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The iron-binding protein lactoferrin is a ubiquitous and abundant constituent of human exocrine secretions.
Lactoferrin inhibits bacterial growth by sequestering essential iron and also exhibits non-iron-dependent
antibacterial, antifungal, antiviral, antitumor, anti-inflammatory, and immunoregulatory activities. All of
these non-iron-dependent activities are mediated by the highly charged N terminus of lactoferrin. In this study
we characterized a Lys/Arg polymorphism at position 29 in the N-terminal region of human lactoferrin that
results from a single nucleotide polymorphism in exon 1 of the human lactoferrin gene. We expressed cDNAs
encoding both lactoferrin variants in insect cells and purified the two proteins by ion exchange chromatogra-
phy. The two lactoferrin variants exhibited nearly identical iron-binding and iron-releasing activities and
equivalent bactericidal activities against a strain of the gram-negative bacterium Actinobacillus actinomycetem-
comitans. When tested against the gram-positive species Streptococcus mutans and Streptococcus mitis, however,
lactoferrin containing Lys at position 29 exhibited significantly greater bactericidal activity than did lactoferrin
containing Arg. In addition, the Lys-containing lactoferrin stimulated bovine tracheal epithelial cells to
synthesize much higher levels of tracheal antimicrobial peptide mRNA than did the Arg-containing variant. A
genotyping assay that distinguished between the two alleles based on a polymorphic EarI restriction site
showed that the Lys and Arg alleles had frequencies of 24% and 76%, respectively, among 17 healthy human
subjects, and 72% and 28%, respectively, among nine patients with localized juvenile periodontitis. Our
findings suggest that these two lactoferrin variants are functionally different and that these differences may
contribute to the pathogenesis of localized juvenile periodontitis.

Lactoferrin is an 80-kDa iron-binding glycoprotein found in
the saliva, milk, tears, and other exocrine secretions of mam-
mals (30). Lactoferrin is also released from the specific, sec-
ondary granules of neutrophils during inflammatory responses
(31). Lactoferrin exhibits bacteriostatic activity against a wide
range of gram-negative and gram-positive bacteria due to its
ability to chelate iron, which is essential for microbial growth
(2, 3). In addition, lactoferrin exhibits non-iron-dependent an-
tibacterial, antifungal, antiviral, antitumor, anti-inflammatory,
and immunoregulatory activities (4, 7, 12, 44). Lactoferrin con-
stitutes an important component of the innate immune system
(34, 41) and may represent a novel therapeutic with broad-
spectrum potential (45).

Human lactoferrin is a single polypeptide chain containing
692 amino acids that is folded into two symmetric lobes con-
nected by a hinge region (1). Each lobe is capable of binding
one Fe3� ion together with one CO3

2� ion in a deep intralobe
cleft that contains a nonheme iron-binding site (1). The non-
iron-dependent activities of human lactoferrin have been
shown to be mediated by a 47-residue peptide (corresponding
to residues 1 to 47 of the mature human lactoferrin protein)
that is released upon cleavage of human lactoferrin with pepsin

(5, 6, 8, 27, 28, 35, 46). These residues form a �-�-� unit
located on the exposed surface of the human lactoferrin pro-
tein that is distinct from the iron-binding region. This exposed
region contains nine basic amino acid side chains projecting
from its surface, most of which are located in a highly charged
N-terminal tail (residues 1 to 5; GRRRR) and an amphipathic
region near the C terminus of helix A (residues 28 to 31;
RKVR) that are in close proximity in the folded human lac-
toferrin protein (1, 6). These basic residues have been shown
to participate directly in bacterial killing, probably by binding
to lipopolysaccharide (13), porins (38), or other bacterial sur-
face molecules (20), and disrupting the cell membrane (14).
This N-terminal region has also been shown to bind to specific
DNA sequences located upstream from various genes (21),
resulting in transcriptional activation (43).

