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The bovine lactoferrin molecule and relatively long lactoferrin fragments containing residues 473 to 538
strongly inhibited adherence of Streptococcus mutans to saliva-coated hydroxyapatite beads. Each cysteine
residue in Lf411 (residues 473 to 538) was replaced by a serine residue, and the mutants Lf411-C481S and
Lf411-C532S strongly inhibited S. mutans adherence. These results suggest that the functional domain of
lactoferrin that binds to a salivary film lies in residues 473 to 538 and that the region might be concealed by
disulfide bond formation between Cys481 and Cys532 in the Lf411 fragment.

Streptococcus mutans has been implicated as the prime cause
of dental caries, one of the most common diseases in humans
(17, 18). Colonization of the tooth surface by S. mutans is
initiated by attachment of the organism to salivary components
adsorbed on tooth surfaces (7). A 190-kDa S. mutans surface
protein antigen, variously designated as antigen I/II, B, IF, P1,
SR, or MSL-1 (17), is known to be one of the factors that
mediates the binding of the organism (2, 7, 9).

We recently demonstrated that bovine milk lactoferrin in-
hibits saliva-induced S. mutans aggregation by binding strongly
to salivary components and that residues 473 to 538 of the
molecule are important in this inhibition (12). There are two
types of bacterial interaction with salivary components: saliva-
induced bacterial aggregation in solution phase and bacterial
adherence to salivary components adsorbed on the tooth sur-
face. The mechanisms of these two types of interaction are
different (5, 14), and therefore, we were unable to conclude
that bovine milk lactoferrin inhibits the adherence of bacterial
cells to a salivary film.

In this study, the effect of bovine milk lactoferrin on adher-
ence of S. mutans to a salivary film was compared with the
effects of other milk components. The inhibitory effect of lac-
toferrin fragments with residues 473 to 538 on S. mutans ad-
herence to a salivary film was also investigated. To study the
effect of mutation on S. mutans adherence, we used engineered
bovine lactoferrin fragments in which each cysteine residue
was substituted by site-directed mutagenesis.

Milk components tested for inhibition of S. mutans adher-
ence to saliva-coated hydroxyapatite (S-HA). Unstimulated
whole saliva was collected from a single donor (male, 44 years
of age) in an ice-chilled tube and clarified by centrifugation.
Bovine �-casein, �-casein, �-casein, lactalbumin, lactoferrin,
and lactoperoxidase were purchased from Sigma Chemical Co.
(St. Louis, Mo.). Bovine �-casein was purchased from Re-
search Organics (Cleveland, Ohio), and bovine lactoglobulin

was purchased from ICN Biomedicals Inc. (Aurora, Ohio).
Bovine immunoglobulin G was prepared from bovine milk,
using affinity chromatography on a 5-ml HiTrap protein G
column (Amersham Pharmacia Biotech, Uppsala, Sweden)
(13).

For the adherence assay, 5 mg of spheroidal hydroxyapatite
beads (BDH, Poole, England) was incubated with 200 �l of
clarified whole saliva for 1 h at 37°C and washed three times
with buffered KCl (4). S. mutans MT8148 (7) was labeled with
2�,7�-bis(2-carboxyethyl)-5 (6)-carboxyfluorescein (BCECF) as
described previously (11). Bacterial cells were grown at 37°C
for 18 h in brain heart infusion (Difco Laboratories, Detroit,
Mich.) broth, and BCECF acetoxymethyl ester (Sigma) was
added to the bacterial culture to a final concentration of 10
�M. The culture was incubated for an additional 30 min in the
dark. After incubation, the cells were harvested by centrifuga-
tion and were washed three times with buffered KCl. To eval-
uate the inhibitory effects of milk components on S. mutans
adherence to S-HA beads, BCECF-labeled bacteria (4 � 107)
were allowed to react with S-HA beads (5 mg) in 200 �l of
buffered KCl containing various amounts of milk components
at 37°C for 3 h. After incubation, the beads were washed three
times with buffered KCl, and the fluorescence intensity asso-
ciated with the S-HA beads was determined with a Spectramax
Gemini microplate reader (Molecular Devices, Sunnyvale,
Calif.). The number of bacteria adsorbed was determined us-
ing the standard curve between the number of bacterial cells
and the fluorescence intensity, and the interpolation was ex-
actly performed (r2 	 0.99). Differences between control and
test samples in adherence assays were determined using Stu-
dent’s t test.

