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We previously reported the production of limited quantities of biologically active recombinant human
lactoferrin in the filamentous fungus, Aspergillus oryzae. In the present study, we report a modification
of this production system combined with a classical strain improvement program that has enabled pro-
duction of levels of recombinant human lactoferrin in excess of 2 g/l. The protein was expressed in
Aspergillus awamori as a glucoamylase fusion polypeptide which was secreted into the growth medium
and processed to mature human lactoferrin by an endogenous KEX-2 peptidase. The recombinant pro-
tein retains full biological activity in terms of its ability to bind iron and human enterocyte receptors.
Furthermore, the recombinant protein functions as a potent broad spectrum antimicrobial protein.
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uman lactoferrin is a member of the transferrin fam-
ily of iron-binding glycoproteins. Lactoferrin is the
second most abundant protein in human milk
(1 gram/1)"? and also is found at lower levels in other
external secretions such as tears, nasal secretions,
saliva, intestinal mucus’, and genital secretions*’
where it is involved in the primary host defense sys-
tem at the mucosal surface. Lactoferrin also is produced by the
secondary granules of polymorphonuclear neutrophils®. The
three dimensional structure of lactoferrin has been resolved by
X-ray crystallographic analysis’®. The protein is folded into
two repeated globular domains with each domain having the
capacity to bind tightly, but reversibly, one ferric ion with the
concomitant binding of an anion such as carbonate.

Lactoferrin is clearly a multi-functional protein to which
several physiological functions have been described”'. The
ability of lactoferrin to protect against microbial infection by a
broad spectrum of bacteria is supported by both in vitro''? and
in vivo evidence'*', Three different mechanisms, involving at
least two separate domains of the protein, contribute to the anti-
microbial function of lactoferrin. The first mechanism is a bac-
teriostatic effect related to a high iron-binding affinity that
deprives bacteria of this essential growth nutrient"*"".The sec-
ond antimicrobial function is a direct bactericidal activity'® and
is provided by a highly cationic bactericidal domain located at
the N-terminus of the protein, in a region distinct from the iron-
binding sites'®. This bactericidal domain increases bacterial
membrane permeability and causes the release of lipopoly-
saccharide from the outer membrane of Gram negative bacte-
ria®*. In addition to its bacteriostatic and bactericidal
activities, lactoferrin released from activated neutrophils may
also exert antimicrobial activity through regulation of systemic
immune responses. High affinity lactoferrin receptors have
been identified on cell types including lymphocytes*, mono-
cytes®, macrophages®, and platelets®. The exact molecular
mechanism by which lactoferrin influences systemic immune
responses remains to be elucidated but has been reported to
involve regulation of cytokine release®?.

Lactoferrin may also have an important role in the regula-
tion of iron uptake in the gastrointestinal tract. This is sug-
gested by the discovery that lactoferrin, but not transferrin,
could donate its bound iron to human duodenal cells®. More
recently, specific enterocyte receptors for lactoferrin have been
identified and partially purified from a number of species
[reviewed in ref. 10]. However, the molecular mechanism of
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uptake of lactoferrin and its bound iron remains to be eluci-
dated. Given the high affinity of lactoferrin for iron and its abil-
ity to retain bound iron over a broad pH range, the protein may
also be involved in the sequestration and detoxification of free
iron in the gastrointestinal tract.

The potential nutritional and therapeutic applications of
human lactoferrin have not been exploited to date due to the
lack of an efficient and cost effective method for production of
sufficient quantities of functional lactoferrin for commercial
use. We previously have described the production of human
lactoferrin in A. nidulans® and A. oryzae®. While these systems
were used to produce moderate levels of intact, biologically
active human lactoferrin, attempts to scale up production in
A. oryzae have been largely unsuccessful. The successful large
scale production of several recombinant proteins in alternative
Aspergillus species, namely A. niger and A. awamori, has been
reported®'*. In the reported production of two mammalian pro-
teins, significant improvements in yield were achieved when
the heterologous protein was expressed as a chimera fused to
genomic sequences encoding the complete or partial coding
region of a highly expressed endogenous gene such as glu-
coamylase®*. The insertion of a natural protease cleavage site,
such as KEX-2, between the glucoamylase and heterologous
cDNAs, allows the efficient processing of the resultant
chimeric protein®.