In this study we characterized a Lys/Arg polymorphism that
occurs at position 29 in the N-terminal alpha-helical region of
human lactoferrin. This polymorphism results from an A7G
transition in exon 1 of the human lactoferrin gene. Using
proteins purified from insect cells infected with recombinant
baculoviruses, we show that both lactoferrin variants bind and
release iron with equal efficiency and display equivalent bac-
tericidal activities against gram-negative bacteria. Lactoferrin
containing Lys at position 29, however, exhibited significantly
greater bactericidal activity against gram-positive bacteria and
significantly greater transcriptional activation activity when
tested against primary bovine tracheal epithelial cells. With a

* Corresponding author. Mailing address: Medical Science Building,
Room C-636, New Jersey Dental School, 185 S. Orange Ave., Newark,
NJ 07103-2714. Phone: (973) 972-7053. Fax: (973) 972-0045. E-mail:
finedh@umdnj.edu.

6141



PCR-based genotyping assay, we also show that the allele en-
coding the Lys variant of human lactoferrin occurs more fre-
quently in localized juvenile periodontitis patients than in
healthy subjects.

MATERIALS AND METHODS

Cloning and sequencing of human lactoferrin cDNA. Total RNA was purified
from blood collected from a healthy African-American female subject with the
QIAamp RNA blood mini kit (Qiagen). RNA was reverse transcribed into
cDNA with SuperScript II reverse transcriptase (Invitrogen) and oligo(dT)
primer. The cDNA was amplified by PCR with primers 5�-CAAGTCGCCTCC
AGACC-3� and 5�-CTGGGCCATCTTCTTCGG-3�, which hybridize to se-
quences upstream and downstream from the human lactoferrin coding region
(corresponding to coordinates 272 to 288 and 2433 to 2450, respectively, in
GenBank accession no. NM_002343). The reaction mixture contained 50 pmol of
each primer, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 200 �M
each deoxynucleoside triphosphate, 2.5 U of Taq DNA polymerase (PE Biosys-
tems), and 40 ng of cDNA as a target in a 100-�l reaction overlaid with 100 �l
of mineral oil. Thirty cycles of PCR were performed under the following condi-
tions: denaturation at 94°C for 1 min, annealing at 55°C for 1 min, and extension
at 72°C for 2 min. The resulting PCR product was ligated into plasmid LIT-
MUS28 (New England Biolabs) and subjected to DNA sequence analysis as
previously described (25).

Site-directed mutagenesis. A human lactoferrin cDNA that contained an
AGA (Arg) codon at position 29 was obtained from Anthony Schryvers (Uni-
versity of Calgary). This cDNA also contained a BamHI restriction site located
3 bp upstream from the human lactoferrin start codon and a HindIII site located
3 bp downstream from the human lactoferrin stop codon. This cDNA was
digested with BamHI and HindIII and ligated into the BamHI/HindIII sites of
LITMUS28, resulting in the plasmid LITMUS-hLf(R). The mutagenic oligonu-
cleotide 5�-GCAAAGGAATATGAGAAAAGTGCGTGGCCCTCCTG-3� (cor-
responding to coordinates 126 to 160 in GenBank no. AY137470) and its com-
plement were used to mutate codon 29 in LITMUS-hLf(R) from AGA to AAA
(italic) with a primer-mediated mutagenesis procedure (23). The PCR product
was cloned into LITMUS28, and the A3G nucleotide substitution in the result-
ing plasmid, designated LITMUS-hLf(K), was confirmed by DNA sequence
analysis.

