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Pseudomonas aeruginosa Exoenzyme S Is an Adhesin
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Exoenzyme S from Pseudomonas aeruginosa has been studied as an adhesin for glycosphingolipids and buccal
cells. Binding of exoenzyme S to gangliotriosylceramide (GalNAcfll-4Gal,l-4Glci3l-1Cer), gangliotetraosyl-
ceramide (Gall-3GaINAcTIIl-4Gal1l-4Glcil-lCer), and lactosylceramide (Gal31-4Glco1-lCer) separated
on thin-layer chromatograms was observed. Binding curves for exoenzyme S with dilutions of gangliotetrao-
sylceramide immobilized on plastic plates were similar to previously reported results for the intact bacteria.
Binding of exoenzyme S to sialylated counterparts of these glycosphingolipids was not seen, indicating that the
addition of a sialic acid residue interferes with binding. Exoenzyme S and monoclonal antibody to exoenzyme
S inhibit the binding of P. aeruginosa to buccal cells. The presence of exoenzyme S on the surface of P.
aeruginosa was detected by immunogold labeling of bacteria with antibodies to exoenzyme S. Results of these
studies led us to conclude that exoenzyme S is an important adhesin of P. aeruginosa.

Pseudomonas aeruginosa is an important opportunistic
pathogen of immunocompromised patients (7). Infections of
the respiratory tract are of particular concern because they
are associated with high mortality rates (2). Cystic fibrosis
patients are at high risk for lung infections due to P.
aeruginosa which lead to significant morbidity and contrib-
ute to death of the patients (15, 17). Identification of the
factors responsible for colonization of the lungs of cystic
fibrosis patients by P. aeruginosa is particularly important
since the organism is virtually impossible to eradicate once a
chronic infection has been established.

Gangliotriosylceramide (GalNAcP1-4GalP1-4Glc1-lCer),
gangliotetraosylceramide (GgO4; GalI31-3GalNAcTP1-4GalI1-
4Glc1-lCer), and lactosylceramide (Gal,1-4Glcp1-lCer)
have been identified as possible receptors for P. aeruginosa
(1, 13), but the adhesin responsible for this specificity has not
been identified. Pili, which have been identified as an impor-
tant adhesive factor for buccal cells (28), damaged tracheal
epithelium (22), and mucous proteins (21), are not the
glycosphingolipid (GSL) adhesin since mutant strains which
do not produce pilin retain the binding specificity of the
parent strain (la).
Exoenzyme S is one of several toxic products of P.

aeruginosa which contribute to its pathogenicity (29). This
enzyme ADP-ribosylates several membrane-associated eu-
caryotic proteins (3). Preliminary studies on the binding of
exoenzyme S to cells indicate that it may recognize the same
carbohydrate sequences as the bacteria. Thus, we have
examined the binding of exoenzyme S to GSLs. In this
study, we show that exoenzyme S has the same binding
specificity for GSLs as the whole bacteria and that it is found
on the outer surface of the bacteria where it can function as
an adhesin. Furthermore, exoenzyme S and antibodies to
exoenzyme S inhibit the attachment of P. aeruginosa to
buccal cells, evidence which is in support of a role for this
protein in adherence.

* Corresponding author.

MATERIALS AND METHODS

Exoenzyme S and antibodies to exoenzyme S. Exoenzyme S
was purified from P. aeruginosa DG1 as described previ-
ously (26). The composition of the preparations used in the
GSL binding studies varied because some samples contained
lipopolysaccharide (LPS; see Fig. 4). The preparation used
in the adherence inhibition assays produced a single protein
band on sodium dodecyl sulfate (SDS)-polyacrylamide gels
as visualized by Coomassie blue staining. Polyclonal antise-
rum to exoenzyme S raised in New Zealand rabbits was
prepared as described previously (26). Western blotting
(immunoblotting) with this antibody preparation revealed
reactivity with exoenzyme S and LPS. Therefore, antiserum
used in gold labeling studies was absorbed with P. aerugi-
nosa DG1-ExS5, a mutant strain which is not totally exoen-
zyme S deficient but which produces significantly lower
amounts of exoenzyme S than the parent strain (27). The
production of monoclonal antibodies to exoenzyme S has
been described previously (26).
GSLs and TLC binding assay. Purified GSLs were pur-