‘We now report the production of recombinant human lacto-
ferrin in A. awamori by expressing the protein as a chimera
with the N-terminus of the A. awamori glucoamylase gene
under the control of the A. awamori glucoamylase promoter.
This approach, combined with a classical strain improvement
and screening for high lactoferrin titer transformants, has
yielded elevated levels of intact, biologically active recombi-
nant lactoferrin.

Results

Expression and purification of recombinant lactoferrin
from A. awamori transformants. Aspergillus awamori
(ATCC 22342) transformants containing integrated lactoferrin
expression plasmid, pPLF-19, were cultured as described in
the Experimental Protocol and the culture medium was
screened for lactoferrin using an ELISA assay*. Transformants
yielding >250 mg/1 of lactoferrin were selected for mutagen-
esis and strain improvement. To date, initial rounds of mutage-
nesis have resulted in the generation of transformants secreting
in excess of 2 g/l of intact recombinant lactoferrin into the



@ © 1995 Nature Publishing Group http://www.nature.com/naturebiotechnology

A Native Recombinant
- 4+ + Molar Ratio (%):

Lih GalNAc 0.0 0.0
97—~ Mannose 229 87.7
. W Fucose 141 0.0
. Glucose N/A N/A
Galactose 19.0 0.0
in GlcNAc 32.8 123
NANA 11.2 0.0
NGNA 0.0 0.0

FIGURE 1. Glycosylation analysis of recombinant lactoferrin.
Panel A. Western analysis of glycosylated and deglycosylated
native and recombinant human lactoferrin. The first two
columns contain native breast milk lactoferrin (nLF; 1 pg) undi-
gested (-) and digested (+) with N-glycosidase F. The last two
columns contain purified recombinant human lactoferrin (rLF)
(1 ng) undigested (-) and digested (+) with N-glycosidase F.
Panel B. Monosaccharide analysis of native and recombinant
lactoferrin. Three separate hydrolysis reactions were per-
formed on the native and recombinant human lactoferrin to
determine amine, neutral and sialic acid monosaccharides
(GLYKO, Novato CA).

A. awamori growth medium. Lactoferrin was purified to homo-
geneity from the growth medium of high titer transformants
using CM-Sepharose as previously described®. The efficiency
of recovery, using this one step ion-exchange chromatography
procedure, was >85%.

Characterization of recombinant human lactoferrin.
N-terminal sequence and glycosylation analysis. Lactoferrin
was expressed in A. awamori as a fusion protein separated by
a KEX-2 cleavage site from the catalytic and hinge region of
the A. awamori glucoamylase gene. To determine if lactoferrin
was correctly processed at the N-terminus, the first 11 N-ter-
minal amino acids of the purified protein were sequenced using
the automated Edman degradation procedure. The results of
this analysis demonstrated that the sequence of the recombi-
nant protein is identical to the corresponding amino acids in
human breast milk lactoferrin and that the recombinant protein
was correctly processed at the KEX-2 proteolytic cleavage site
(results not shown). In addition, western immunoblot analysis,
using a specific polyclonal IgG directed against human lacto-
ferrin, detected a single 78 kDa protein in the culture medium
of A. awamori transformants corresponding to the size of cor-
rectly processed lactoferrin. This further indicates that com-
plete cleavage of lactoferrin from the lactoferrin/glucoamylase
fusion protein has occurred (results not shown).
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FIGURE 2. iron-binding to recombinant lactoferrin. Panel A.
Iron saturation of native and recombinant human lactoferrin.
Native (nLF) and recombinant (rLF) human lactoferrin (500 pg)
were incubated with increasing concentrations of *Fe for 30
minutes at 22°C. Free *Fe was removed by passage of the
samples over a NAP-10 column. *Fe bound lactoferrin was
quantified by liquid scintillation counting. Panel B. pH depen-

Human breast milk lactoferrin is a glycoprotein containing
~5% carbohydrate of the N-acetyllactamine type, which are
attached through glycosidic linkages at two sites on the pro-
tein”. To determine if the nature of the carbohydrate-protein
linkage and the extent of glycosylation are similar in the
recombinant protein, native human breast milk lactoferrin and
recombinant human lactoferrin were digested with N-glycosi-
dase F, and analyzed by western immunoblotting using a spe-
cific polyclonal IgG directed against human lactoferrin. The
results of this analysis are outlined in Figure 1 (A). Both native
and recombinant human lactoferrin comigrate on the SDS-
PAGE gel suggesting that the extent of glycosylation is similar
for both proteins (lanes 1 and 3). Furthermore, digestion with
N-glycosidase F altered the mobility of both proteins to the
same degree (lanes 2 and 4) indicating that the attached carbo-
hydrate is similarly N-linked to the protein. Analysis of the car-
bohydrate composition demonstrates that while the extent of
glycosylation is similar for both proteins, there are differences
in the monosaccharides released from recombinant lactoferrin
and human lactoferrin isolated from human milk {Fig. 1 (B)].
The recombinant protein clearly contains high mannose type
N-linked oligosaccharides and may display a simpler carbohy-
drate structure in contrast to the complex carbohydrate struc-
ture of human breast milk lactoferrin.

