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FIG. 2. SDS-7.5% PAGE of HSMSL components which bind to
S. aureus isolate 15334. Gels were stained with Coomassie brilliant
blue and counterstained with PAS. Lanes: A, HSMSL alone; B,
extract of S. aureus incubated with PBS; C, HSMSL after depletion
by S. aureus; D, HSMSL components which bind S. aureus. Similar
results were obtained with P. aeruginosa 1244.

blocking buffer (0.01 M Tris HCl-0.154 M NaCl, pH 7.2
[TBS], containing 5% BSA) and then incubated with the
appropriate dilution of the rabbit or mouse antiserum in
blocking buffer for 30 to 60 min. After being washed in
blocking buffer, membrane-bound antigens were incubated
with horseradish peroxidase-conjugated, affinity-purified
goat anti-rabbit IgG or goat anti-mouse IgG for 1 h, washed
three times, and visualized by horseradish peroxidase color
developing reagent.

Solution-phase assay for mucin-bacterium interactions.
Suspensions of bacteria (0.5 x 109 to 1.0 x 109 cells) were
placed in polypropylene tubes (17 by 100 mm) coated with
0.05% Tween 20 in TBS, centrifuged at 1,900 x g for 10 mmn
at 50C, and washed with 5 ml of PBS. Then 1.0 ml of freshly
collected HSMSL, 0.5 ml of reconstituted salivary samples
(1 to S mg/ml in PBS), or 0.5 ml of sIgA (1 mg/ml in PBS) was
added to the bacteria. The mixtures were incubated for 30
min at 370C and then centrifuged at 1,900 x g for 10 mmn at
50C. An aliquot of the supernatant was incubated with 4x
SDS-PAGE sample-solubilizing buffer at room temperature
overnight and then examined by SDS-PAGE. The bacterial
pellet was washed with S ml of PBS and then extracted
overnight at room temperature with 100 p.l of SDS-PAGE
sample-solubilizing buffer. Following centrifugation at
11,000 x g for 2 min, the bacterial extract was examined by
SDS-PAGE. For iodinated samples, 0.5 ml of HSMSL (4 x
10' cpm) or MG2 isoform (2 x i0' cpm) was added to the
bacteria. Controls consisted of 0.5 ml of PBS added to
bacteria and 0.5 ml of HSMSL added to tubes without
bacteria.

Solid-phase assay for mucin-bacterium interactions. Ap-
proximately 0.1 ml of reconstituted salivary samples in PBS
(1 to 6 mg/ml), BSA (10 mg/ml), or fibronectin (0.1 mg/ml) or
PBS alone was added to a 96-well polyvinyl microtiter plate
and incubated at 370C for 18 h. Unadsorbed samples were
aspirated, and the wells were washed three times with 0.05%
Tween 20 in PBS and incubated for 2 h at 370C with 0.05%
Tween 20 in PBS to block unbound sites. Control experi-
ments using 1251I-RM/RA-MG2a or 1251I-RM/RA-MG2b indi-
cated that -15 to 25% of these materials were immobilized
onto the surface of the wells. The plates were washed three
times with PBS and incubated with a 0.1 Ml Of 1251-labeled
bacteria (-10' cells) for 1 h at 370C. Unbound bacteria were
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FIG. 3. SDS-7.5% PAGE and autoradiography of 125I-HSMSL
components which bind to S. aureus isolate 15334. For each
experiment, 500 ,ul of 1251-HSMSL (4 x 107 cpm) or 125I-MG2
isoform (2 x 107 cpm) was added to bacteria. Lanes: A, 125I-HSMSL
(20/500 p.l applied to the gel); B, 1251-HSMSL after depletion by S.
aureus (20/500 ,ul applied to the gel); C, 1251-HSMSL components
which bind to S. aureus. The bacterial pellet was washed with 5 ml
of PBS and then extracted overnight at room temperature with 100
,ul of SDS-PAGE sample-solubilizing buffer. Approximately 20/100
,ll were applied to the gel. Lanes: D, 125I-RMIRA-MG2a after
depletion by S. aureus; E, extract from S. aureus incubated with
RM/RA-MG2a; F, 125I-RM/RA-MG2b after depletion by S. aureus;
G, bacterial extract from S. aureus incubated with RM/RA-MG2b.
Similar results were obtained with P. aeruginosa 1244.

aspirated, and the wells were washed three times with PBS.
Wells containing adherent 1251-bacteria were cut, and bound
radioactivity was determined with a Beckman 5500 gamma
counter. The numbers (means + standard deviations) of
adherent bacteria were calculated, and differences were
tested by using a one-way analysis of variance program from
the Stat View 512+ Macintosh-compatible computer pro-
gram (Brainpower Inc., Calabasas, Calif.).