chased from Sigma Chemical Co. (St. Louis, Mo.). The total
nonacid GSL fraction from dog intestinal mucosa, a gift from
G. Hansson (University of Goteborg, Goteborg, Sweden),
was described previously (9). The thin-layer chromatogra-
phy (TLC) plate binding assay was done as described
previously (1) with some modifications. GSLs were sepa-
rated on aluminum-backed silica gel Si60 high-performance
TLC plates in chloroform-methanol-water (60:35:8). One
plate was sprayed with cupric acetate for chemical detec-
tion, and duplicate plates were used for bacterial or exoen-
zyme S binding assays. The TLC plates were immersed in
0.3% polyisobutyl methacrylate in diethylether-hexane (1:1)
for 1 min and air dried. Plates were wet with phosphate-
buffered saline (PBS) containing 0.2% Tween (PBS-T) and
overlaid with 2 to 3 ml of exoenzyme S diluted in PBS-T or
a suspension of strain DG1 diluted to an optical density at
600 nm (OD6.) of 0.5 in PBS-T. After a 2-h incubation
period at room temperature, the plates were washed five to
six times with PBS-T. Bound exoenzyme S or bacteria were
detected by sequential 1-h overlays with 2 to 3 ml of 1:1,000
dilutions of anti-exoenzyme S and alkaline-phosphatase-
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labeled goat anti-rabbit immunoglobulin G (IgG) in PBS-T.
After the last incubation period, the plates were washed
three times with PBS-T and two times with 0.05 M Tris-
saline (pH 7.4). The plates were developed by immersion in
Tris-saline containing 2 mg of fast red and 1 mg of naphthol
phosphate per ml. Plates were observed for development of
a red precipitate.

Solid-phase binding assay. GSLs were diluted in methanol,
and 25-,ul aliquots were added to individual wells of 96-well
microtiter trays. The plates were dried slowly overnight at
room temperature and rinsed once with PBS-T, and 50 RI of
exoenzyme S diluted in PBS-T was added to each well. The
plates were incubated for 2 h at room temperature and rinsed
four or five times with PBS-T. Bound exoenzyme S was
detected by sequential addition of 50 ,ul of anti-exoenzyme S
and alkaline phosphatase-labeled goat anti-rabbit IgG with
intermittent and final washes with PBS-T. The plates were
developed by the addition of 100 RI of 1 mg of nitrophenol
phosphate in 10% diethanolamine buffer (pH 9.6). The plates
were read at 405 nm.

Electrophoretic blotting of exoenzyme S eluted from immo-
bilized GSLs. Since the preparations of exoenzyme S con-
tained some LPS and possibly other minor proteins, it was
important to confirm that exoenzyme S was the binding
ligand. Exoenzyme S was reacted with GSLs immobilized
on plastic plates as described above. After a 2-h incubation
period, the plates were washed six to seven times with
PBS-T, and the bound material was eluted in sample buffer
containing 0.5 M Tris hydrochloride (pH 6.8), 50 mM dithio-
threitol, 2% SDS, and 10% glycerol. The eluates were heated
at 100°C for 90 s and separated by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) on 12% acrylamide gels as
described by Laemmli (16). The gels were blotted onto
nitrocellulose sheets for 30 min at 0.8 A as described by
Towbin et al. (25). The nitrocellulose sheets were immersed
in PBS-T and then incubated for 1 h in PBS-T containing
anti-exoenzyme S (dilution, 1:1,000). After washing, the
blots were incubated for 1 h in PBS-T containing alkaline-
phosphatase-conjugated goat anti-rabbit serum (dilution,
1:1,000), washed, and reacted with the fast red-naphthol
phosphate substrate. Prestained low-molecular-weight stan-
dards (Bio-Rad, Richmond, Calif.) were used to estimate the
molecular weights of the separated proteins.
Immunogold labeling of strain DG1. The antibody-gold

conjugate labeling procedure used was a modification of that
described previously (8). Formvar-coated grids were coated
with 0.1% bovine serum albumin in distilled water. A 5-,u
bacterial suspension was placed on the grids and allowed to
settle for 5 min. The excess fluid, containing bacteria, was
drained from the grids, and the grids were immediately
floated over a drop of a solution containing a 1:10 dilution of
anti-exoenzyme S monoclonal antibody in PBS and incu-
bated at 37°C for 30 min. The grids were then washed
successively three times by being floated over drops of PBS
(5 min for each wash). The grids were then floated over a
drop of anti-rabbit antibody-gold conjugate (Sigma) and
incubated at 37°C for 30 min. The grids were washed again as
described above, briefly rinsed in distilled water, and exam-
ined (unstained) by use of a Philips EM400 electron micro-
scope.