Iron-saturation and pH stability of iron-binding to native
and recombinant lactoferrin. Lactoferrin is an iron-binding
glycoprotein with the capacity to bind two moles of iron per
mole of lactoferrin’. To determine if the binding of iron by
recombinant lactoferrin was saturable and similar to that of
human milk lactoferrin, an iron-saturation assay using *FeCl,
was performed. The results of this analysis are outlined in
Figure 2 (A). Both proteins bound *Fe with similar capacity
and binding of iron was saturable at a 2:1 molar ratio of iron to
lactoferrin as expected for the intact protein. Typically,
saturation levels are reached at 92.5% of maximal binding.
This is indicative of initial 7.5% iron remaining bound to the
lactoferrin in the apolactoferrin preparation used for analysis.
A key feature of the iron binding activity of lactoferrin that is
different from other transferrins is its ability to retain bound
iron over a broad pH range. To compare the pH stability of iron-
binding by native and recombinant lactoferrin, both proteins
were saturated with *Fe and dialyzed against buffers ranging
in pH from 7-2. *Fe remaining bound to lactoferrin after dial-
ysis was quantified using liquid scintillation counting. This
analysis demonstrated identical pH dependent iron release pro-
files for both proteins [Fig. 2 (B)]. Both the native and recom-
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dent release of *Fe from native and recombinant human lacto-
ferrin. *Fe saturated native (nLF) and recombinant (rLF)
human lactoferrin (200 j.g) were dialyzed against buffers rang-
ing from pH 7-2 for 48 hours at 4°C. ®*Fe remaining bound to
lactoferrin samples after dialysis was quantified by liquid scin-
tillation counting.
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binant proteins retained most (>80%) of the iron over a pH
range of 7-4 and released the iron between pH 4 and 2.

Binding of recombinant lactoferrin to human enterocyte
receptors. Lactoferrin receptors have been identified on several
cell types including human enterocytes'. The human colon car-
cinoma cell line, Caco-2, spontaneously differentiates into ente-
rocyte-like cells upon formation of confluent monolayers®. To
determine if the recombinant protein was capable of binding
lactoferrin receptors on Caco-2 cells, a receptor binding assay,
using biotinylated iron-saturated recombinant human lactofer-
rin, was performed. The results of this analysis are summarized
in Figure 3 (A). The binding of biotinylated recombinant lacto-
ferrin to Caco-2 cell membranes was spe-cific and saturable.
Non-specific binding, determined using a 20-fold excess of unla-
beled recombinant lactoferrin, was low, representing less than
5% of the specific binding component. Scatchard plot analysis®
of the specific binding data revealed a dissociation constant (Kd)
of ~1.8X107" M with 7.5X10" binding sites/mg of membrane
protein [Fig. 3 (A) inset]. The Kd is similar to that previously
reported for human milk lactoferrin'.

The relative binding affinities of iron-saturated recombi-
nant and natural lactoferrin were compared using competitive
binding studies®. Biotinylated iron-saturated recombinant
lactoferrin (0.4 pM) was incubated with 0-50-fold molar
excess of unlabeled iron-saturated recombinant or natural
lactoferrin or human transferrin. Both lactoferrin preparations
displayed similar ability to displace binding of biotinylated
recombinant lactoferrin to Caco-2 cell membranes at all con-
centrations tested [Fig. 3 (B)]. In contrast, iron-saturated
human transferrin, a member of the same family of iron-bind-
ing glycoproteins sharing a 60% homology with lactoferrin®,
was unable to displace binding of labeled lactoferrin.

