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Pseudomonas aeruginosa, a common respiratory tract colonizer and pathogen, adheres to injured tracheal
cells and to tracheobronchial mucin. These phenomena suggest that there are specific receptors for this
organism in the respiratory tract. The receptor on injured tracheal cells contains n-acetylneuraminic acid as
the principal sugar, but the structure of the receptor in mucin has not been described. Using a microtiter plate
assay to study bacterial adherence to mucin, we have partially characterized the mucin receptor for P.
aeruginosa. The receptor for both nonmucoid and mucoid strains is sensitive to periodate oxidation, suggesting
that it is carbohydrate in nature, and the amino sugars n-acetylglucosamine and n-acetylneuraminic acid
inhibited the adherence of both types of strains. Nonmucoid strains were more sensitive to inhibition by
n-acetylneuraminic acid than to inhibition by n-acetylglucosamine, but the mucoid strains varied in their
sensitivities to inhibition by each amino sugar. Preincubation of mucin with heat-inactivated influenza A virus
(which binds to neuraminic acid) significantly reduced the adherence of P. aeruginosa. Treatment of mucin
with Clostridium perfringens neuraminidase also reduced bacterial adherence significantly. Treatment of mucin
with pronase did not affect adherence. Our results suggest that n-acetylglucosamine and n-acetylneuraminic
acid are important constituents of the binding sites for P. aeruginosa on human tracheobronchial mucin.

Mucus is thought to be a part of the respiratory host
defense against invading microorganisms. It is presumably
the first barrier that pathogens encounter in the tracheobron-
chial tree, and since it normally flows in a cephalad direction
from the tracheobronchial tree due to ciliary movement,
carrying particles, it may prevent organisms from reaching
the lungs and establishing infection. Mucin, a glycoprotein
constituent of mucus, is responsible for the rheological
properties and the ‘‘stickiness’’ of mucus (14). Microorgan-
isms may therefore be trapped in mucus because of this
stickiness or because of a specific interaction between
receptors in mucin and surface components (adhesins) of
bacteria.

Using a microtiter plate assay, we showed that Pseu-
domonas aeruginosa, a bacterium that often chronically
colonizes the respiratory tract in diseases such as cystic
fibrosis and bronchiectasis in which tracheobronchial
mucosal clearance is impaired, binds with greater affinity to
human tracheobronchial mucin (HTBM) than do some mem-
bers of the family Enterobacteriaceae (27). Others have
shown that some diarrheagenic Escherichia coli strains bind
well to colonic mucus (9), and that some oral bacteria bind to
salivary mucins (7, 11). These findings, and the fact that
different organisms colonize and infect different mucosal
surfaces, suggest that specific interactions between certain
bacteria and mucins in addition to those between bacteria
and cells may determine the patterns of physiological and
pathological colonization of mucosal surfaces. Such specific
interactions with mucins may be similar to adhesin-receptor
interactions that are responsible for bacterial adherence to
epithelial cells (4).

In the studies described here, we present evidence that
HTBM contains a receptor for P. aeruginosa, and that the
receptor contains the aminosugars n-acetylglucosamine
(GIcNACc) and n-acetylneuraminic acid (NANA).
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MATERIALS AND METHODS

Bacteria. P. aeruginosa R1, a nonmucoid sputum isolate,
and P. aeruginosa M35, a mucoid isolate from the sputum of
a patient with cystic fibrosis (donated by R. L. Boyd, Uni-
versity of Texas, San Antonio) were our representative
‘‘standard’’ strains. Our nonmucoid and mucoid strains have
been described elsewhere (17, 20, 27). The bacteria were
maintained on MacConkey agar (BBL Microbiology Sys-
tems, Cockeysville, Md.) at room temperature and subcul-
tured every month. Bacteria grown overnight in Trypticase
soy broth (BBL) to late log phase were pelleted by centrif-
ugation at 10,000 X g for 15 min and washed three times with
phosphate-buffered saline (PBS) (pH 7.0). They were then
suspended in PBS and used in adherence assays.