RESULTS

Preliminary characterization of saliva-bacterium interac-
tions. A solution-phase assay was employed to identify
salivary components which bind to S. aureus isolates 15163,
15194, and 15334 as well as to P. aeruginosa Ri, 1244, and
M35. Bacteria exposed to either lyophilized or freshly col-
lected HSMSL were extracted with 2% SDS and then
compared by SDS-PAGE with intact HSMSL and 2% SDS
extracts of bacteria exposed to PBS alone. Only a few
salivary components bound to the bacteria tested (Fig. 2,
lane D). In contrast, components of similar size were not
found in SDS extracts of bacteria incubated with PBS alone
(Fig. 2, lane B). No components could be visualized from
extracts of HSMSL added to tubes without bacteria. Similar
results were obtained when S. aureus was heated at 65°C for
30 min prior to incubation with HSMSL. The major compo-
nent bound to all bacteria was a PAS-staining glycoprotein of
-125 kDa which was identified by Western transfer with a
monospecific antibody as MG2. Western transfer analysis of
the bacterial extracts with other specific antibodies detected
sIgA but not amylase or MG1. Similar findings were ob-
tained with '25I-HSMSL, which demonstrated MG2 binding
as well as binding of other salivary components (Fig. 3, lanes
A through C). Since S. aureus isolates 15163, 15194, and
15334 and P. aeruginosa Rl, 1244, and M35 gave identical
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FIG. 4. SDS-7.5% PAGE of S. aureus isolate 15334 extracts
following incubation with salivary pools A and A2. Lanes A through
G were stained with PAS. Lanes H through N were silver stained.
Lanes: A and H, extract of S. aureus isolate 15334 incubated with
PBS; B and I, pool A; C and J, pool A components which bind S.
aureus; D and K, pool A2; E and L, pool A2 components which bind
S. aureus; F and M, sIgA; G and N, sIgA components which bind S.
aureus.

results, subsequent experiments were performed with S.
aureus isolate 15334 and P. aeruginosa 1244.
When purified RM/RA-MG2a and RM/RA-MG2b were

incubated with S. aureus isolate 15334 or P. aeruginosa
1244, SDS-PAGE followed by PAS staining of the bacterial
extracts revealed that the purified mucin isoforms did not
bind to these bacteria. This finding was verified by using
125I-RM/RA-MG2a and 125I-RM/RA-MG2b (Fig. 3, lanes D
through G). These studies were repeated with S. aureus

isolate 15334 grown in chemically defined medium (34), and
similar results were obtained, indicating that any adsorbed
medium components were not responsible for binding activ-
ity.

Effects of various mucin purification steps on MG2-bacte-
rium interactions. The finding that purified MG2 isoforms did
not bind to bacteria suggested that perhaps some stage of the
purification process affected the mucin's ability to bind to
bacteria. Crude mucin fractions (pool A and pool A2; Fig. 1),
which contain MG2, sIgA, and smaller peptides (25), were

tested in the solution-phase assay. The MG2 in these frac-
tions bound to S. aureus isolate 15334 and P. aeruginosa
1244 (Fig. 4, lanes C and E). In addition, silver staining of
these bacterial extracts revealed the presence of sIgA sub-
units (Fig. 4, lanes J and L). These observations suggested
that sIgA or smaller salivary peptides may influence mucin
binding to these bacteria. Previous studies have shown that
MG2 can be separated from sIgA by repeated recycling of
pool A2 on gel filtration matrices under dissociating condi-
tions or by RA, which dissociates sIgA subunits (26, 27).
Smaller peptides can be dissociated from MG2 by RM (26).
Consequently, the effects of sIgA and the smaller salivary
peptides on MG2-bacterium interactions were examined in
the solution-phase assay by using RA-HSMSL as well as