Lactoferrin functions as a potent natural antibiotic. Lacto-
ferrin has previously been shown to inhibit the growth of Gram
negative and Gram positive bacteria''*'**. Furthermore, a
prophylactic effect by lactoferrin has been observed in mice
which were injected with lethal doses of E. coli*. To determine
if recombinant lactoferrin displayed similar antimicrobial
action in vivo, mice were injected intraperitoneally (i.p.) with
alethal dose of E. coli 078:H11 with or without prior adminis-
tration of recombinant iron-free lactoferrin (200 pg-1 mg).
The results outlined in Table 1 demonstrate that recombinant
lactoferrin decreased the mortality rate of mice from 43% to
0% thus, exerting a similar prophylactic antimicrobial activity
in vivo to native lactoferrin’.

To establish the spectrum of antimicrobial activity of
recombinant lactoferrin, an in vitro microbroth dilution assay
was performed. Clinical isolates (72), derived from 16 differ-
ent strains of bacteria, were incubated in the presence or
absence of iron-free recombinant lactoferrin (64-4,096
p.g/ml). The samples were incubated at 35°C for 20 hours. The
results of this analysis are outlined in Table 2. Recombinant
lactoferrin inhibited the growth of 66 of the 72 isolates. The
effective minimal inhibitory concentration (MIC) of recombi-
nant lactoferrin is in the wM range and corresponds to
256-1,024 p.g/ml of the protein. Hence, recombinant lactofer-
rin functions as a potent broad spectrum antimicrobial protein
in this in vitro assay system.

Discussion

The studies described herein demonstrate the feasibility
of low-cost production of sufficient quantities of human
lactoferin for a variety of nutritional and therapeutic applica-
tions. The recombinant protein is biologically active as shown
by three key criteria: iron and human enterocyte receptor bind-
ing and antimicrobial activities. Our studies demonstrate that
recombinant lactoferrin is a potent antimirobial factor in vitro
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FIGURE 3. Binding of recombinant human {actoferrin (rLF) to
human enterocyte cells. Panel A. Specific and saturable bind-
ing of biotin rLF to Caco-2 cell membranes. Iron saturated
biotinylated rLF (0.05-5 pM) was incubated with solubilized
Caco-2 membranes (200 ng) In the presence or absence of a
20-fold molar excess of uniabeled ligand. The assay was car-
ried out for 4 hours at 4°C. Binding of biotinylated rLF to the
Caco-2 membranes was determined using a Biotin/Avidin
microtiter assay. The inset shows a Scatchard analysis of the
specific binding data. Panel B. Competition of iron saturated
biotinylated recombinant human lactoferrin {rL.F) binding to
Caco-2 cell membranes. Iron saturated biotinylated rLF
(0.4 pM) was incubated with Caco-2 membranes (200ng) Iin the
presence or absence of increasing molar excess concentra-
tions of unlabeled iron-saturated rLF, native human lactoferrin
(nLF) or human transferrin (nTF) for 4 hours at 4°C. Inhibition
of biotinylated rLF binding to Caco-2 membranes was deter-
mined using a Biotin/Avidin microtiter assay.

TABLE 1. Antimicrobial action of recombinant human lactofer-
rin /n vivo. ICR female mice (8—10 wks) were injected intraperi-
toneally with either recombinant apolactoferrin or BSA. After
a period of 10 hours, they were injected with 2x10° cells of
E. coli 078:H11. The mortality rate was monitored for 48 hours
after the bacterial challenge.

Mortality Treatment No. Injected
BSA (Img) & 35 15

E. coli 078:H11

LF (Img) & 36 0

E. coli 078:H11

LF (200pg) & 15 0

E. coli 078:H11

and in vivo and can inhibit the growth of a broad range of
bacteria. The iron sequestration, bacteridical, and immune
regulatory functions are likely to contribute to a synergistic anti-
microbial response that is unique to lactoferrin and may account
for the broad spectrum of antibiotic activity of this protein.
Lactoferrin is a glycosylated protein®’. While the core link-
age and extent of glycosylation of the recombinant protein
is similar to human breast milk lactoferrin, differences in spe-
cific carbohydrate residues between the two proteins were
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observed. These differences do not affect the functional activ-
ity of the protein, an observation that is consistent with
previous reports demonstrating a lack of contribution of carbo-
hydrate to the functional activity of the protein®#. While altered
carbohydrate does raise a potential for immunogenicity of
recombinant glycoproteins in human biological fluids, in the
case of lactoferrin, it has been demonstrated that heterogeneity
exists in the carbohydrate attached to lactoferrin isolated from
different species and from different tissues within a species™*.
For example, bovine lactoferrin contains additional glycans
of the oligomannosidic type not contained in human breast
milk lactoferrin but similar to that observed in recombinant
lactoferrin. Furthermore, there is evidence that human lacto-
ferrin is glycosylated in a tissue specific manner®, Since
carbohydrate does not appear to affect the biological activity
of lactoferrin, it is likely that differential glycosylation may
contribute to the stability and half-life of the protein in certain
biological fluids.