Quantitation of adherence. Our method for studying adher-
ence has been described elsewhere (27). Briefly, wells of a
96-well microtiter plate were siliconized and then coated
with HTBM by leaving mucin solutions in the wells over-
night. Excess HTBM was removed by washing the wells
before the addition of bacteria. Bacterial suspensions (100
ul) of known concentration between 5 X 10° and § x 107
CFU/ml were added to wells, and the plates were incubated
at 37°C for 30 min. The wells were washed 15 times with PBS
to remove unbound bacteria, and bacteria adherent to wells
were desorbed by adding a 0.5% solution of Triton X-100 in
PBS and quantitated by plating a known dilution of this
solution on MacConkey agar plates. A set of siliconized
wells served as a control for nonspecific ‘‘background’’
binding in each experiment. Only the results of experiments
with little or no background binding were considered valid.
All experiments were done at least three times.

Sodium metaperiodate treatment of HTBM. Sodium meta-
periodate (Sigma Chemical Co., St. Louis, Mo.) was added
to a solution of HTBM (2 g of mucin protein per ml) to yield
a concentration of 100 mM and kept in the dark at room
temperature for 4 h to allow oxidation to take place. The
reaction was stopped by exposing the solution to light. The
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solution was then diluted to yield a concentration of 1 p.g of
mucin protein per ml. Triplicate sets of wells were coated
with equal concentrations of either HTBM or periodate-
treated HTBM and washed, and adherence of the standard
P. aeruginosa strains to the coated wells was tested. To
show that periodate-treated mucin did bind to the wells, we
coated wells separately with >’I-labeled mucin and 12°I-la-
beled periodate-treated mucin, washed them, and measured
the amounts of radioactivity bound to each well. We found
that periodate did not affect the binding of the radiolabeled
mucin.

Effect of monosaccharides and amino sugars on adherence.
Six sugars were used in these studies. Of these, L-(—)-
fucose, D-(+)-galactose, n-acetylgalactosamine (GalNAc),
GlcNac, and NANA are the sugars found in HTBM, whereas
D-(+)-mannose is not a constituent of mucin (21). All were
purchased from Sigma.

The bacterial suspensions were prepared in PBS. Equal
volumes of the suspensions were mixed with either PBS or
200 mM sugar solutions in PBS to prepare solutions contain-
ing equal concentrations of bacteria in either PBS or 100 mM
sugar solutions. Solutions of NANA prepared in PBS had a
pH of ca. 2.0 which was lethal for the bacteria. Therefore,
bacterial inocula were prepared in solutions of NANA
dissolved in Tris-hydrochloride (Sigma) and buffered to a pH
of 6.9, which ensured the viability of the bacteria. (When
tested, bacterial adherence was the same whether bacterial
suspensions were made in PBS or Tris-hydrochloride, and
thus Tris-hydrochloride alone had no effect on adherence).
Samples (100 wl) of equal concentrations of bacteria in PBS
or 100 mM sugar solutions were added to triplicate sets of
mucin-coated wells, and bacterial adherence to each set was
determined. We also examined the effect of 1 and 10 mM
GIcNAc and 1 and 10 mM NANA in similar studies, since
these sugars markedly inhibited adherence when used at 100
mM concentrations.

To determine that the sugars inhibited adherence by
binding to bacterial adhesins rather than to mucin receptors,
bacteria were preincubated in PBS or 100 mM sugar solu-
tions for 60 min, pelleted by centrifugation, washed three
times, and resuspended in PBS to desired concentrations for
use in adherence assays.

To determine whether the sugars inhibited adherence by
binding to the receptors in HTBM rather than to the adhes-
ins of the bacteria, mucin-coated wells were preincubated
with 100 mM sugar solutions and the sugars were washed off
before bacteria were added in adherence assays.

Effect of lectins on adherence. All lectins were purchased
from Sigma. Lectins from Dolichos biflorus (horse gram)
which binds to GalNAc, Triticum vulgaris (wheat germ)
which binds to GIcNAc, and Ulex uropeus (gorse) which
binds to L-fucose were used in these studies. A lectin binding
specifically to NANA alone was unavailable. Since galac-
tose did not markedly inhibit adherence, and the lectin that
binds to galactose (from Ricinus communis, castor bean) is
extremely toxic, we tested only the three lectins mentioned.
The lectins were used in assays similar to those described for
the sugars. Lectin solutions (500 wg/ml) were added to
mucin-coated wells and washed off before adherence was
tested in one group of experiments, and were mixed with the
bacteria and added to the wells in other studies of competi-
tive inhibition.