RM-HSMSL. Interestingly, MG2 from RM-HSMSL bound
to bacteria; however, MG2 from RA-HSMSL did not (Fig. 5,
lanes E and G, respectively). In addition, MG2b prepara-

tions depleted of sIgA (RM/RA-MG2b or MG2b prepared by
Sephacryl S-300-6 M urea chromatography of pool A2) did
not bind to S. aureus or P. aeruginosa (Fig. 5, lanes I and K,
respectively). Incubation of sIgA alone with S. aureus and
P. aeruginosa resulted in binding to these bacteria (Fig. 4,
lane N). Collectively, these data, which are summarized in
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FIG. 5. SDS-7.5% PAGE. Effects of chemical treatment of
HSMSL on MG2 interactions with S. aureus isolate 15334. Gels
were stained with PAS. Lanes: A, extract of S. aureus incubated
with PBS; B, HSMSL after depletion by S. aureus; C, HSMSL
components which bind S. aureus; D, RM-HSMSL after depletion
by S. aureus; E, RM-HSMSL components which bind S. aureus; F,
RA-HSMSL after depletion by S. aureus; G, RA-HSMSL compo-
nents which bind S. aureus; H, RM/RA-MG2b after depletion with
S. aureus; I, extract from S. aureus incubated with RM/RA-MG2b;
J, MG2b (no RM and RA) after depletion with S. aureus; K, extract
from S. aureus incubated with MG2b (no RM and RA). Similar
results were obtained with P. aeruginosa 1244.

Table 1, suggest that a complex involving MG2 and sIgA
may be required for mucin binding to these bacteria. Prelim-
inary experiments with purified MG2 and sIgA (1 mg/ml
each) incubated with S. aureus resulted in only minimal
restoration ofMG2 binding (data not shown). The reason for
our inability to restore MG2 binding in the presence of sIgA
is currently unknown. Other cofactors such as cations might
be required. Studies are under way to explore this point
further.

Immobilized-mucin-binding assay. The adherence of 1251_
labeled S. aureus isolate 15334 to MG2 was also examined in
a solid-phase assay. To establish a range over which subse-
quent assays could be evaluated, immobilized fibronectin,
which bound -6 x 106 cells, served as a positive control,
while immobilized BSA, which bound -4 x 105 cells, served
as a negative control. S. aureus bound to all MG2-containing
fractions to the same extent as BSA, which was 1 order of
magnitude lower than S. aureus adherence to fibronectin
(Table 2). We have treated S. aureus with iodine (cold) and
chloramine T and subsequently performed solution-phase
assays using MG2 fractions which contain MG2 and sIgA
(e.g., pool A). Our findings indicate that iodination and
chloramine T oxidation of S. aureus did not inhibit MG2

TABLE 1. Summary of MG2 and sIgA solution-phase
interactions with S. aureus and P. aeruginosa

Salivary samplea MG2 binding sIgA present

HSMSL + +
Pool A + +
Pool A2 + +
RM-HSMSL + +
RA-HSMSL - Subunits dissociated
RM/RA-MG2a -
RM/RA-MG2b -
MG2b -

a Data were obtained from samples that were not radiolabeled. MG2b was
prepared by Sephacryl S-300-6 M urea chromatography of pool A2 without
RM and RA (Fig. 1).
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TABLE 2. Solid-phase binding of '25I-labeled S. aureus to
immobilized salivary fractions

Immobilized protein Mean no. of CFU
(mg/ml), adherent + SD (10)

Uncoated.................................... 5.25 ± 2.70
BSAb (10) ................ .................... 4.14 ± 2.54
Fibronectin (0.1) .................................... 58.13 ± 23.87c
HSMSL (6) .................................... 8.56 ± 1.71
Pool A (3).................................... 4.12 ± 2.26
Pool A2 (3) .................................... 4.43 ± 2.62
MG2ad (1).................................... 2.86 ± 1.03
MG2bd (1) ................. ................... 5.35 ± 2.89
sIgA (1).................................... 3.62 ± 0.87

aA total of 5 x 107 bacteria (5 x 105 cpm) was added to each well. Each
value was obtained from assays run in triplicate.

b S. aureus bound to uncoated wells to the same extent as to BSA-coated
wells.

C p < 0.001.
d MG2a and MG2b were prepared by Sephacryl S-300-6 M urea chroma-

tography of pool A2 without RM and RA (Fig. 1).

binding. These results suggested that immobilized MG2,
either in purified form or in the presence of sIgA, did not
appreciably promote the adherence of S. aureus.