Insect cell culture and production of recombinant human lactoferrin. Stock
cultures of Spodoptera frugiperda Sf9 cells were grown at 28°C as monolayers in
Sf 900 II SFM medium (Life Technologies) containing 10 �g of gentamicin per
ml. Confluent monolayers were subcultured by removing the cells from the flask
by gentle pipetting and diluting the cells to 2 � 106 cells/ml in fresh medium. To
construct recombinant baculoviruses, the BamHI/HindIII DNA inserts from
LITMUS-hLf(K) and LITMUS-hLf(R) were ligated into the BamHI and
HindIII sites of plasmid pFastBac1 (Life Technologies), which placed each
cDNA under control of the baculovirus polyhedrin promoter. The resulting
plasmids, pFB-hLf(K) and pFB-hLf(R), respectively, were used to generate
recombinant baculoviruses by site-specific transposition into a baculovirus shut-
tle vector as described in the Bac-to-Bac baculovirus expression system manual
(Invitrogen). Recombinant baculoviruses (5 �g each) were transfected into Sf9
cells (2 � 106 cells in a Corning 25-cm2 tissue culture flask) with Cellfectin
reagent (Life Technologies) according to the instructions supplied by the man-
ufacturer. Cells were incubated for 7 h at 28°C, the transfection medium was
removed, 10 ml of fresh 900 II SFM medium was added, and the cells were
incubated for an additional 5 days. The supernatant was harvested by centrifu-
gation at 5,000 � g for 15 min, and several recombinant viral plaques were
amplified. For large-scale production of recombinant human lactoferrin, 100 ml
of Sf9 cells (2 � 106 cells/ml) in a 500-ml Erlenmeyer flask was infected with
recombinant viral stocks (at a multiplicity of infection of 1:10), and the flasks
were incubated at 28°C with gentle shaking for 4 days.

Protein purification. All of the following procedures were carried out at room
temperature. The supernatant from 1 liter of culture was collected by centrifu-
gation at 5,000 � g for 15 min and concentrated to 100 ml with a 30-kDa cutoff
ultrafiltration unit (model RA2000; Amicon). The concentrated supernatant was
loaded directly onto a 15-ml bed volume SP Sepharose Fast Flow column (Phar-
macia) that had been washed with 100 ml of water and equilibrated with 75 ml
of 0.2 M sodium acetate (pH 5.6). The column was washed sequentially with 50
ml of 0.2, 0.4, and 0.7 M NaCl (in 0.2 M sodium acetate, pH 5.6). The recom-
binant human lactoferrin protein was eluted with a linear NaCl gradient (0.7 to
0.8 M in 0.2 M sodium acetate, pH 5.6). The presence of recombinant human
lactoferrin in the eluted fractions was assessed by measuring the optical density

of each fraction (at 280 nm) and by Western blot analysis with rabbit anti-human
lactoferrin IgG as described below. Positive fractions were concentrated with a
Centriprep-30 concentrator (Amicon) and loaded onto a 10-ml bed volume
Sephadex G-25 column (Pharmacia) equilibrated with phosphate-buffered saline
in order to remove excess salts. The recombinant human lactoferrin protein was
eluted from the column with phosphate-buffered saline, and fractions were
assayed for the presence of protein by spectrophotometry at 280 nm and Western
blotting as described below. Pooled fractions were concentrated with a Centri-
con-30 concentrator. Purified proteins were stored at �20°C until further use.

Mass spectrometric analysis of 1 �l (100 pmol) of purified human lactoferrin
was carried out on a Perspective Biosystems DE Pro matrix-assisted laser de-
sorption ionization (MALDI) mass spectrometer as previously described (39).
N-terminal amino acid sequence analysis of 10 �g of purified protein was per-
formed with the Edman degradation procedure on an Applied BioSystems 477
protein sequencer.

Polyacrylamide gel electrophoresis and Western blotting. Proteins were sep-
arated on precast 10% polyacrylamide gels with 5% stacking gels (Bio-Rad) with
the buffer system of Laemmli (40). Proteins were either stained with a silver
staining kit (Pharmacia) or transferred to Immobilon-P membranes (Millipore)
and incubated with a 1:1,000 dilution of rabbit anti-human lactoferrin IgG (Sig-
ma). Binding of antibody was detected with alkaline phosphatase-conjugated
goat anti-rabbit IgG (Sigma) and a p-nitrophenylphosphate colorimetric detec-
tion reagent.

