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Pseudomonas aeruginosa, the main pathogen in the airways of patients suffering from cystic ®brosis (CF), binds to
carbohydrate chains of respiratory mucins. Using ¯ow cytometry and polyacrylamide based ¯uorescent glycoconjugates,
it was previously demonstrated that several strains of P. aeruginosa recognize a set of neutral and acidic carbohydrate
epitopes found at the periphery of respiratory mucins, especially sialyl-Lex. This structure, overexpressed in mucins from
CF patients, could be responsible in part for the persistence of lung infection in CF patients. The aim of the present work
was to determine whether a glycoconjugate bearing the 6-sulfo-sialyl-Lex epitope, also found in abundance in CF airway
mucins, is also preferentially recognised by different strains of P. aeruginosa. The study was conducted with a non-
piliated strain 1244-NP and four mucoid strains isolated from CF patients. For four strains out of ®ve, the af®nity for
6-sulfo-sialyl-Lex was as high as for sialyl-Lex derivative. These results were con®rmed for strain 1244-NP by a microtiter
plate assay.

Keywords: Pseudomonas aeruginosa, neoglycoconjugates, sialyl-Lewis x, sulfo-sialyl-Lewis x

Introduction

Cystic ®brosis, a general exocrinopathy, is the most common

genetic disease among Caucasians [1]. CF is due to mutations

of the CF gene encoding the cystic ®brosis transmembrane

conductance regulator (CFTR), a cAMP-regulated chloride

channel [2] which probably has other functions [3,4].

CF affects most of the exocrine glands but the severity of the

disease is due essentially to bronchial mucus hypersecretion

and chronic lung infection by Pseudomonas aeruginosa, a

pathogen responsible for most of the morbidity and the

mortality of the disease [5]. Previous works [6±8] have shown

that P. aeruginosa binds to carbohydrate and especially to

salivary and respiratory mucins and that its binding to CF

mucins is higher than to non-CF mucins [9,10]. These data

suggested that quantitative and=or qualitative modi®cations of

the carbohydrate chains of CF mucins could be involved in

this binding and lead to the bacterial colonisation of the

airways of CF patients [11].

Respiratory mucins secreted by patients suffering from

cystic ®brosis [11], by CF cells [12] or by CF human bronchial

xenografts [13] are oversulfated. The airway mucosa of most

CF patients is colonized by Pseudomonas aeruginosa and one

might argue that oversulfation of mucins secreted by these

patients is related to bacterial infection. In the xenograft

model, there is no bacterial colonization and, still, there is an

oversulfation of the mucins secreted by these xenografts.

Therefore, the lack of infection in this model suggests a link

between hypersulfation of CF mucins and the primary defect.

Moreover, it has been proposed that the concentration of

PAPS, the sulfate donor, in the Golgi lumen is directly

regulated by CFTR, and therefore may in¯uence the sulfation

process [14]. Recent data indicate that, in addition to

oversulfation, mucins from patients severely infected by

P. aeruginosa undergo increased sialylation as well as an

increased content of sialyl-Lex epitopes associated with the

strong in¯ammatory response observed in this disease [15].

In a previous work, polyacrylamide based ¯uorescent

glycoconjugates and ¯ow cytometry were used to show that

several strains of P. aeruginosa recognized a set of neutral and

acidic carbohydrate epitopes found at the periphery of mucins,

especially the sialyl-Lex epitope [16]. These results suggested

that this epitope, overexpressed in CF mucins, could be

responsible in part for the initiation and persistence of CF lung

infection. Since the 6-sulfo-sialyl-Lex determinant is also

found in abundance in respiratory mucins of CF patients [17],
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one may raise the question of its implication in lung

colonization by P. aeruginosa.

In the present work, we compared the af®nity of sialyl-Lex

and 6-sulfo-sialyl-Lex determinants for several strains of

P. aeruginosa, using polyacrylamide based neoglycoconju-

gates. The binding of ¯uorescent polyacrylamide based glyco-

conjugates bearing Lex and 30-sulfo-Lex was studied as a

control. The study was conducted with a non-piliated strain of

P. aeruginosa, 1244-NP, and four mucoid strains isolated from

CF patients.