In vitro adherence. The ability of purified exoenzyme S
(26), purified pili (28), and monoclonal antibodies to exoen-
zyme S (26) to inhibit binding of intact P. aeruginosa to
buccal epithelial cells was examined as previously described
(28).
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FIG. 1. Binding of exoenzyme S to GSLs separated by TLC by
using chloroform-methanol-water (60:35:8). (A) Chemical detection
(cupric acetate); (B) plate overlaid with exoenzyme S, followed by
rabbit anti-exoenzyme S antiserum and alkaline phosphatase-conju-
gated goat anti-rabbit IgG. The plate was developed with fast
red-naphthol phosphate substrate. Lanes: 1, GgO4 (2 jig); 2, GM, (2
jig); 3, neutral GSLs of dog intestinal mucosa (10 iLg). CDH,
lactosylceramide; CTH, trihexosylceramide.

RESULTS
Binding of exoenzyme S to GSLs. The binding of exoen-

zyme S and P. aeruginosa DG1, from which the enzyme was
purified, to GSLs on TLC plates is shown in Fig. 1 and 2,
respectively. Binding to GgO4 and lactosylceramide was
clearly evident, as was binding to the trihexosylceramide
region of the dog mucosa sample. Binding to gangliotriosyl-
ceramide was detected (results not shown). The same bind-
ing specificity has been detected with iodinated or biotiny-
lated exoenzyme 5, demonstrating that results are not due to
binding of the antibodies to GSLs. Furthermore, no bands
were detected if the overlay with exoenzyme S was omitted

FIG. 2 Binding of P. aeruginosa DG to GSLs separated by
TLC by using chloroform-methanol-water (60:35:8). (A) Chemical
detection (cupric acetate); (B) plate overlaid with strain DG1,
followed by rabbit anti-exoenzyme S antiserum and alkaline phos-
phatase-conjugated goat anti-rabbit IgG. The plate was developed
with fast red-naphthol phosphate substrate. Lanes: Al and B3,
GgO4 (2 iLg); A2 and Bi, GM, (2 p.g); A3 and B4, neutral GSLs of
dog intestinal mucosa (10 p.g); B2, GM2 (2 Rg). CDH lactosylceram-
ide; CTH trhexosylceramide.
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FIG. 3. Binding of exoenzyme S to GgO4 immobilized on micro-
titer plates. Exoenzyme S (10 ,ug per well) diluted in PBS-T was

added to serial dilutions of GgO4 coating wells of microtiter plates.
Bound exoenzyme S was detected by sequential incubations with
rabbit anti-exoenzyme S antiserum and alkaline phosphatase-conju-
gated goat anti-rabbit IgG. The plate was developed with nitrophe-
nol phosphate in diethanol-amine buffer, and the optical density at
405 nm was read. Symbols: A, asialo GM-1; 0, GM1.

from the assay. This binding specificity is in agreement with
previously published reports for many strains of P. aerugi-

nosa (1, 13). Neither exoenzyme S nor strain DG1 bound to
the sialylated GSLs GM1 or GM2. Curves of exoenzyme S
binding to dilutions of GSLs immobilized on plastic plates
reveal optimum binding at approximately 1 ,ug of GgO4 (Fig.
3). The reduced binding at 10 ,ug is most likely an artifact of
the assay related to the coating of the plate at high concen-
trations ofGSL since it is also observed with whole bacteria
(results not shown).