Of the milk components tested, bovine lactoferrin showed
the strongest inhibitory activity (Table 1). Other components,
such as lactoperoxidase and immunoglobulin G (IgG), showed
moderate inhibitory activity. In a preliminary study, lactoferrin
inhibited S. mutans adherence to S-HA beads in a dose-de-
pendent manner (Fig. 1). The adherence was significantly in-
hibited by lactoferrin in the ranges equivalent to physiological
levels in human saliva, which have been given as 8.5 to 24
�g/ml (0.11 to 0.3 nmol/ml) (21). Therefore, we used a suffi-
cient concentration of 0.5 nmol/ml for the adherence assay.

Effects of lactoferrin fragments on S. mutans adherence.
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Truncated bovine lactoferrin fragments were prepared as six-
His-tagged fusion proteins by cloning PCR-amplified lactofer-
rin gene fragments into the expression vector pQE-30 (Qiagen
Inc., Chatworth, Calif.), as previously described (12). The
primers used for amplification were also described in our pre-
vious study (12). The amplified DNAs were digested with
BamHI and SalI restriction sites and inserted into the BamHI-
SalI site of the pQE-30 plasmid. The ligated DNAs were then
transformed into Escherichia coli M15(pREP4) (Qiagen), and
the bacteria were cultured in 2� TY broth (8). The truncated
lactoferrin fragments prepared were LfC, Lf4, Lf41, Lf42,
Lf43, Lf44, Lf45, Lf46, Lf47, and Lf411, and the amino acid
position of each fragment is listed in Table 2. As a control,
six-His-tagged mouse dihydrofolate reductase (DHFR) fusion
protein was produced as described previously (12). Lactoferrin
and DHFR fusion proteins were purified from whole-cell ex-

tracts of E. coli M15(pREP4) containing the recombinant plas-
mids (12).

The longer fragments containing residues 473 to 538, such as
LfC, Lf4, and Lf41, strongly inhibited adherence of S. mutans
to S-HA beads in the absence of dithiothreitol (DTT) (Table
2). However, shorter fragments such as Lf43, Lf44, Lf45, Lf46,
Lf47, and Lf411, did not inhibit adherence in the absence of
DTT. The inhibitory effect was recovered for the shorter frag-
ments containing residues 473 to 538, such as Lf45, Lf46, Lf47,
and Lf411, when DTT was added to the assay, and the differ-
ence in the level of adherence were significant between the
control and each such shorter fragment. The six-His-tagged
DHFR showed no adherence inhibition in either the presence
or the absence of DTT.

Effects of Lf411 mutants on S. mutans adherence. Since the
addition of DTT to the S. mutans adherence assay enhanced
the inhibitory effect of several lactoferrin fragments, mutant
Lf411 genes were constructed using a QuikChange site-di-
rected mutagenesis kit (Stratagene, La Jolla, Calif.). Lf411
fragment originally contains six cysteine residues, and the role
of them in the fragments in producing a conformational
change was then examined. For the individual mutations of
each cysteine residue, the cysteine codons were modified to
serine codons using the oligonucleotides listed in Table 3. The
nucleotide sequence was confirmed by the dideoxy chain ter-
mination technique (19) with a BigDye terminator cycle se-
quencing Kit, FS, and an ABI PRISM 310 genetic analyzer
(Perkin-Elmer Applied Biosystems, Foster City, Calif.). The
expression vector pQE-30, which contains a DNA fragment
encoding the mutant Lf411, was transformed into E. coli
M15(pREP4), and the Lf411 mutants were purified as de-
scribed above. The Lf411 fragment strongly inhibited S. mu-
tans adherence to S-HA beads in the presence of DTT in a
dose-dependent manner but showed weak inhibition in the
absence of DTT (Fig. 2). The mutants Lf411-C481S and Lf411-

FIG. 1. Inhibition of adherence of S. mutans cells to S-HA beads by
lactoferrin. Values are given as the means 
 standard deviations of
triplicate assays.