Iron binding assay. Iron binding assays were carried out in 1.5-ml microcen-
trifuge tubes containing 30 �g of recombinant human lactoferrin protein per ml
and various concentrations of 59Fe (as FeCl2, 500 MBq/ml) in 50 �l of phos-
phate-buffered saline. Tubes were incubated for 30 min at room temperature.
Aliquots were removed and electrophoresed through polyacrylamide gels as
described above. 59Fe-labeled recombinant human lactoferrin proteins were
visualized by autoradiography, cut from the gel with a razor blade, and placed in
liquid scintillation vials containing 5 ml of scintillation fluid. Radioactivity was
measured in a TriCarb-1500 liquid scintillation counter (Packard).

Iron release assay. Recombinant human lactoferrin proteins were incubated in
59Fe (110 MBq/ml) for 30 min as described above. Aliquots of the iron-saturated
recombinant human lactoferrin solutions were dialyzed for 24 h at room tem-
perature against four separate buffers at four different pH values: 0.2 M NaCl–
0.05 M Tris-HCl (pH 6.0), 0.05 M MES (pH 5.0), 0.05 M sodium acetate (pH 3.5)
and 0.05 M glycine-HCl (pH 2.0). The iron content of recombinant human
lactoferrin proteins at different pHs was measured in a liquid scintillation
counter as described above.

Bactericidal assays. The bacterial strains used in this study were Actinobacillus
actinomycetemcomitans CU1060 (17), Escherichia coli NCTC 8007 (obtained
from the National Collection of Type Cultures, Colindale, United Kingdom),
Streptococcus mutans ATCC 25175 (obtained from the American Type Culture
Collection, Manassas, Va.), and Streptococcus mitis NJ9705 (24). A. actinomyce-
temcomitans and streptococcal strains were grown in Trypticase soy broth (BD
Biosystems) supplemented with 6 g of yeast extract and 8 g of glucose per liter
at 37°C in 10% CO2. E. coli was grown in Luria-Bertani broth at 37°C in air. The
lactoferrin killing assay was carried out in 1.5-ml microcentrifuge tubes contain-
ing 1 ml of bacterial cell suspension (107 to 109 CFU/ml) and 500 �g of recom-
binant human lactoferrin per ml as previously described (15). Briefly, cell sus-
pensions were incubated with gentle agitation at 37°C. At various times, 100-�l
aliquots were removed from each tube, serially diluted, and plated on agar plates
with a spiral plater. Plates were incubated for 3 days at 37°C in 10% CO2, and
colonies were enumerated.

Measuring tracheal antimicrobial peptide mRNA levels. Bovine tracheal ep-
ithelial cells were obtained and cultured as previously described (47, 48). The
cultures used for experiments were from the first passage and were approxi-
mately 80 to 100% confluent. Tracheal epithelial cells were stimulated with 100
ng of Pseudomonas aeruginosa lipopolysaccharide (Sigma Chemical Co.) or with
5 to 50 �g of different recombinant human lactoferrin proteins per ml for 18 h.
The recombinant human lactoferrin samples contained less than 12 pg of endo-
toxin per ml as determined by a Pyrotell Limulus amebocyte lysate assay (Asso-
ciates of Cape Cod, Falmouth, Mass.). Following the incubation, mRNA was
extracted with the RNeasy mini kit (Qiagen).

cDNA was synthesized from 1 mg of mRNA with 200 units of Superscript II
reverse transcriptase (Invitrogen) according to the protocol supplied by the
manufacturer. PCR was performed with 12.5 units of Taq DNA polymerase
(Invitrogen), with a standard protocol. The reaction was carried out with an
initial denaturing step at 95°C for 3 min, followed by 30 cycles of 94°C for 1 min,
55°C for 1 min, and 72°C for 2 min. An additional extension step of 72°C for 15
min followed the 30 cycles. The sequences of the bovine �-defensin oligonucle-
otide primers were 5�-GCCAGCATGAGGCTCCAT-3� (sense) and 5�-AACA
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GGTGCCAATCTGT-3� (antisense). The sequences of the bovine glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) oligonucleotide primers were 5�-T
GGCAAAGTGGACATCGTCG-3� (sense) and 5�-TGGCGTGGACAGTGGT
CATAAGTC-3� (antisense). The PCR product was electrophoresed through a
2% agarose gel and stained with ethidium bromide. The amplified tracheal
antimicrobial peptide product was visualized by Southern blot hybridization with
32P-labeled oligonucleotides as previously described (40). The bands were visu-
alized by PhosphorImage analysis (Molecular Dynamics, Sunnyvale, Calif.).