Elution of exoenzyme S from GSLs. The presence of LPS in
some of the exoenzyme S preparations was detected in
immunoblots with polyclonal antiserum. To prove that ex-

oenzyme S was binding to GgO4 the bound material was
eluted from immobilized GSLs, separated by SDS-PAGE,
and analyzed by immunoblot. The only bands detectable in
the eluted samples were in the same molecular weight region
as purified exoenzyme S (Fig. 4). The higher-molecular-
weight protein bands which were observed were consistent
with previous results obtained with purified exoenzyme S
(26). Different preparations of exoenzyme S produced the
same results (Fig. 4, lanes 2 and 6). Samples eluted from
uncoated wells or wells coated with GM1 did not produce
any bands (Fig. 4).
Immunogold labeling of bacteria. Exoenzyme S must exist

on the surface of bacteria for it to function as an adhesin.
The presence of exoenzyme S on the bacterial cell surface
was detected by immunogold labeling. The gold beads were
observed as a uniform coating on the cell surface, indicating
that the enzyme was evenly distributed (Fig. 5A). Controls
incubated in the absence of antibody to exoenzyme S did not
reveal any beads on the cell surface (Fig. 5B).
Adherence inhibition studies. The role of exoenzyme S in

adherence of P. aeruginosa to buccal cells was determined
by using exoenzyme S and monoclonal antibodies to exoen-
zyme S as inhibitors. Incubation of buccal cells with purified
exoenzyme S inhibited the binding of bacteria to the cells in
a dose-dependent manner (Fig. 6). Exoenzyme S eliminated
adherence at 200 ,ug of protein per 10,000 cells, whereas the
same concentration of purified pili only reduced adherence
by approximately 50%. Furthermore, monoclonal antibody

24

FIG. 4. Immunoblot analysis of eluates from GSL-coated wells

incubated with exoenzyme S preparations. GSL-bound material was

eluted with sample buffer and separated by SDS-PAGE on 12% gels.
The gels were transferred to nitrocellulose and reacted with rabbit

anti-exoenzyme S antiserum and alkaline phosphatase-conjugated

goat anti-rabbit IgG. The sheet was developed with fast red-

naphthol phosphate substrate. Lanes: 1, exoenzyme 5; 2, eluate

from GgO4; 3, eluate from GM,; 4, eluate from control well (no

GSL); 5, prestained molecular weight markers; 6, eluate from GgO4
incubated with a different exoenzyme S preparation. The arrow

indicates the position of migration of purified exoenzyme S.

MCA1, which neutralizes the cytotoxicity of exoenzyme S

but has no affect on enzymatic activity, reduced adherence

of bacteria to background levels (Table 1). Monoclonal

antibody MCA3, which neutralizes enzymatic activity but

not cytotoxicity, did not inhibit the adherence of bacteria to

buccal cells.

DISCUSSION

During the last decade, much of the work on adherence of

P. aeruginosa has focused on pili as the primary adhesin.

Extensive evidence has been presented which demonstrates

that pili are important in the attachment of P. aeruginosa to

various cells (6, 22, 28) and mucous proteins (21). A binding

domain has been localized to the carboxy-terminal end of

pilin by studying the binding of peptides to cells (11) and by

adherence inhibition studies with monoclonal antibodies

directed against the peptides (5). However, review of the

literature reveals that the maximum inhibition of adherence

of bacteria to cells achievable with isolated pili or antipilin

antibodies is approximately 60% (5, 6). Other adhesins

which account for the residual adherence must exist.

Previous studies have shown that P. aeruginosa binds to

specific sequences of carbohydrates on GSLs (1, 13). Non-

piliated mutants of P. aeruginosa which do not produce pilin

detectable by immunoblotting of whole-cell extracts retain

this binding specificity, indicating that pili are not the adhes-

ins for GSLs (la). The results of the present study show that

exoenzyme S has the same binding specificity for GSLs as

do the bacteria. Exoenzyme S has previously been described

as an exoproduct of P. aeruginosa which ADP-ribosylates

membrane proteins, leading to cell death (26). This study

shows that exoenzyme S can be found on the cell surface, a

finding which is relevant to its potential to act as an adhesin.
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A BACTERIA PER CELL
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FIG. 5. Reaction of P. aeruginosa DG1 to monoclonal antibody
raised against purified exoenzyme S (A) or PBS (B), followed by
protein A-colloidal gold labeling. The protein A-gold conjugate used
for antibody detection contained colloidal gold as 15-nm particles.
Bars, 1 iLm.