TABLE 1. Effects of various milk components on the adherence of
S. mutans MT8148 cells to S-HA beads

Milk component No. of cells bound to S-HA (106)a % Inhibitionb

Control 5.26 
 0.36
�-Casein 4.86 
 0.51 7.6
�-Casein 4.72 
 0.58 10.3
�-Casein 4.06 
 0.75 22.8
�-Casein 4.42 
 0.51 16.0
IgG 3.25 
 0.50c 38.2
Lactalbumin 4.53 
 0.50 13.9
Lactoferrin 1.01 
 0.01d 80.8
Lactoglobulin 4.30 
 0.53 18.3
Lactoperoxidase 2.67 
 0.56c 49.2

a The values were obtained at 0.5 nmol of milk component/ml and are ex-
pressed as the means 
 standard deviations of triplicate assays.

b Percent inhibition was calculated as follows: percent inhibition 	 100 �
[(a � b)/a], where a is the mean value without inhibitor (control) and b is the
mean value with inhibitor.

c P � 0.05 compared with the control.
d P � 0.01 compared with the control.

TABLE 2. Effects of lactoferrin fragments on the adherence of
S. mutans MT8148 cells to S-HA beads with or without dithiothreitol

Lactoferrin fragment
(amino acid
position)b

No. of cells bound to S-HA (106)a

Without DTT With DDT (0.1 M)

Control 5.26 
 0.36 5.18 
 0.27
Lactoferrin (1–

689)
1.01 
 0.01 (80.8)c 1.15 
 0.09 (78.1)c

LfC (345–689) 1.20 
 0.15 (77.2)c NDf

Lf4 (345–571) 1.41 
 0.21 (73.2)c ND
Lf41 (345–538) 1.78 
 0.20 (66.2)c ND
Lf42 (345–505) 2.98 
 0.18 (43.3)d ND
Lf43 (345–472) 5.04 
 0.45 (4.2) 4.66 
 0.18 (11.4)
Lf44 (345–439) 5.16 
 0.39 (1.9) 5.50 
 0.48 (0)
Lf45 (366–571) 5.03 
 0.27 (4.4) 3.51 
 0.15 (33.3)d

Lf46 (399–571) 4.34 
 0.19 (17.5) 2.57 
 0.07 (51.1)c

Lf47 (432–571) 5.61 
 0.03 (0) 3.46 
 0.01 (34.2)d

Lf411 (473–538) 4.41 
 0.40 (16.2) 3.81 
 0.32 (27.6)e

DHFR 4.89 
 0.35 (7.0) 4.78 
 0.38 (9.1)

a The values were obtained at 0.5 nmol of lactoferrin fragment/ml, and are
expressed as the means 
 standard deviations of triplicate assays. The values in
the parentheses are the percent inhibition, calculated as described in Table 1.

b Amino acid numbering is according to Goodman and Schanbacher (6).
c P � 0.001 compared with the control.
d P � 0.01 compared with the control.
e P � 0.05 compared with the control.
f ND, not determined.
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C532S strongly inhibited S. mutans adherence to S-HA beads,
whereas other mutants showed very weak inhibition (Table 4).

Human saliva in solution phase induces bacterial aggrega-
tion, and bacteria adhere to saliva in solid phase. Gibbons and
Hay (5), and Raj et al. (14) reported that proline-rich proteins
and statherin are pellicle receptors for some streptococcal
strains but do not induce aggregation of the organisms in
suspension. Biesbrock et al. (1) also showed that Staphylococ-
cus aureus and Pseudomonas aeruginosa bind heterotypic com-
plex of salivary mucin and secretory IgA in solution but not in
solid phase. Based on these findings, Gibbons (3) proposed a
model that an apparent conformational change occurs when
salivary components bind to hydoxyapatite, which exposes the
binding sites for bacterial adhesin. This explains the difference
between bacterial aggregation and adherence. In this study, we
have shown that bovine milk lactoferrin strongly inhibits S.
mutans adherence to a salivary film. Therefore, it is likely that
conformational changes in salivary protein adsorbed on hy-
droxyapatite have no influence on the exposure of the binding
epitope for bacterial adhesin.