PCR genotyping. Epithelial cells were collected from healthy volunteers and
localized juvenile periodontitis patients by scraping the inside of a cheek with a
tongue depressor. Epithelial cell genomic DNA was isolated with a DNeasy
tissue kit (Qiagen). A total of 100 ng of genomic DNA was amplified by PCR
with 50 pmol each of primers 5�-CTCGTCCTGCTGTTCCTC-3� and 5�-AGCA
TCGGCCCTGTTTTCC-3� (corresponding to coordinates 16 to 33 and 210 to
228 in GenBank accession no. AY137470, respectively) in a 100-�l reaction as
described above. Ten cycles of PCR at 94°C, 55°C, and 72°C (1 min, 1 min, and
20 s, respectively) were performed. The PCR product (213 bp) was purified with
a QIAquick PCR purification kit (Qiagen) and eluted in 50 �l of Tris-EDTA
buffer. Then 2 �l of the purified PCR product was reamplified under the same
conditions for 20 cycles with PCR primers 5�-GTTCCTCGGGGCCCTCGG-3�
and 5�-TGTTTTCCGCAATGGCCTG-3� (corresponding to coordinates 27 to
44 and 199 to 217 in GenBank accession no. AY137470, respectively). The PCR
product (190 bp) was purified with a QIAquick PCR purification kit and eluted
in 30 �l of Tris-EDTA buffer; 1 �l of the purified PCR product was digested with
EarI and the digestion products were electrophoresed through a 5% acrylamide–
0.17% bisacrylamide gel in 1� Tris-borate-EDTA buffer and visualized by stain-
ing with ethidium bromide.

Nucleotide sequence accession numbers. The human lactoferrin cDNA se-
quence determined in this study was submitted to GenBank under accession no.
AY137470.

RESULTS

Identification of a polymorphism in the antibacterial region
of human lactoferrin. We collected blood from a healthy Af-
rican-American female subject, purified total RNA from the
blood, reverse transcribed the RNA into cDNA, and amplified
a full-length human lactoferrin cDNA by PCR with primers
that hybridize upstream and downstream from the human lac-
toferrin coding region. The DNA sequence of this human
lactoferrin cDNA (GenBank accession no. AY137470) con-
tained an AGA (Arg) codon at position 29 of the mature
human lactoferrin protein. This sequence differed from that of
the reference human lactoferrin cDNA sequence (accession
no. X52941), which contains AAA (Lys) at codon position 29.
A search of the National Center for Biotechnology single-
nucleotide polymorphism database (www.ncbi.nlm.nih.gov
/SNP) revealed that this A/G nucleotide polymorphism corre-
sponded to a previously identified but nonvalidated human
single-nucleotide polymorphism (rs no. 1126478). The AGA
(Arg) codon was present in 2 out of 10 human lactoferrin
sequences in the GenBank database (accession nos. M93150
and AF332168).

Cloning, expression, and purification of recombinant hu-
man lactoferrin in insect cells. We cloned human lactoferrin
cDNAs that contained AGA (Arg) and AAA (Lys) codons at
position 29 into a baculovirus expression plasmid. These plas-
mids were used to construct two recombinant baculoviruses
that expressed the Lys-29 and Arg-29 human lactoferrin vari-
ants (designated rhLf-K and rhLf-R, respectively) under con-
trol of the baculovirus polyhedrin promoter. Ion exchange
chromatography was used to purify the recombinant human
lactoferrin proteins from the conditioned medium of S. frugi-
perda cell cultures infected with these two recombinant bacu-
loviruses.