DISCUSSION

Mucins have a propensity for homotypic and heterotypic
complexing due to their negatively charged sialic acid and
sulfate residues as well as the presence of hydrophobic
domains, properties which make these glycoproteins am-
phipathic (1). Salivary mucins have been shown to partici-
pate in noncovalent interactions with sIgA (22, 26), lyso-
zyme (29), and lipids (30) which may result in a heterotypic
complex between two or more salivary molecules. Until
recently, the biological significance of such complexing has
remained obscure. Indeed, it has been postulated that the
complexing of mucin with protective molecules such as
immunoglobulins or lysozyme may help to concentrate these
components at various tissue-environmental interfaces (19).
Alternatively, the complex itself may serve as a functional
unit which possesses properties different from those of its
individual components. Several recent investigations have
begun to clarify this issue. For example, self-association or
homotypic complexing of mucin monomers in aqueous so-
lutions may be required for certain bacterial interactions.
Brack and Reynolds (1) have reported that a high-molecular-
weight rat salivary mucin supercomplex, consisting of >99%
mucin, can agglutinate Streptococcus mutans. However,
this agglutination activity was inhibited upon complex dis-
sociation in high-ionic-strength buffer containing 6 M urea.
Heterotypic complexing between the salivary proline-rich
glycoprotein and albumin can enhance this glycoprotein's
lubricating properties at an enamel-glass interface (11). Sev-
eral studies have indicated that heterotypic complexing may
be required in mucin-mediated microbial interactions. Eric-
son et al. (6) have suggested that sIgA in complex with
salivary agglutinins may be more efficient at inducing aggre-
gation of S. mutans than free sIgA. Magnusson and Stjern-
strom (23) have shown that incubation of Salmonella typhi-
murium with sIgA renders these bacteria highly mucophilic
for gastric mucin, suggesting that a synergistic relationship
may exist between sIgA and mucins. The present study
provides another example of the dependence of mucin-
bacterium interactions on complexing of mucin with another
macromolecule. Here, the binding of the low-molecular-

weight salivary mucin, MG2, to P. aeruginosa and S. aureus
was contingent on the presence of sIgA. When sIgA was
separated from MG2 by gel filtration under dissociating
conditions or by the dissociation of disulfide-linked sIgA
subunits, the mucin no longer bound to the bacteria. The
mechanism whereby the MG2-sIgA complex binds to P.
aeruginosa and S. aureus remains to be determined.

In the present study, MG2 immobilized onto a solid
surface in the presence of sIgA did not promote attachment
of S. aureus. Differences in salivary protein-bacterium inter-
actions between solution-phase and solid-phase assays have
been previously described. Human salivary proline-rich pro-
teins immobilized on hydroxyapatite or latex promote the
adherence of Actinomyces viscosus through a protein-to-
protein interaction, but in solution phase, these proteins do
not bind this microorganism (3, 8). It has been suggested that
upon binding to the solid surface, the proline-rich protein
undergoes a conformational change which leads to the
unmasking of a receptor(s) for A. viscosus. Also, the binding
of certain Escherichia coli strains to intestinal mucin can
differ between solution- and solid-phase assays (37). It is
interesting to note that MG2 immobilized onto glass can
promote the attachment of other bacteria such as Strepto-
coccus sanguis (31). It is apparent, therefore, that MG2
bound to a solid surface displays selectivity in subsequent
bacterial adherence. Perhaps immobilized MG2 favors the
attachment of benign microorganisms such as S. sanguis
over the attachment of potential mucosal pathogens such as
P. aeruginosa and S. aureus. In this regard, the ability of an
MG2-sIgA complex to bind to potential mucosal pathogens
could serve as a nonspecific host defense mechanism. Since
sIgA alone binds to the bacterial surface, the functional
importance of MG2 in this complex is unclear. Nevertheless,
MG2-sIgA complexes may facilitate bacterial clearance from
the oropharyngeal cavity by enhancing bacterial aggregation
(16, 38). The ability of P. aeruginosa to persist and infect in
the respiratory tract is correlated with the organism's ability
to adhere in the oral cavity (39, 40). MG2-sIgA binding to P.
aeruginosa and S. aureus in the oropharyngeal cavity and
subsequent clearance may be of importance in preventing
infection of the upper respiratory tract and subsequent
infection of the lower respiratory tract.
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