To identify the lactoferrin functional domain that binds to
salivary protein in solid phase, we prepared a series of trun-
cated lactoferrin fragments and examined their effect on S.
mutans adherence to S-HA beads. Of the fragments tested,
longer fragments containing residues 473 to 538 strongly in-

hibited adherence. In contrast, shorter fragments did not show
any significant inhibitory effect, although inhibition was recov-
ered by treatment of fragments containing residues 473 to 538
with DTT. This suggests that the lactoferrin functional domain
that binds to a salivary film lies in residues 473 to 538, which is
the same region responsible for aggregation-inhibition in so-
lution phase (12). In shorter fragments, conformational
changes may conceal the saliva-binding epitope on the lacto-
ferrin fragment, thus preventing salivary receptor binding. To
clarify the role of cysteine residues in the shorter fragments,
Lf411 (the shortest fragment, residues 473 to 538) was selected
as a representative fragment and several mutants were con-
structed by substituting each cysteine residue for a serine res-
idue. Mutants Lf411-C481S and Lf411-C532S strongly inhib-
ited S. mutans adherence to S-HA beads, while other mutants
showed weak inhibition. These results suggest that a disulfide
bond might be formed between Cys481 and Cys532, causing a
conformational change that hinders the saliva-binding epitope.

Studies of the control of dental caries have focused on bac-
terial interaction with salivary proteins, saliva-induced bacte-
rial aggregation, and bacterial adherence to a salivary film.
Rosan et al. (15) reported a significant increase in S. mutans-
aggregating activity in the saliva of a caries-resistant group
compared to a caries-susceptible group and a significant de-
crease in S. mutans adhesion-promoting activity in the saliva of
the caries-resistant group. Furthermore, Slomiany et al. (20)
reported that the bacterium-aggregating epitope of salivary
protein is expressed to a greater extent in caries-resistant in-
dividuals than in caries-susceptible individuals. Therefore, S.
mutans aggregation by salivary proteins may be advantageous
for dental caries prevention, since it may clear the organisms

FIG. 2. Inhibition of adherence of S. mutans cells to S-HA beads by
the lactoferrin fragment Lf411 in the absence (E) or presence (F) of
DTT (0.1 M). Values are given as the means 
 standard deviations of
triplicate assays. �, P � 0.05; ��, P � 0.001 (compared with control).

TABLE 3. Oligonucleotide sequences used for the mutations of each cysteine residue in the Lf411 fragment

Lf411 mutant Sequencea

Lf411-C481S (Cys481 to Ser) 5�-AACCAGACAGGCTCCTCCGCATTTGATGAATTC-3�
Lf411-C491S (Cys491 to Ser) 5�-TTCTTTAGTCAGAGCTCTGCCCCTGGGGCTGAC-3�
Lf411-C502S (Cys502 to Ser) 5�-CCGAAATCCAGACTCTCTGCCTTGTGTGCTGGC-3�
Lf411-C505S (Cys505 to Ser) 5�-AGACTCTGTGCCTTGTCTGCTGGCGATGACCAG-3�
Lf411-C515S (Cys515 to Ser) 5�-CAGGGCCTGGACAAGTCTGTGCCCAACTCTAAG-3�
Lf411-C532S (Cys532 to Ser) 5�-ACCGGGGCTTTCAGGTCCCTGGCTGAGGACGTT-3�

a Modified codons are underlined.

TABLE 4. Effects of Lf411 mutants on the adherence of S. mutans
MT8148 cells to S-HA beads

Mutant Lf411 No. of cells bound to
S-HA (106)a % Inhibitionb

Control 5.26 
 0.36
Lf411 4.26 
 0.06c 19.0
Lf411-C481S 1.65 
 0.25d 68.6
Lf411-C491S 4.63 
 0.43 15.8
Lf411-C502S 4.51 
 0.61 14.3
Lf411-C505S 4.89 
 0.63 7.0
Lf411-C515S 4.71 
 0.14 10.5
Lf411-C532S 1.92 
 0.13d 63.5

a The values were obtained at 1.0 nmol of mutant Lf411/ml, and are expressed
as the means 
 standard deviations of triplicate assays.

b Percent inhibition was calculated as described in Table 1.
c P � 0.05 compared with control.
d P � 0.001 compared with control.
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from the oral cavity by forming clumps of bacteria that are
swallowed. Assays of S. mutans adherence to salivary films are
essential to evaluate the inhibition of dental caries initiation
(10, 16).

In conclusion, we demonstrated that bovine lactoferrin in-
hibits the adherence of S. mutans cells to a salivary film and
that residues 473 to 538 are important for the inhibition.
Lf411-C481S and Lf411-C532S mutants could be used as in-
hibitors of S. mutans adherence to salivary films. Further stud-
ies are necessary to identify the saliva-binding region of lacto-
ferrin at the peptide level.
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