Both recombinant human lactoferrin proteins eluted as a
sharp peak at 0.75 M NaCl. Positive fractions were pooled and
concentrated. Salt was removed from the purified recombinant
proteins by chromatography on a Sephadex G-25 column.
When analyzed by mass spectrometry, both proteins migrated
as a peak at 77.9 kDa (data not shown), which corresponded to
the predicted molecular mass of the recombinant proteins.
N-terminal sequence analysis of both purified proteins yielded
the amino acid sequence GRRRRSVQWCAV, which corre-
sponded to the N-terminal sequence of lactoferrin isolated
from human milk (36) and indicated that the signal sequences
of the two proteins were correctly processed in insect cells.

Figure 1A shows 1 �g of each recombinant human lactofer-
rin protein along with 1 �g of purified milk human lactoferrin,
analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and visualized by silver staining. The
electrophoretic mobilities of the recombinant proteins were
slightly faster than that of human lactoferrin from milk (80
kDa), probably due to differences in the glycosylation patterns
of the proteins (39). Figure 1B shows milk human lactoferrin,
rhLf-K, and rhLf-R analyzed by Western blotting with rabbit
anti-human lactoferrin antiserum as a probe. All three lacto-
ferrin proteins reacted equally with the anti-human lactoferrin
antiserum.

Iron-binding and iron-releasing activities of recombinant
human lactoferrin proteins. The ability of rhLf-K and rhLf-R
to bind and release iron was measured (Fig. 1C to E). The
proteins exhibited equivalent iron-binding properties as deter-
mined by autoradiography (Fig. 1C) and direct radiometric
measurement (Fig. 1D). The ability of rhLf-K and rhLf-R to
release iron was measured by dialyzing the 59Fe-saturated re-
combinant proteins against buffers of different pHs (39). Both
proteins exhibited equivalent iron-releasing activities (Fig. 1E).

Antibacterial activities of recombinant human lactoferrin
proteins. The ability of rhLf-K and rhLf-R to kill four species
of bacteria was measured by incubating cells with the recom-
binant proteins for various lengths of time and measuring the
CFU remaining in the culture (Fig. 2). Both recombinant hu-
man lactoferrin proteins exhibited equivalent bactericidal ac-
tivities against a strain of the gram-negative bacterium Acti-
nobacillus actinomycetemcomitans (Fig. 2A), and neither
protein killed a lactoferrin-resistant strain of E. coli (Fig. 2B).
When tested against the gram-positive species Streptococcus
mutans (Fig. 2C) and S. mitis (Fig. 2D), rhLf-K exhibited
significantly greater bactericidal activity than did rhLf-R at all
three time points examined (P � 0.01 as determined by a
Fisher’s protected least-significant-difference test).

Transcriptional activation activities of recombinant pro-
teins. We tested the ability of rhLf-K and rhLf-R to stimulate
transcription of tracheal antimicrobial peptide, a member of
the �-defensin family of antimicrobial peptides (12). Previous
studies have shown that transcription of tracheal antimicrobial
peptide is activated in response to lipopolysaccharide and in-
flammatory cytokines such as tumor necrosis factor alpha and
interleukin-1� (9, 10). Bovine tracheal epithelial cells were
stimulated for 18 h with various amounts of rhLf-K and
rhLf-R, and the amount of tracheal antimicrobial peptide
mRNA present in the cells was determined by semiquantitative
RT-PCR (Fig. 3). As expected, control tracheal epithelial cells
stimulated with 10 ng of lipopolysaccharide per ml exhibited a

VOL. 71, 2003 HUMAN LACTOFERRIN VARIANTS 6143



significant increase in the amount of tracheal antimicrobial
peptide mRNA. Tracheal epithelial cells stimulated with re-
combinant human lactoferrin proteins exhibited a dose-depen-
dent stimulation of tracheal antimicrobial peptide mRNA lev-
els. Tracheal epithelial cells stimulated with rhLf-K contained
much higher levels of tracheal antimicrobial peptide mRNA
than did cells stimulated with rhLf-R.