Effect of heat-inactivated influenza virus. Heat-inactivated
influenza virus A/Port Chalmers/73 (H;N;) was donated by
Parker Small, University of Florida, Gainesville. Suspen-
sions containing 1,000 or 10,000 hemagglutinating units of
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virus in PBS were added to mucin-coated wells for 30 min.
The wells were then washed, and adherence of the standard
strains was assayed. A set of mucin-coated wells not ex-
posed to the virus served as a control. We confirmed that the
heat-inactivated virus did not release sialic acid from HTBM
as tested by the thiobarbituric acid assay (28).

Neuraminidase treatment of mucin. Clostridium perfrin-
gens neuraminidase type V (Sigma) was used to treat mucin
in a series of experiments. HTBM was treated with neurami-
nidase (2 U of enzyme per pg of mucin protein) for 1 h at
37°C in 50 mM sodium acetate solution (pH 4.9). The
reaction was stopped by readjustment of the pH to 7.0.
Wells were coated with equal concentrations of untreated
and neuraminidase-treated HTBM. Adherence assays were
done as described above.

Protease treatment of mucin. The naked peptide region of
HTBM is more extensively degraded by pronase than by
other proteases (8, 22). Wells were coated with HTBM
treated with pronase at 0.2 and 1.0 U of pronase (Calbio-
chem-Behring, San Diego, Calif.) per png of mucin in 2 mM
calcium acetate buffer at 37°C for 24 h. HTBM in 2 mM
calcium acetate buffer alone was used to coat control wells.
The calcium acetate buffer itself had no effect on adherence
of P. aeruginosa. Adherence assays were performed as in
other experiments.

Statistical analysis. From the colony counts, the mean
number of bacteria adherent per well = one standard devi-
ation was calculated. A one-tailed Student’s ¢ test was used
to analyze the significance of differences between control
and test results.

RESULTS

Effect of periodate treatment of HTBM on adherence.
Sodium metaperiodate oxidizes vicinal hydroxyl groups on
carbohydrates. HTBM is structurally comprised of oligosac-
charide chains surrounding a polypeptide core (14). The
oligosaccharide chains are therefore more exposed than the
peptide core and thus are more likely to contain the recep-
tors for bacteria. Periodate treatment of HTBM abolished
the adherence of the mucoid P. aeruginosa M35 and reduced
the adherence of the nonmucoid P. aeruginosa R1 by 93%
(Table 1), suggesting that the binding sites for these bacteria
were in the carbohydrate portion of the HTBM molecule.

Effect of sugars on adherence. Since bacterial adherence to
HTBM was reduced by periodate treatment, it seemed that
the sugars present in the oligosaccharide chains were likely
candidates as the receptor. The five sugars found in HTBM
and D-(+)-mannose, a sugar not found in HTBM, were used
in competitive inhibition experiments. D-(+)-mannose had
no effect on adherence (data not shown). Of the sugars found
in HTBM, 100 mM solutions of GlcNAc and NANA reduced
adherence more markedly than the same concentrations of

TABLE 1. Effect of periodate treatment of HTBM on the
adherence of P. aeruginosa to HTBM

No. of adherent bacteria
per well (mean * SD)

. % Re- ‘
Strain Treated duction P
Control HTBM
P. aeruginosa R1° 2,267 + 356 167 = 121 93 <0.001
P. aeruginosa M35¢ 2,867 = 446 0 100 <0.001

“ Determined by Student’s 7 test.
# Nonmucoid strain.
< Mucoid strain.
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TABLE 2. Effect of sugars® on adherence of P. aeruginosa to
HTBM
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TABLE 4. Effect of NANA and GIcNAc on adherence of
P. aeruginosa to HTBM“

Mean % inhibition of adherence compared with
control (no. of experiments)

Sugar
P. aeruginosa R1° P. aeruginosa M35¢
Fucose 16 (3) 33 (3)
Galactose 23 (4) 24 (3)
GalNAc 38 (4) 29 (3)
GlcNAc 68 (4) 79 3)
NANA 83 (4) 77 3)

“ All sugar solutions were 100 mM.
# Nonmucoid strain.
< Mucoid strain.