Significant improvements in yields of lactoferrin have been
achieved by expressing the protein in A. awamori as a chimera
with a fragment of the highly expressed A. awamori glucoamy-
lase gene. These increases in production may be due, at least in
part, to the specific strain utilized and to enhanced translation,
stability and secretion of the chimeric protein. Comparable
increases in the levels of two other mammalian proteins have
been achieved using a generally similar approach. Bovine chy-
mosin was secreted at high levels in A. awamori by fusing the
precursor prochymosin cDNA with the complete gene encod-
ing the A. awamori glucoamylase gene®. Using a modification
of this approach, improvements in secretion of human
lysozyme (>1 gram/liter) in A. niger have been achieved by
expressing the cDNA as a fusion with the N-terminal domain
(498 amino acids) encoding the catalytic and hinge region of
the A. niger glucoamylase gene*. However, expression levels
of recombinant proteins have been variable and greatly influ-
enced by the specific characteristics and complexity of the het-
erologous protein as well as the specific strain in which the
cDNA is expressed**. Lactoferrin is a large (78 kDa) mam-
malian glycoprotein whose complexity is approximately two-
fold greater than previously expressed mammalian proteins in
these systems. In this case, the improved levels of expression
of lactoferrin are likely due to a combination of a chimeric
approach and expression in the A. awamori strain.

To date, the modified expression system, combined with
limited mutagenesis, has resulted in increases in lactoferrin
from ~20 mg/l to >2 g/l. Improvement of lactoferrin produc-

Table 2. Spectrum of antimicrobial activity of lactoferrin in
vitro. A standard inoculum of bacteria (1x10° CFU/ml) was
incubated in the presence or absence of increasing concen-
trations of recombinant apolactoferrin. After 20 hour incuba-
tions, MIC determinations were made using the microdilution
procedure.

Species

No. of Isolates No, Inhibited MIC (uM)

Escherichia coli 14 14 3.28-6.56
Saimonella enteriditis 6 6 13.13
Shigella dysenteriae 3 3 1.64-6.56
Shigella sonnei 3 3 6.56-13.13
Serratia marcescens 6 3 13.13
Enterobacter cloacae 6 5 6.56-13.13
Klebsiella pneumoniae 6 4 13.13
Pseudomonas aeruginosa 6 6 6.56
Meth R Straphylococcus aureus 6 6 3.28-6.56
Staphylococcus aureus BL Neg 3 3 3.28
Staphylococcus aureus BL + 3 3 83.28
Enterococcus faecalis 6 6 6.56
QC Escherichia coli 1 1 6.56
QC Staphylococcus aureus 1 1 6.56
QC Enterococcus faecalis 1 1 6.56
QC Pseudomonas aeruginosa 1 1 6.56

ing strains and optimization of production levels are expected
to yield levels of lactoferrin in the 10-20 g/l range corre-
sponding to production costs of ~5-10 cents per gram.

The broad spectrum antimicrobial properties of lactoferrin
highlight the potential application of this protein as an enteral
and parenteral antimicrobial factor. This recombinant lactofer-
rin production system provides, for the first time, an adequate
source of human lactoferrin to examine the antimicrobial,
therapeutic, and nutritional benefits of this protein.