The ability of purified exoenzyme S and monoclonal anti-
bodies which neutralize the cytotoxicity of exoenzyme S to
virtually eliminate the adherence of P. aeruginosa to buccal
cells is definitive proof that this protein is a major adhesin for
this organism. It is interesting to note that, in contrast to
results obtained with antiserum to pili (25), the ability of
antibody to exoenzyme S to inhibit adherence does not
appear to be strain specific (Table 1).
We have not proven that P. aeruginosa or exoenzyme S

binds to GSLs in the cell membranes. The presence in buccal
cells (24) and lung extracts (14) of some of the GSLs
recognized by the bacteria and exoenzyme S has been
shown, indicating that they may be the receptors. The
possibility exists that the binding specificity observed re-
flects a specificity found on glycoproteins. Additional studies
will need to be done to identify the actual receptor molecule
for this adhesin.

Previous studies have shown that a number of respiratory
tract pathogens have the same binding specificity as P.
aeruginosa and exoenzyme S (14). Neisseria gonorrhoeae
also shares this binding specificity, which is associated with
the production of a 36-kDa surface protein (20). It will be
interesting to determine if these organisms produce an
analogous protein which accounts for this specificity. P.
aeruiginosa and N. gonorrhoeae have been shown to possess
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FIG. 6. Dose-response curves reflecting the ability of purified
exoenzyme S (---) or purified pili ( ) to block the adherence of
intact P. aeruginosa DG1 to epithelial cells. Buccal epithelial cells
were exposed to increasing amounts of purified protein for 1 h at
37°C before being tested for intact P. aeruginosa adherence.

adhesins which recognize the same carbohydrate sequences
on GSLs and are not produced as integral components of
pili. Thus, they are distinct from the uropathogenic Esche-
richia coli adhesin for digalactose, which is a tip protein of
the pilus (19). By using the available information, a reason-
able model of adherence by these organisms can be devel-
oped. The long filamentous pili are probably necessary for
initial interaction of the bacteria with the cell surface. The
precise specificity of this interaction is not currently clear,
but evidence for binding to specific cell proteins exists (4,
11). Following this binding, multiple interactions of bacterial
surface proteins, such as exoenzyme S, with cell surface
receptors lead to irreversible attachment of the bacteria.
Other adhesins and receptors are likely to be important in
the process.

Previous results have also detected binding of many
strains of P. aeruginosa to sialylated GSLs (1), although the
strains used in the present study did not have this binding
characteristic. Other investigators have shown that sialic
acid residues may be important in adherence of P. aerugi-
nosa to immature or scarified ocular epithelium (10, 23) and
salivary proteins (12). The properties of P. aeruginosa which
account for this specificity have not been identified, but they

TABLE 1. Effect of monoclonal antibodies to purified
exoenzyme S on P. aeruginosa adherence

to buccal epithelial cells

Monoclonal Strain Adherenceb
antibody'

None (control) PAO 22.1 + 2.5
DG1 26.7 ± 3.4

MCA1' PAO 1.7 0.3d
MCA1 DG1 0.8 ± O.ld
MCA3e PAO 21.9 ± 3.6
MCA3 DG1 25.8 ± 4.2

a Monoclonal antibodies prepared as previously described (26).
b Adherence assay performed as previously described (28). Values repre-

sent means + standard deviations.
' Neutralizes cytotoxicity but not enzymatic activity.
d Significantly different from control (P < 0.01).
e Neutralizes enzymatic activity but not cytotoxicity.
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may be associated with the ability of the organisms to
produce neuraminidases (18). The significance of sialic acids
in adherence of P. aeruginosa is currently not clear and
requires further study.

Identification of exoenzyme S as an important adhesin for
P. aeruginosa could lead to new approaches in the preven-
tion of lung infection. Exoenzyme S is immunogenic and
could be considered as a target for vaccine development
since generation of a specific mucosal immune response may
prevent colonization. Since exoenzyme S has been shown to
be a membrane protein, the generation of opsonizing anti-
bodies could also play an important role in protection.
Alternatively, it may be possible to prevent colonization by
instilling receptor analogs which would block adherence.
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