L-(—)-fucose, D-(+)-galactose, and GalNAc (Table 2). Both
NANA and GlcNAc inhibited adherence when bacteria were
preincubated in 100 mM solutions of these sugars, pelleted,
washed, and tested in adherence assays (Table 3). This
provided evidence that the sugars inhibited adherence by
binding to the bacterial adhesins rather than to the receptors
in HTBM. To further confirm that these two amino sugars
inhibited adherence by reacting with the bacterial adhesins
rather than by reacting with the receptor in HTBM, we
preincubated mucin-coated wells with 100 mM solutions of
these sugars, washed the solutions off, and then tested
adherence. There was no inhibition of adherence in these
experiments (data not shown), again suggesting that the
amino sugars inhibited adherence by reacting with the bac-
terial adhesins rather than with the receptor in mucin.

Since GIcNAc and NANA inhibited adherence of P.
aeruginosa R1 and M35 to HTBM, we studied the effects of
these two amino sugars on the adherence of two other
nonmucoid and two other mucoid P. aeruginosa strains.
Adherence of all strains was significantly inhibited by 100
mM solutions of both GlcNAc and NANA (Table 4). At
lower sugar concentrations, these two sugars varied in their
ability to inhibit the adherence of different strains. Whereas
10 mM NANA significantly inhibited the adherence of all the
nonmucoid strains, 10 mM GIcNAc reduced the adherence
of only one of these strains, and even for this strain the
reduction was minimal. On the other hand, the mucoid
strains varied in their sensitivity to inhibition by 10 mM
concentrations of these sugars. P. aeruginosa strain M35
was sensitive only to GIcNAc, strain 2192 was sensitive only
to NANA, and strain 258 was not sensitive to 10 mM
concentrations of either sugar. Neither sugar inhibited ad-
herence at 1 mM.

Effect of lectins on adherence. To ascertain which sugars
were contained on the receptors in HTBM, we preincubated
mucin-coated wells with lectins or added lectins with bacte-
ria, and studied adherence. If a particular sugar constituted
an important portion of the binding site in the receptor on

TABLE 3. Adherence of sugar-treated P. aeruginosa to HTBM“

Mean % inhibition of adherence

Strain

GIcNAc NANA
R1® 42 (3)° 44 (2)
M35‘f 40 (3) 56 (3)

“ Bacteria were preincubated in 100 mM sugar solutions, pelleted, washed,
and suspended in PBS, then used in adherence assays.

» Nonmucoid strain.

¢ Parentheses indicate the number of experiments done (each in triplicate).

4 Mucoid strain.

% Reduction of control”

Strain Sugar
10 mM sugar 100 mM sugar
Nonmucoid
R1 NANA 62 (P < 0.001) 86 (P < 0.001)
GlcNAc 3 (NS) 54 (P < 0.001)
NM2192 NANA 46 (P < 0.05) 77 (P < 0.001)
GlcNAc 20 (NS) 80 (P < 0.001)
T2A NANA 61 (P < 0.001) 77 (P < 0.001)
GlcNAc 25 (P < 0.001) 55 (P < 0.001)
Mucoid
M35 NANA 13 (NS) 97 (P < 0.02)
GIcNAc 98 (P < 0.01) 99 (P < 0.01)
2192 NANA 71 (P < 0.01) 84 (P < 0.001)
GlcNAc 4 (NS) 89 (P < 0.001)
258 NANA 0 84 (P < 0.001)
GlcNAc 0 41 (P < 0.001)

“ Results of one representative experiment.
# P values were determined by Student’s ¢ test from raw data (not shown).
NS, Not statistically significant.

HTBM for P. aeruginosa, the lectin specific for that sugar
ought to reduce adherence. None of the three lectins used at
concentrations of 500 pg/ml consistently inhibited or en-
hanced adherence (data not shown). However, effects of
lectin solutions at higher concentrations could not be studied
since such solutions could not be prepared.