Experimental Protocol
onstruction of the A. awamori expression plasmid. The expression
plasmid pPLF-19 was utilized for the production of recombinant lactofer-
rin in A. awamori. A 2.1 kb human lactoferrin fragment (nucleotide 1-
2141), with NgoMI/EcoRI ends, was obtained by polymerase chain
reaction (PCR) amplification of pGEMhLFc plasmid DNA*. The oligonu-
cleotide primers were as follows: 5’ end oligonucleotide; 5" GGGGTA-
CCGCGCCGGCCGTAGGAGAAGGAGTCT3'. 3’ end oligonucleotide;
5" GAGGAATTCACAGGCTTCCAGGAG 3'. The amplified DNA was
digested with NgoMI and EcoRI and was subcloned into Pucl9 (New
England Biolabs, Beverly, MA) generating pPLF-7. A 2.1 kb glucoamy-
lase fragment encoding the promoter (1.1 kb), signal sequence and first 498
amino acids of the A. awamori glucoamylase gene was obtained by poly-
merase chain reaction (PCR) amplification of A. awamori genomic DNA
(ATCC 22342). The oligonucleotide primers were as follows; 5’ end
oligonucleotide; S’ TATGCAGAGGAGCTCTCCCCTGAC 3’ (ATCC
10864; GenBank Accession # X56442) 3’ end oligonucleotide; 5’
GCGCTTGGAAATCACATTCTTGCTGGTCGAGGTCACGCT 3’ (ref.
46). The 3’ end oligonucleotide was engineered to incorporate an 18 bp
oligonucleotide at the 3’ end encoding a hexapeptide (Asn-Val-Ile-Ser-
Lys-Arg) which contains a KEX-2 proteolytic cleavage site. The amplified
DNA was repaired using the Klenow fragment of DNA polymerase I and
subcloned into pPLF-7 which was digested with NgoM]I, repaired with
dCTP using the Klenow fragment of DNA polymerase I followed by Mung
Bean nuclease digestion. The correct orientation containing the hexapep-
tide/lactoferrin fusion was verified by sequencing through the construction
junction. Synthetic oligonucleotides were used to provide the last five car-
boxyl-terminal codons of lactoferrin (nt 2138-2153) and also to provide the
first 160 bp of 3’ untransiated sequences from the A. niger glucoamylase
gene”. The resulting plasmid, pPLF-18, was digested with Hind III and lig-
ated with a 2.3 kb Hind III fragment encoding the phleomycin resistance
marker (Streptoalloteichus hindustanus ble gene) under the control of the
A. niger tubulin promoter®. All PCR amplified products and construction
junctions were sequenced using the commercially available sequenase ver-
sion 2.0 kit (United States Biochemical Corp., Cleveland, OH).

Aspergiltus strain, transformation procedures and cuiture condi-
tions. Aspergillus awamori was obtained from the American Type Tissue
Collection (ATCC 22342). Complete Media (CM) for A. awamori trans-
formations is composed of 50 ml of 20X Clutterbuck’s salts (120 g
Na,NO,, 10.4 g KCl, 10.4 g MgSO,*7H,0, 30.4 g KH,PO,), 2.0 ml Vogel’s
Trace Elements (per liter: 0.3 M citric acid, 0.2 M ZnSO,, 25 mM
Fe[NH,},{SO,].6H,0, 10 mM CuSO,, 3 mM SO,, 8 mM boric acid, 2 mM
Na,MoO,2H,0), 5.0 g tryptone, 5.0 yeast extract, 10 g glucose. Agar
(1.5%) was added for CM slants. PDA slants contained 39 g/I. Potato
Dextrose Agar (Difco, Detroit MI), 10.0 g/l. glucose, 10.0 g/L. agar,
0.1 g/ MgSO,7H,0, 0.12 g/L KH,PO,, 0.25 g/L. (NH,), HPO..
Aspergillus awamori strain ATCC 22342 was spheroplasted and
transformed by a procedural modification of Tilburn et al®. Conidia
(2X 10 /ml) were inoculated into CM media (50 ml) and grown for
22 hours at 30°C, 200 rpm. Mycelia were harvested by filtration through
cheesecloth and added to 50 mls of KCM buffer® with 5 mg/ml of
Novozyme 234 (Novo Biolabs, Bagsvaerd, Denmark) and incubated at
30°C, 90 rpm overnight for spheroplast generation. Undigested mycelia
were removed by filtration using Miracloth and spheroplasts were
harvested by centrifugation at 1800 rpm for 10 minutes in a bench-top cen-
trifuge. The pellets were gently washed twice in KCM buffer and then
resuspended in KCMC (KCM + 50 mM CaCl,) buffer to a final density of
5X 10" cells/ml. Five pg of pPLF-19 plasmid DNA in 20 1 TE buffer (10
mM Tris-HCl, imM EDTA, pH 8.0) was added to 200 p.l of spheroplasts
and 50 pl of PCM* was gently pipetted into the DNA-spheroplast mixture
and incubated on ice for 30 minutes. One ml of freshly made PCM was
added to the transformation mix which was added to 50 mls of regenera-
tion agar (CM + 1.3 M Mannitol, 3% agar). The mixture was cooled to
50°C and divided into five petri plates. Spheroplasts were allowed to
regenerate for 3 to 5 hours at 30°C before overlaying with an equal amount
of OL + 120 ug/mi phleomycin [OL: 1% peptone, 1% agar; phleomycin
(CAYLA; Toulouse, FR)]. Putative transformants were transferred to PDA
slants containing 125-150 pg/mi phieomycin. A. awamori transformants
were screened for lactoferrin production in shake flasks. Conidia
{1X10%/ml) were incubated into 30 mis of CSM medium in 250 ml flasks®™.
The cultures were grown at 30°C for 6 days after which the media was har-
vested by filtration using Miracloth (Calbiochem, San Diego, CA).
Lactoferrin titers were determined using an ELISA assay®.