PCR genotyping. The A/G polymorphism in codon 29 of
human lactoferrin results in the presence of an EarI restriction
site (5�-GAAGAG-3�) in sequences that contain the G nucle-
otide (italic) which is absent in sequences that contain the A
nucleotide. We developed a genotyping assay that utilized
nested PCR followed by digestion with EarI (Fig. 4A) to detect
the presence of this A/G polymorphism in a sample population
of 17 healthy subjects and nine localized juvenile periodontitis
patients. The frequencies of the KK, KR, and RR genotypes in
these two groups were significantly different (P � 0.02 as de-
termined by a Fisher’s exact test) (Fig. 4B). No healthy subject
harbored the KK genotype, and no subject from the localized
juvenile periodontitis group harbored the RR genotype. The
frequencies of the different genotypes in African-American

FIG. 1. Characterization of recombinant human lactoferrin pro-
teins purified from insect cells. (A) SDS-PAGE analysis of 1 �g of
human milk lactoferrin (hLf) and 1 �g each of rhLf-K and rhLf-R. The
proteins were detected by silver staining. The sizes (in kilodaltons) of
markers are indicated on the left. (B) Western blot analysis of milk
human lactoferrin, rhLf-K, and rhLf-R with rabbit anti-human lacto-
ferrin antiserum. The electrophoretic mobilities of human lactoferrin
and recombinant human lactoferrin proteins are indicated on the left.
(C) SDS-PAGE analysis of human lactoferrin and recombinant human
lactoferrin proteins saturated with 59Fe. The proteins were visualized
by autoradiography. The electrophoretic mobilities of human lactofer-
rin and recombinant human lactoferrin proteins are indicated on the
right. (D) Iron-binding activities of recombinant human lactoferrin
proteins in the presence of various concentrations of 59Fe. (E) Iron-
releasing activities of recombinant human lactoferrin proteins satu-
rated with 59Fe.

FIG. 2. Antibacterial activities of human lactoferrin proteins. The
bacterial species tested were A. actinomycetemcomitans (A), E. coli
(B), S. mutans (C), and S. mitis (D). Bacterial cells were incubated in
the absence of lactoferrin (control) or in the presence of 1 mg of each
recombinant human lactoferrin protein per ml for the indicated times,
and the numbers of CFU were measured.
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subjects, who exhibit an increased incidence of localized juve-
nile periodontitis compared to other ethnic groups (29), fol-
lowed a similar pattern.

DISCUSSION

The results of the present study validate the existence of a
Lys/Arg polymorphism at position 29 in the highly charged
N-terminal region of human lactoferrin. Although the chemi-
cal nature of the polymorphic amino acid is conserved, our
findings indicate that the Lys-containing variant (hLf-K) ex-
hibits significantly greater non-iron-dependent antibacterial
activity against gram-positive bacteria than does the Arg-con-
taining variant (hLf-R). These data suggest that human lacto-
ferrin may bind to different or slightly different receptors on
gram-positive and gram-negative bacteria. Our findings also
indicate that hLf-K exhibits significantly greater transcriptional
activation activity than hLf-R. These data are consistent with
the proposed interaction between the highly charged N-termi-
nal region of human lactoferrin and eukaryotic cells (8, 27, 28,
46).

