lactoferrin. This is in common with many other glycoproteins (eg Bose et al, 1976;
Parham et al, 1977).

Fucose residues of the carbohydrate have been indicated as being essential for the
binding of lactoferrin to specific brush border membrane receptors (Davidson &
Lonnerdal, 1988) and to macrophages (Spik et al, 1985). These results, however, are in
disagreement with a study of defucosylated lactoferrin (Imber & Pizzo, 1983). The
carbohydrate of transferrin has been implicated in signalling the clearance of this protein
from plasma (Regoeczi et al, 1974). Similarly lactoferrin clearance by liver is reported to
be mediated by an interaction with a hepatocyte membrane protein sensitive to a fucosyl o-
1-3-N-acetyl glucosaminyl group of the glycan chain (Prieels et al, 1978), but this has
since been questioned (Imber & Pizzo, 1983).

One of the most extensively studied and widely accepted roles of lactoferrin is as an
antibacterial agent. It does appear that some of the antibacterial properties of lactoferrin
and other transferrins may result from actual contact with bacteria rather than a simple
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withholding of iron (Valenti ef af, 1987, Dalmastri e al, 1988). It is also known that a
peptide loop of 18 amino acids (20-37), derived from human lactoferrin, has potent
bactericidal properties which are independent of iron, but require contact with bacteria
(Bellamy er al, 1992). Such contact could be facilitated by the presence of the glycans on
native lactoferrin. [( 1s interesting to note that an examination of the potential glycosylation
sites shows that the glycosylation site at position 478 1s conserved in all lactoferrins but
absent in all transferrins (Table V.4, Fig. V.5 & Fig. V.6). This raises the speculation
that the conservation of glycosylation at this point indicates a possible importance of these
glycans in an interaction that is unique to the lactoferrins.

It will be of great interest to determine whether deglycosylated lactoferrin has any of
these activities, particularly in view of the recent founding of 2 company 1o produce and
market recombinant lactoferrin as an antibacterial agent. The recombinant lactoterrin,
produced in Aspergiilus, will have ditferent glycosylation from native human lactoferrin:
thus the role of the carbohydrate (if any) is not only of scientific, but also therapeutic and
commercial interest. The results presented here indicate that this recombinant lactoferrin is
likely to have the same overall three dimenstonal structure, the same thermal stability and
resistance o proteolysis, and the same properties of iron-binding and relcase.
Maintenance of these properties is essential it this lactoferrin is 10 act effectively as an

antibactenial agent.
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APPENDIX I. Residue properties of diferricdioxalatolactoferrin

Residue properties
Diferricdioxalatolactoferrin

a. Absolute deviation from mean Chi-1 value (excl. Pro)

= 50
2
{ =14
<
Q
410 15 20 25 30 35 40 45 50 55 60 65 70 75 80O 85 90 95 100
Residue number
o b. Absolute deviation from mean of omega torsion
> 20
; 164
E 12
£ s
= 65 70
Residue number
y c. C-alpha chirality: abs. deviation of zeta torsion
- S0
< 40
S 30
£ 20
s 104

) v T s : T 3 ot . % - 3 | 8 | x .<. 3
4 10 15 20 25 30 35 40 45 S0 55 60 65 70 75 80 85 90 95 100
Residue number

d. Max. deviation and Ramachandran plot region (see listing)

e. Sequence

RSVQWCAVSNPEATKCFQWQRNMRKVRGPPYSCIKRDSPIQCIQA I AENRADAVTLDGGE | YI‘.AG]_,\I’YKH'(l’V,\AliVYGTIEAOPRTlIYY»\VAV\'KPEGGS

f. Secondary structure

HO-ARARNARNANS— D> ANRN— O ARN— D> O— D ———>—

Key:-
«> Helix Ramachandran plot regions: Highlighted residues in top graphs
(> Beuastrand v Most favoured B Gencrous arc those that deviate by more

—— Random coil Allowed I Disallowed than 2.0 st. devs. from idcal
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APPENDIX I continued

Chi-1 abs. mean dev.