Effect of heat-inactivated influenza A virus on adherence.
Since our studies with sugars indicated that NANA was an
important sugar in the HTBM receptor for P. aeruginosa,
then influenza A virus that binds to NANA (26) ought to
reduce the adherence of P. aeruginosa to HTBM if the
mucin was first exposed to this virus. The virus was heat
inactivated to ensure the destruction of viral neuraminidase,
which otherwise could have modified HTBM by cleaving off
NANA. Preincubation of mucin-coated wells with influenza
A virus markedly reduced the adherence of both nonmucoid
and mucoid strains of P. aeruginosa in a dose-dependent
fashion (Table 5), adding further support to our evidence for
the presence of NANA as an important sugar in the binding
site on HTBM for P. aeruginosa.

Effect of neuraminidase and pronase treatment on adher-
ence to HTBM. Lastly, to add more support to the evidence
for NANA as part of the binding site on HTBM, we tested
the adherence of P. aeruginosa to neuraminidase-treated
HTBM. Adherence of both the nonmucoid and mucoid P.

TABLE S. Effect of heat-inactivated influenza A virus on
adherence of P. aeruginosa to HTBM

Dose No. of adherent % Re-
Strain of bacteria per well d:ct'on Pt
virus* (mean * SD) !

P. aeruginosa R1¢ 0 15,067 + 4,180

1,000 4,850 = 2,151 68 <0.001
10,000 1,650 * 957 89 <0.001
P. aeruginosa M35 0 36,933 = 759
1,000 13,660 + 10,773 63 <0.02
10,000 500 = 141 99 <0.001

“ Hemagglutinating units added per well.
* Determined by Student's ¢ test.

“ Nonmucoid strain.

< Mucoid strain.
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TABLE 6. Effect of neuraminidase treatment of HTBM on
adherence of P. aeruginosa

No. of adherent bacteria per well

Strain (mean = SD) d(f |§e_ pe
Control Treated ction
HTBM
P. aebruginosa 45,150 = 2,462 13,250 = 547 71 <0.001
R1
P. aeruginosa 49,600 = 12,866 15,317 = 4,547 69 <0.001

M35¢

“ Determined by Student’s ¢ test.
» Nonmucoid strain.
¢ Mucoid strain.

aeruginosa strains to HTBM was reduced significantly by
treating HTBM with neuraminidase (Table 6), thus con-
firming the importance of NANA in the binding site on
HTBM. We should note that the neuraminidase preparation
contained trace amounts of protease activity. However, this
protease has not been characterized. To rule out an effect of
protease, we tested the effects of pronase on adherence.
Adherence of both the nonmucoid and mucoid P. aerugi-
nosa was unaffected by treatment of HTBM with pronase
(data not shown).

DISCUSSION

These results provide evidence for the existence of a
receptor on HTBM for both mucoid and nonmucoid P.
aeruginosa.

Sodium metaperiodate which oxidizes adjacent hydroxyl
groups on carbohydrates reduced the adherence of
nonmucoid P. aeruginosa and abolished that of mucoid P.
aeruginosa. These findings suggested that carbohydrates
were essential components of the binding sites on the
receptors in HTBM for P. aeruginosa. In competitive inhi-
bition experiments with sugars, b-(+)-mannose, a sugar not
found in HTBM, had no effect on adherence. Of the five
sugars found in HTBM, only the amino sugars GIcNAc and
NANA were able to markedly inhibit adherence. Preincuba-
ting bacteria in sugar solutions first inhibited adherence,
whereas treating mucin-coated wells first with sugars did
not, suggesting that the sugars inhibited adherence in com-
petitive inhibition studies by interacting with the adhesins on
the bacteria and not with the receptors on HTBM. The
degree of inhibition seen in experiments in which bacteria
were pretreated with sugars was less than that seen in
competitive inhibition assays. We are uncertain about the
reason for these differences. It is possible that the binding of
individual sugars to bacterial adhesins may not be as *‘tight”’
as that of a complex oligosaccharide receptor and thus a
sugar may be washed off easily. We were unable to inhibit
adherence with lectins that bind to L-fucose, GalNAc, and
GlcNAc. However, concentrations of 10 to 100 mM GIcNAc
were required to inhibit adherence of P. aeruginosa in our
sugar inhibition studies, and since one molecule of the lectin
from wheat germ agglutinin binds to one molecule of GicNAc
(10), it would theoretically require a 10 to 100 mM solution of
lectin from wheat germ agglutinin to inhibit adherence.
However, the maximum lectin concentration that could be
prepared was 20 uM (500 pg/ml). Therefore, our inability to
inhibit adherence with this concentration of the lectin does
not contradict the evidence provided by sugar-inhibition
studies for the role of GIcNAc as a component of the binding
site. In addition, lectins are known to be multivalent (3), and
their subunits also form aggregates (13). Our results, there-
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fore, could also be seen if the lectin were to bind to the sugar
in the mucin, on one hand, and to a sugar on the cell surface
of the bacteria on the other. Since no purified lectin specific
for NANA alone was available, we tested the ability of
heat-inactivated influenza virus to inhibit adherence because
this virus binds to NANA (26). The dose-dependent inhibi-
tion of adherence of both nonmucoid and mucoid P. aerugi-
nosa by this virus added further evidence for the presence of
NANA in the binding site on HTBM. In addition, treatment
of HTBM with neuraminidase also reduced the adherence of
both bacterial strains, again strengthening the evidence for
the presence of NANA in the binding site.