Localized juvenile periodontitis is a rapid and aggressive
form of periodontitis that primarily affects African-American
adolescents (51). Previous studies have reported increased lac-
toferrin levels (18, 19) and decreased lactoferrin iron satura-
tion levels (16) in localized juvenile periodontitis patients, sug-
gesting that lactoferrin may play a role in pathogenesis. In the
present study, genotypic analysis of a small population of lo-
calized juvenile periodontitis patients and healthy subjects re-
vealed a dramatic difference in the frequencies of the hLf-K
and hLf-R alleles in these two groups (Fig. 4). The hLf-K allele
occurred much more frequently in localized juvenile periodon-
titis patients than in healthy subjects (72% versus 24%). Sig-
nificantly, no healthy subject was homozygous for the hLf-K
allele, whereas no localized juvenile periodontitis patient was
homozygous for the hLf-R allele. These data suggest that the
polymorphism at position 29 of human lactoferrin may be a
marker for susceptibility to localized juvenile periodontitis.
These findings are consistent with previous studies which in-
dicated that genetic variation plays an important role in peri-
odontal disease (29, 32). A study testing the association be-
tween human lactoferrin allele frequencies and localized
juvenile periodontitis in a larger population is in progress.

There are several possible mechanisms by which the ob-
served functional differences between hLf-K and hLf-R could
contribute to the pathogenesis of localized juvenile periodon-
titis. Localized juvenile periodontitis is associated with high
levels of the gram-negative bacterium A. actinomycetemcomi-
tans in the periodontal pocket (51). Localized juvenile peri-
odontitis patients also exhibit significantly less proximal caries
than control patients (42). These carious lesions result from
colonization of interproximal tooth surfaces by the gram-pos-
itive bacterium S. mutans. It is possible that the oral microbiota
of subjects harboring one or two hLf-K alleles contains lower
levels of S. mutans due to the increased antibacterial activity of
hLf-K against gram-positive bacteria (Fig. 2C and D). This
alteration in the oral flora could account for the decreased
incidence of proximal caries in localized juvenile periodontitis
patients. It is also possible that the increased transcriptional
activation activity of hLf-K contributes to an altered microen-

FIG. 3. Induction of tracheal antimicrobial peptide mRNA in bo-
vine tracheal epithelial cells stimulated for 18 h with lipopolysaccha-
ride (LPS) or with various concentrations of rhLf-K or rhLf-R as
determined by RT-PCR. PCR products amplified with tracheal anti-
microbial peptide (TAP)-specific primers were visualized by autora-
diography. PCR products amplified with glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)-specific primers were visualized by staining
with ethidium bromide.

FIG. 4. Lactoferrin genotyping assay. (A) Examples of the geno-
typing assay carried out on subjects with the RR, KK, and RK geno-
types are shown. The sizes (in base pairs) of molecular size markers
run in an adjacent lane are shown on the left. (B) Lactoferrin genotype
frequencies among 17 healthy subjects and nine localized juvenile
periodontitis (LJP) patients. Also shown are the genotype frequencies
among the subset of African-American subjects. The numbers in pa-
rentheses indicate the number of subjects in each group.
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vironment which favors A. actinomycetemcomitans coloniza-
tion. �-Defensins such as tracheal antimicrobial peptide and its
human homologue hBD2 are broad-spectrum antimicrobial
peptides that are active against various periodontal bacteria
(33). Modulations in the expression of genes encoding these
peptides could therefore result in changes in the host defensive
environment against A. actinomycetemcomitans. Also, �-de-
fensins are chemotactic for a variety of inflammatory cells (49,
50). A chronic elevation in �-defensin gene expression in the
gingival epithelium, as may be seen with KK individuals, could
result in an increased inflammatory response, such as is seen in
localized juvenile periodontitis.

Rose et al. (37) recently showed that human lactoferrin
cleaves an adhesin located on the surface of A. actinomycetem-
comitans and that this cleavage results in decreased binding of
the bacteria to epithelial cells. This cleavage may result from a
serine protease activity exhibited by human lactoferrin (22).
These data are consistent with previous studies which showed
that treatment of A. actinomycetemcomitans with human lac-
toferrin results in decreased binding to epithelial cells (15).
These findings raise the possibility that differences in the serine
protease activities of hLf-K and hLf-R may influence the abil-
ity of A. actinomycetemcomitans to colonize the periodontal
pocket.
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