Omega abs. mean dev.

Zeta abs. mean dev.

Residue properties
Diferricdioxalatolactoferrin

a. Absolute deviation from mean Chi-1 value (excl. Pro)

Residue number

b. Absolute deviation from mean of omega torsion

Rg .\ldm numbL 5

c. C-alpha chirality: abs. deviation of zeta torsion

RLSldllL numbcr

d. Max. deviation and Ramachandran plot region (see listing)

e. Sequence

T — T v T + T v
FQLNELQGLKSCHTGLRRTAGWNVP IGTLRPFLNWTGPPEP IEAAVARFFSASCVPGADKGQFPNIL.CRLCAGTGENKCAFS SQEPYFS YSGAFKCLKDGA

f. Secondary structure

— OO ANRNES— AR No——Ay RNARNRNe—
Key:-

<« Helix Ramachandran plot regions: Highlighted residues in top graphs
> Betastrand v Most favoured & Generous arc thosc that deviate by more

—— Random coil B8 Allowed I Disallowed  .than 2.0 st. devs. from idcal




122

APPENDIX I continued

Chi-1 abs. mean dev.

Zcta abs. mean dev.

Omega abs. mean dev.

Residue properties
Diferricdioxalatolactoferrin

a. Absolute deviation from mean Chi-1 value (excl. Pro)

40

Residue numhu

b. Absolute deviation from mean of omega torsion

. F mﬁmf‘

5 23 235 23 “‘< 250 235 250 235 260 265 270 275 280 285 290 205 3¢

Residue number

c. C-alpha chirality: abs. deviation of zeta torsion

Residuc number

d. Max. deviation and Ramachandran plot region (see listing)

%@ 3 Som mpa Ry 8 ey # & " . R I L PRI % 2 s ey 4

i

e. Sequence

GDVAF IRESTVFEDLSDEAERDEYELLCPDNTRKPVDKFKDCHLARVPSHAVVARSVNGKEDA IW.\'Ll.ROA(;F,KFGKDKSI‘K)-‘QI.FGS PSGQKDLLFKDS

f. Secondary structure

T O RN R T O0— O A DT O0—— AR

Key:-

<~ Helix Ramachandran plot regions: Highlighted residues in top graphs
C—> Beustrand v Most favourcd Generous arc those that deviate by more

—— Random coil Allowed I Disallowed than 2.0 st. devs. from idcal
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APPENDIX I continued

Chi-1 abs. mean dev.

Omega abs. mean dev.

Zcta abs. mean dev.

Residue properties
Diferricdioxalatolactoferrin

a. Absolute deviation from mean Chi-1 value (excl. Pro)

5 350 335 360 365

Residue number

b. Absolute deviation from mean of omega torsion

b

304 310 315 320 325 330 335 3 () 115 350 355 360 365 370 375 380 385 390 395 400

Residue number

c. C-alpha chirality: abs. deviation of zeta torsion

) ﬂJ“\ 350 355 3

Residue number
d. Max. deviation and Ramachandran plot region (see listing)

----------------------

.......................

W_WWW T-WVVWWW mmwm—w

e. Sequence

T T 3 T ™ T T T b o
AIGFSRVPPRIDSGLYLGSGYFTAIQNLRKS EEEVAARRARVVWCAVGEQELRKCNQWSGLSEGSVTCSSASTTEDC I ALVLKGEADAMS LDGGYVYTAG

f. Secondary structure

AR RNF LT O~ ANARARP - ARNE— Ny

Key:-
<« Helix Ramachandran plot regions: Highlighted residucs in top graphs
> Belastrand v Mostfavoured B Generous are those that deviate by more

—— Random coil @ Allowed I Disallowed than 2.0 st. devs. from ideal
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APPENDIX I continued

Chi-1 abs. mean dev.

Zcla abs. mean dev.,

Omega abs. mean dev.