Our data suggest that the binding sites on HTBM for both
nonmucoid and mucoid P. aeruginosa contain GlcNAc and
NANA. Earlier studies from this laboratory showed that
NANA is part of the receptor on injured murine tracheal
cells for nonmucoid and mucoid P. aeruginosa (19). A more
recent report presented evidence that free pili inhibited the
binding of nonmucoid strains to injured tracheal cells (20),
but not the mucoid strains, suggesting that the receptor sites
for nonmucoid and mucoid strains on cells may differ
somewhat, although both types of receptors may contain
NANA. In the present study, the nonmucoid strains were
uniformly more sensitive to NANA than to GIcNAc, sug-
gesting a common receptor in which either NANA is a more
important sugar in the binding site or NANA is more
accessible. In addition, there were differences not only
between the nonmucoid and mucoid strains, but also among
the mucoid strains themselves. The mucoid exopolysaccha-
ride, comprised of mannuronic and guluronic acids (6), is
probably the adhesin that mediates binding of mucoid strains
to injured mouse tracheal cells (18). The mucoid exopolysac-
charide of two of the mucoid strains used, strains 258 and
2192, differs in the ratios of the two uronic acids (17), and the
structure of the exopolysaccharide from strain M35 is un-
known. If the exopolysaccharide is also the adhesin that
binds to HTBM, then the differences in its composition
between strains may explain the differences in sensitivities
to the amino sugars used.

It is of interest teleologically that NANA is involved in
adherence in this system since it is involved in the adherence
of other respiratory pathogens. Mycoplasma pneumoniae
(24) and, presumably, influenza viruses bind to NANA on
tracheal cells (26). In addition, P. aeruginosa binds to
NANA on injured murine tracheal cells (19). It is probably
not coincidental that these three organisms are tracheobron-
chial pathogens.

Our studies also suggest that GIcNAc is contained in the
HTBM receptor for P. aeruginosa. This amino sugar has
been implicated as a binding site on HeLa cells (5), L cells
(12), and McCoy cells (25) for some strains of the genus
Chlamydia, and on pharyngeal cells for Streptococcus pneu-
moniae (1). Although both GIcNAc and NANA may com-
prise the binding sites on the receptor in HTBM for P.
aeruginosa as part of a complex oligosaccharide, it is
possible that a configurational similarity between these two
sugars (15) is the reason for these observations. Studies with
oligosaccharide chains of known structure prepared from
mucin should provide more information on these relation-
ships. Since lipids are also found in mucus, the role of
glycolipids in adherence needs to be examined because they
also possess oligosaccharide side chains.

The findings reported here support the existence of spe-
cific receptor-adhesin interactions between HTBM and P.
aeruginosa. Studying these interactions in depth will in-
crease the understanding of the mechanisms of chronic
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colonization of the respiratory tract by P. aeruginosa, and
may also increase knowledge about tissue tropisms of path-
ogens. In addition, characterizing the receptor and adhesin
may permit the development of new methods to control or
prevent chronic colonization, e.g., by immunizing against
bacterial adhesins (16, 23), or using receptor analogs (2).
These considerations are obviously important in diseases in
which impaired clearance of mucus is associated with colo-
nization of the respiratory tract by P. aeruginosa, the most
striking example of such diseases being cystic fibrosis.
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