Mutagenesis and screening. A combination of random and rational
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selection strategies that target®d carbon flux towards lactoferrin production
was utilized in the mutagenesis and screening program. Five rounds of
mutagenesis were performed on A. awamori transformants producing
recombinant lactoferrin at >250 mg/l. Mutagenesis consisted of two
rounds of U.V. mutagenesis [1100 microwatts per square centimeter U.V.
(short wave) intensity for 180 seconds] followed by four rounds of chem-
ical mutagenesis using either 4-nitroquinoline-N-oxide (NQO) (1X1(¢
spores/ml, 2 pg/ml NQO, pH 7.5 for 1 hour at 37°C) or Nitrous acid (NA)
(1X10° spores/mi, 0.5M NA pH 4.5 for 30 minutes). After U.V. mutagen-
esis colonies were selected randomly or compact colonies were selected
for glucose derepression using 2-deoxyglucose™. After NQO mutagenesis
(2 rounds) colonies were selected which gave a small clear zone on YAGD
(yeast extract, 5g/l; glucose 10g/l; trace elements, 1ml/l; vitamin mix,
2ml/1; IM MgSO,*7H,0, 10 ml/l; 2-6 Dichloro-4-nitroaniline, .0004%:;
Agar, 20g/l) containing CaCo3 (0.5%) followed by selection of small
colonies on YAGD medium containing 4-7% trisodium citrate. For nitrous
acid mutagenesis, (1 round) colonies were selected randomly. 1,000
mutants were screened for tactoferrin production per round of mutageneis
based on random selection. The mutants were cultured in CSM medium as
described above. After 6 days, the culture medium was harvested and lacto-
ferrin titers were assayed by ELISA%.

Monosaccharide analysis. The monosaccharides attached to recom-
binant and native human breast milk lactoferrin were analyzed using
Fluorophore Assisted Carbohydrate Electrophoresis (FACE) technology
(Glyko, Novato, CA). Three separate hydrolysis reactions (Amino sugar,
neutral sugar and sialic acid) were performed on the lactoferrin samples
(10 pg for each reaction). Amino sugar hydrolysis was carried out using
4N HCI for 3 hours at 100°C. The sample was dried and then re-N-acety-
lated using 100 mM ammonium carbonate, pH 9.6 (10 1) and acetic anhy-
dride (1 pl). The sample was incubated on ice for 20 minutes. Neutral sugar
hydrolysis was carried out using 2N TFA for 5 hours at 100°C. Sialic acid
hydrolysis was carried out using TFA (0.1N) for 1 hour at 80°C. The three
hydrolysis reactions were dried using a speed vacuum (no heat). The label-
ing reaction was carried out using .3M aminoacridone in DMSO (2.5 pl)
and 1 M BH3CN (5 ul).

Preparation of apo and iron-saturated lactoferrin. To generate apo-
lactoferrin, purified recombinant lactoferrin and human breast milk lacto-
ferrin were dialyzed against 0.1 M citric acid, pH 2.0, followed by
extensive dialysis against H,O. The pH of the solution was slowly raised
to pH 7.6 using 5 mM sodium phosphate®'. To generate iron saturated lacto-
ferrin, a two fold molar excess of FeCl,:¥FeCl,:NTA (400:1:8) was added
to lactoferrin (500 pg) in binding buffer (0.025M Tris, pH 7.8; 0.01 M
sodium bicarbonate; 0.1 M NaCl). Samples were incubated at 22°C for 30
minutes. Free iron and NTA were removed by passage over a NAP-10 col-
umn (Pharmacia) which had been equilibrated with 15 ml of binding
buffer. The amount of iron bound to lactoferrin was quantified using liquid
scintillation counting.

pH stability of iron-binding. To determine the pH stability of iron-
binding to native and recombinant lactoferrin, the *Fe-saturated proteins
(500 pg) were dialyzed against buffers ranging from pH 7.0 to pH 2.0 for
48 hours at 4°C*. Iron-bound to the lactoferrin samples after dialysis was
quantified using liquid scintillation counting.

