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Three-dimensional structure analyses of lactoferrin
from several species — human, bovine, buffalo and
mare — in different forms such as differic, dicupric,
disamarium, oxalate-substituted diferric, oxalate-
substituted dicupric and apo-lactoferrin have re-
vealed various ways in which protein structure
adapts to different structural and functional states.
The lactoferrin molecule folds into two lobes, each of
which is further divided into two domains. The
metal-saturated form of lactoferrin adopts a closed
conformation in all the species whereas the metal-
free form (apo) of human lactoferrin has N-lobe in
open conformation and the C-lobe is in closed con-
formation while in mare lactoferrin, both N- and C-
lobes adopt closed conformations. On further exten-
sion to transferrins, in duck apo-ovotransferrin, both
lobes are found in open conformations. Comparison
of the differic, dicupric and disamarium lactoferrins
has shown that different metals can, through varia-

LACTOFERRIN 1s a monomeric, iron-binding 80 kDa gly-
coprotein. It belongs to-the family of transferrin pro-
teins. It serves to control iron levels in body fluids by
sequestering and solubilizing ferric iron'%. Its presence
in leucocytes’ and many exocrine secretions® (e.g. milk,
saliva, tears, mucosal and genital secretions) together

with its ability to bind to a wide variety of cells’ has
further been associated with other postulated functions®.
These include roles in the immune and inflammatory
responses>, as an antibacterial agent®, as a growth fac-
tor’ and as an antifungal agent’.

The molecular properties of lactoferrin are well es-
tablished, through a variety of chemical and physical
studies'®, amino acid sequence determinations’™'* and
high resolution X-ray crystallographic analyses of lac-
toferrin from various sources>* Our aim has been to
determine the molecular basis for the remarkable bind-

ing properties of lactoferrin, including (1) the extremely
tight (K = 10°°) but reversible binding of two ferric ions
per molecule, (2) the absolute requirement for a bound
anion (normally CO32') with each Fe’*, (3) the accep-
tance by lactoferrin of a wide variety of other metal ions
and anions in place of Fe’*and C0O,%*", (4) structural
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tions in metal positions, have different stereochemis-
tries and anion coordinations without significant
changes in protein structure. Substitutions of oxalate
for carbonate as seen in the structure of diferric di-
oxalate mare lactoferrin and in a hybrid dicupric
complex with oxalate in one site in human lactoferrin
show that larger anions can be accommeodated by
small side chain movements in the binding site. Lac-
toferrin also binds two molecules of melanin mono-
mer, indole-5,6-quinone specifically suggesting its
role in the mechanism of melanin polymerization.
The multidomain/multilobe nature of lactoferrin
also allows rigid body movements. Comparison of
human, mare, bovine and buffalo lactoferrins, rabbit
serum transferrin and duck ovotransferrin shows
that the relative orientations of the two lobes in
each molecule vary substantially. These variations
may contribute to differences in their binding prop-
erties.

comparison between iron-saturated and iron-free forms
of lactoferrins, (5) structural comparison of lactoferrins
containing different metal ions, (6) structural compari-
son of lactoferrins with different anions, (7) comparison
of lobe orientations in lactoferrins, (8) comparison of
interdomain orientations, (9) the characteristic differ-
ences between different lactoferrins and transferrins and
(10) the structural and functional similarities relating
lactoferrins (and related transferrins) to a group of pe-
riplasmic binding proteins involved in active transport
and chemotaxis>>~°,

In order to throw some light on the aspects mentioned
above, we describe the structures of lactoferrins, the
differences found in the structures of various forms of
lactoferrins and the relevance of these to the mecha-
nisms of binding and relcase. The structural compari-
sons with transferrins and periplasmic binding protcins
have also been presented briefly.