Residue properties
Diferricdioxalatolactoferrin

a. Absolute deviation from mean Chi-1 value (excl. Pro)

_- s 3 g s EE y R
04 410 415 40 435 430 435 430 455 430 4335 260 465 470 475 480 485 490 495 500
Residue number
b. Absolute deviation from mean of omega torsion
Lot et el x_e_mm?hnhm&ﬂ YA T

404 410 415 420 425 430 230 415 350 355 260 465 470 475 480 485 490 495 500
Residue number

c. C-alpha chirality: abs. deviation of zeta torsion

0+ : . : : .
.,04 41() 415 420 425 430 435 440 435 450 435 4(]() 465 470 4 \() 4\5 9() 495 500

Residue number

d. Max. deviation and Ramachandran plot region (see listing)

. ee

3

...............................

e. Sequence

KCGLVPVLAENYKSAQS SDPDPNCVDRPVEGYLAVAVVRRSDTS LTWNSVKGKK SCHTAVDRTAGWN | PMGLLENQT (15(.‘)(IY-'I)I:YF;QSCAPGSI)I’AS NL

f. Secondary structure

o1 L W > AN/ W
Key:-

> Helix Ramachandran plot regions: Highlighted residues in top graphs
> Betastrand v Mostfavoured B Generous arc thosc that deviate by more

—— Random coil Allowed I Disallowed than 2.0 st. devs. from idcal
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APPENDIX I continued

Chi-1 abs. mean dev.

Zcta abs. mean dev.

Omega abs. mean dev.

Residue properties
Diferricdioxalatolactoferrin

a. Absolute deviation from mean Chi-1 value (excl. Pro)

3 . L FEE B E Y EEELE
35 540 545 550 535 560 565 57() 5 i
Residue number

b. Absolute deviation from mean of omega torsion

Residue numbu

c. C-alpha chirality: abs. deviation of zeta torsion

Rcslduc number

d. Max. deviation and Ramachandran plot region (see listing)
1

+ + 1 +
. + i + +
3 4 W .o 5 + ke W oy be senge S  eae ver + v+ .
M Sesee sees o e 3e sesssssses seee meesesw__saveesssees .
x 5 o . g e s
VYVVV EEEV VYVVVEVSVVVYY VYV VYVVEVEEY VYVVEYVVVVVYVVE VYEVVVVYVVVVEVYVVYYVY SYVVYVVYVVEVYVY VYV YVYYYYY

e. Sequence

CALC1GDEQGENKCYPNSNERYYGYTGAFRCLAENAGDVAFVKDYTVLQNTDGNNNEAWAKDLKLADFALLCLDGKRKPVTEARS CHLAMAPNHAVYS RM

f. Secondary structure

\ BPRer— L ——— Rg—y T — D By—F L
Key:-

<«  Helix Ramachandran plot regions: Highlighted residues in top graphs
> Betastrand v Most favoured & Generous arc those that deviate by more

—— Random coil Allowed I Disallowed than 2.0 st. devs. from idcal
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APPENDIX 1 continued

Chi-1 abs. mean dev.

Omega abs. mean dev.

Zcta abs. mean dev.

Residue properties
Diferricdioxalatolactoferrin

a. Absolute deviation from mean Chi-1 value (excl. Pro)

65
Residue numbu

b. Absolute deviation from mean of omega torsion

RL sx(!m numbu

c. C-alpha chirality: abs. deviation of zeta torsion

20

e. Sequence

DKVERLKQVLLHQQAKFGRNGSDCPDKFCLFQSATKXLLFNISNT[iCLARLH(’JKTTYEKYLGI’QYVAGITNLKKCSTS PLLEACEFLI’(K

f. Secondary structure

O—— AP RAR—RAR

Key:-

<« Helix Ramachandran plot regions: Highlighted residues in top graphs
[—> Betastrand v Mostfavoured  § Generous arc those that deviate by more

—— Random coil 8 Allowed ] Disallowed than 2.0 st. devs. from idcal
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