Tissue culture. Human colon carcinoma Caco-2 cells (ATCC HTB37)
were used between passages 50 and 85. Cells were routinely cultured in
Dulbecco’s modified Eagle media (DMEM) (Gibco, Grand Island N.Y)
supplemented with 10% fetal bovine serum and containing penicillin
(100 U/ml) and streptomycin (100 pg/ml) at 37°C and 10% CO,. Differen-
tiated Caco-2 cells were obtained by culturing the cells for 10-12 days post
confluency on 100 mM plastic tissue culture dishes (2X 10° cells/plate).

Receptor binding assay. Receptor binding assays were performed
essentially as described by Rejman et al®. All procedures were performed
at 4°C unless otherwise stated. Differentiated Caco-2 cells (>>14 days old)
were harvested from tissue culture plates using 1 X PBS, pH 7.4. Cells
were harvested by centrifugation at 1000 X g for 10 minutes. The cells
were resuspended in membrane buffer (MB) (25 mM Tris-Cl, 1 mM CaCl,,
1 mM MgCl,, 0.02%, Na azide, pH 7.2) supplemented with 0.25 M
sucrose. Crude membrane preparations were obtained by sonication of the
solubilized Caco-2 cells (2 X 1 minute bursts) followed by centrifugation
at 30,000 X g for 30 minutes. The membranes were washed twice in MB
and resuspended in 1 X PBS. Microtitre plates (Falcon Pro-BIND #3915)
were coated overnight with 200 ng of membrane protein in coating buffer
(0.1 M sodium carbonate/bicarbonate, pH 9.6). The plates were washed
three times with wash buffer (100 mM Tris, 150 mM NaCl, .1% Tween 20,
pH 7.4) prior to blocking with 250 .l of blocking buffer (100 mM TrisCl,
150 mM NaCl, .1% BSA, pH 7.4). Recombinant lactoferrin was biotiny-
lated (Molecular probes, Eugene OR) and the iron saturated labeled pro-
tein (0-5 M) was incubated in the presence or absence of a 20 fold molar
excess of unlabeled recombinant lactoferrin in 100 pl of binding buffer
(100 mM Tris, 150 mM NaCl, 0.05% Tween 20, pH 7.4). Unbound biotiny-
lated lactoferrin was removed by washing four times in wash buffer.
Lactoferrin-receptor binding was detected using the ABC reagent accord-
ing to manufacturer’s instructions (Vectastain, Vector Labs, Burlingame,
CA) followed by color detection using the OPD substrate (Sigma, St Louis,
MO). Absorbency at 405 nM was read on an automated Dynatech machine
(MR7000) and compared to biotinylated lactoferrin standards for concen-
tration determinations. Non-specific binding of biotinylated lactoferrin
(0.05-5 M) to the microtitre plates was determined by carrying out recep-
tor-binding assays with heat inactivated membrane (200 mg; 100°C for 5
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minutes). These values were subtracted from the corresponding values
obtained using non-heat-treated membrane.

In vivo antibacterial activity of lactoferrin. The enterotoxigenic
strain; E. coli 078:H11 (ATCC # 35401) was used for the in vivo antibac-
terial studies. The cells were grown in nutrient broth (DIFCO) and cells in
the exponential growth were harvested and resuspended in phosphate
buffered saline (pH 7.4) at a concentration of 1X10° cells/ml. ICR female
mice (8-10 wks—Harlan Sprague-Dawley) were injected intraperitone-
ally with either recombinant apolactoferrin (1 mg or 200 j.g) or bovine
serum albumin (1 mg) in 0.2 ml pyrogen-free, phosphate buffered saline
(pH 7.4). After a period of 10 hours, the mice were injected, intraperi-
toneally, with E. coli 078:H11 (2X 10 cells).

In vitro antimicrobial action of recombinant human lactoferrin.
The antimicrobial activity of recombinant lactoferrin against 72 clinical
isolates of bacteria was determined using an in vitro micotitre broth dilu-
tion assay, A standard inoculum of bacteria (1X10°/ml) was incubated in
the presence of recombinant apo-lactoferrin in 1% bactopeptone broth
(pH 7.5). The samples were incubated at 35°C for 20 hours after which
MICs were determined.
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