Experimental

Purification of lactoferrin

Lactoferrin is present in high concentrations in the ¢o-
lostrum of higher animals. Lactoferrin was purified from
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fresh colostrum using a locally modified procedure as
described carlier' . Diluted colostrum/milk was defatted
by skimming. Skimmed milk was diluted twice with
0.05 M tns-HCI, pH 8.0. CM-Sephadex C-50 was added
o 1t (7 ¢/1) and stuirred slowly by mechanical stirrer for
an hour. The gel was allowed to settle and the milk was
then decanted. The gel was washed with excess of
005 M tns-HCI, pH 8.0, packed in a column
(25 X 2.5 cm) and washed with the same buffer contain-
ing 0.1 M NaCt which facilitated removal of impurities.
Lactoferrin was then eluted with the same buffer con-
tarning .25 M NaCl. The protein solution was dialysed
against an excess of triple-distilled water. The protein
was again passed through CM-Sephadex C-50 column
(10 X 2.5 cm) pre-equilibrated with 0.05 M tris-HCl, pH
8.0 and eluted with a hinear gradient of 0.05 M-0.3 M
NaCl n the same buffer. Protein was concentrated by
Amicon ultrafiltration cell. The concentrated protein
was passed through Sephadex G-100 column
(100 x 2 cm) using 0.05 M tris-HCI buffer, pH 8.0. The
purity of lactoferrin was confirmed by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE)" (Figure 1).

Preparation of iron-saturated lactoferrin

FeCly; (2 mM) was prepared in 0.1 M NaHCO, -0.1 M
Na citrate pH 8.0. Native lactoferrin solution (1 mM)
was prepared 1n the same buffer. Equal volumes of the
Il mM protein solution and 2 mM FeCl; reagent were
equilibrated for 16 h at 25°C. Excess reagent was re-
moved by dialysis against water. A dark red-coloured
tron saturated lactoferrin was obtained.

Preparation of apo-lactoferrin

Iron was removed from purified lactoferrin using the
procedure described earlier'®. The purified iron-
saturated lactoferrin solution (1%) in 0.05 M tris-HCI
buffer at pH 8.0 was dialysed against excess of 0.1 M
citric acid with regular changes after every 6 h. Finally,
citric acid was removed by dialysis against excess of
distilled water with regular changes for 24 h at 4°C. A
colourless apoprotein was obtained.

Preparation of two equal monoferric molecular
halves

The enzyme proteinase K (E.C. 3.4.21.14) was used for
preparing the functional monoferric fragments of lac-
toferrin’’. The proteinase K was procured from Merck,
Darmstadt (Germany).

The purified samples of native lactoferrin were incu-
bated with proteinase K in 0.05 M tris-HCI/5 mM CacCl,
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Figure 1. Sodium dodecyl sulphate-polyacrylamide gel electropho-
resis (SDS-PAGE) of buffalo lactoferrin. Lane a: molecular weight
markers (Pharmacia): phosphorylase b (94 kDa), albumin (67 kDa),
ovalbumin (43 kDa), carbonic anhydrase (30 kDa) and a-lactalbumin
(14.4 kDa); lane b: purified lactoferrin (=80 kDa).

(pH 8.0). The enzyme to lactoferrin molar ratio was kept
at 1:235.

The hydrolysts profile of lactoferrin with proteinase K
was analysed by SDS-PAGE with 12.5% and 4% acry-
lamide 1n the resolving and stacking gels respectively
under reducing conditions (Figure 2)>".

Purtfication of N- and C-lobes of lactoferrin

The N- and C-lobes of lactoferrin were purified on a
cation exchanger, CM-Sephadex C-50 in 50 mM tris-
HCI, pH 8.0 using a salt gradient of 0-0.5 M NaCl*’.

Crystallization of lactoferrin

Crystals suitable for X-ray diffraction were obtained by
microdialysing the protein (protein concentration rang-
ing from 30 to 50 mg/ml) in 0.025 M tris-HCI against
the same buffer made as 10-19% (v/v) with ethanol at
pH 8.0-8.5 (refs 37, 40). Crystallization experiments
were carried out at 4°C and 30°C.

Sequence determination and analysis

2

1o i

. . .}
Sequences of human’, bovine'®, caprine'' and porcine
lactoferrins were reported in literature. Sequences of
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Figure 2. SDS-PAGE of buffalo lactoferrin after hydrolysis by
proteinase K. Lane a: molecular weight markers (Pharmacia): phos-

phorylase b (94 kDa), albumin (67 kDa), ovalbumin (43 kDa), car-
bonic anhydrase (30 kDa), trypsin inhibitor (20 kDa) and a-
lactalbumin (14.4 kDa); lane b: hydrolysed product of [actoferrin
with proteinase K.

buffalo and mare lactoferrins were determined in our
laboratory'*'*. Multiple sequence aligned using
CLUSTALW?*! program (Table 1) indicates a high se-
quence identity between buffalo, bovine and goat lac-
toferrins whereas human, mare and porcine lactoferrins
appeared to be distinct subclasses of lactoferrin family.
Comparison of amino acid sequences reveals that the
amino acids involved in binding of iron and anion are
conserved. Likewise all cysteinyl residues involved in
the formation of disulphide bridges are conserved in
these proteins. The buffalo lactoferrin has two addi-
tional cysteine residues at positions 160 and 183. Unlike
ligand-binding sites, the structures of glycans, their
number and positions are variable and are not well char-
acterized in lactoferrins. The glycan content greatly
varies according to species with porcine having the low-
est at 3% while bovine and goat have the highest at 11%

(Table 2).

Structure analysis

We have determined crystal structures of different forms
of lactoferrins from various species. The structure of
diferric mare lactoferrin (MFelLF) was analysed at 2.6 A
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resolution” and that of mare apo-lactoferrin (MALF)
was determined at 3.8 A resolution'®. Crystal structures
of diferric dioxalate mare lactoferrin (MFeoxLF)'’, dis-
amarium mare lactoferrin (MSmLF)'%, dimanganese
mare lactoferrin (MMnLF)'? were solved at 29 A, 2.7 A
and 3.4 A respectively. The structure of a new form of
lactoferrin (M1FeLF) was also determined at 3.3 A
resolution®®. A complex of mare lactoferrin with one of
the stable monomers of melanin, indole-5,6-quinone
(IDQ) (MIDQLF) was analysed at 2.7 A resolution?'.
The structure of diferric buffalo lactoferrin was deter-

mined using crystals grown at 4°C and 30°C using the
data sets at 3.3 A (BLF1)** and 2.5 A (BLF2)? resolu-
tions respectively. The structure of a complex formed
between a digested lactoferrin fragment and proteinase
K (BPKLF)® was solved at 2.4 A resolution. The three-
dimensional structures of human diferric lactoferrin
(HFLF)**%, apo-lactoferrin (HALF)*°, dicupric lac-
toferrin (HCuLF)*, dicupric dioxalate lactoferrin
(HCuoxLF)*®, hybrid oxalate—carbonate complex of
dicupric lactoferrin (HFeoxLF)*’ and bovine diferric
lactoferrin (CLF)*® have also been reported. The crystal
structures of rabbit serum transferrin (RST)', hen ovo-
transferrin (HOT)** and duck ovotransferrin (DOT)33
and duck apo-ovotransferrin (DAOT)** are also avail-

able. The current state of structures of proteins of trans-
ferrin family i1s summarized in Table 3.

Results and discussion

These structures provide detailed information about
metal-binding environment, the anion requirement, the
conformations of protein in iron-bound state, in the iron-
free (apo) native state and in the complexed state with
molecules other than metal 1ons and anions. The mole-
cule is folded into two globular lobes, the N-lobe, com-
prising N-terminal half of the chain and the C-lobe
comprising C-terminal half of the polypeptide chain
(Figure 3). Each lobe is further subdivided into two do-
mains (N1 and N2; Cl and C2). In each lobe, tron-
binding site lies between two domains. The N- and C-
Jobes are linked to each other by a connecting three-turn
a-helix consisting of 10-12 residucs. This appears to be
onc of the distinguishing features between lactoferrins
and transfcrrins; the latter contain several prolines in the
interlobe-connecting peptides and the conformations are
non-helical (Figure 4).

The two iron-binding sites are extremely similar, The
mctal is coordinated to four protein side chains, t.e. 2
Tyr, | Asp and | His. Two oxygens from the bidendate
carbonate ion complete the distorted octahedral geome-
try around the metal ion. As well as providing two h-
gands to the iron atom, the carbonate ion occupics a
pocket formed by two positively-charged groups, an
arginine side chain and the N-terminus of helix 5 mak-
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