Materials and methods

Neoglycoconjugates

In the neoglycoconjugates (Syntesome, Munich, Germany)

used in the study, carbohydrate determinants (Table 1) are

linked via three-carbon spacers to a polyacrylamide type

matrix (Gly-PAA). In these compounds approximately every

®fth amide group of the polymer chains is N-substituted by the

carbohydrate on a spacer arm (-(CH2)3-). The carbohydrate

content of the neoglycoconjugates is 20% per mol and their

molecular weight was about 40 000 [18]. Neoglycoconjugates

labeled with a ¯uorescent probe (Gly-PAA-¯u) were used for

¯ow cytometry analysis.

Bacterial strains and culture conditions

All the strains were used in our previous study [16]. Strain

1244-NP (provided by S. Lory, from the University of

Washington) is a non-isogenic non-piliated non-mucoid strain

[19]; the other strains were isolated from CF patients as

mucoid isolates. They were grown for 18 h at 37�C in tryptic

soy broth (TSB medium, Difco, Detroit, Mich.). After

centrifugation of the cultures at 4000�g for 30 min, the cell

pellet was washed twice by ®ltered physiologic saline

containing 5% (v=v) TSB and then resuspended in the same

solution. Optical density measurement was used to obtain a

bacterial suspension of approximately 107 CFU=ml. The exact

number of bacteria was determined by dilution and plating of

the suspension.

Flow cytometry binding analysis

Before each experiment, ¯uorescent neoglycoconjugates were

dissolved in ®ltered bidistilled water (250 mg=ml). Bacteria

were suspended at a concentration of 2� 106 CFU=ml in

Phosphate Buffered Saline (PBS) containing 1% (v=v) of

Bovine Serum Albumin (BSA), and 0.5 ml of aliquots were

incubated with increasing concentrations (6.25 to 125 nM) of

¯uorescent glycoconjugates. Since ¯uorescent polyacrylate

without any carbohydrate epitopes were not available, controls

were obtained by omitting glycoconjugates in the incubation

mixture. The mixtures were analyzed by ¯ow cytometry as

described previously [16], but using a FACScalibur cytometer

(Beckton-Dickinson), and Q cell and Softwares for acquisition

and analysis respectively. The green ¯uorescence was set on a

logarithm scale and the mean ¯uorescence was converted in

equivalent bound particles using ¯uorescent calibrated beads

(Immuno-Britt, Coulter Counter). Results were expressed as

equivalent bound particles after subtraction of the control

values. Experimental data were expressed as mean value �
standard deviations. Binding capacities and dissociation

constants (Kd) for the different Gly-PAA-¯u were calculated

according to Scatchard using the non-linear progression data

analysis program Enz®tter (Cambridge).

As previously described [16,20], the dissociation constants

were compared using the Student's test.

Inhibition experiments

Competition experiments were performed for the binding of

6-sulfo-sialyl-Lex- and sialyl-Lex-PAA-¯u to P. aeruginosa

1244-NP. Bacterial suspension (0.5 ml) was incubated for

30 min with ¯uorescent conjugates at a concentration cor-

responding to 50% of saturation of the labeled glycoconjugate

in presence of 100 fold molar excess of unlabeled polyacrylate

derivatives. Bacteria incubated under the same experimental

conditions, but without any potential inhibitors, were used as

controls. After ¯ow cytometry analysis, the values of mean

¯uorescence intensity (expressed as equivalent bound parti-

cles) were compared. The Kolmogorov-Smirnov two-sample

test was used to calculate the probability that two histograms

were different.

Incubation with sulfo-sialyl-Lex-PAA-¯u was performed in

presence or in absence of the corresponding unlabeled

glycoconjugate. Competition experiments of the binding of

sialyl-Lex-PAA-¯u were performed in presence of unlabeled

polyacrylate derivative bearing sulfo-sialyl-Lex epitope.

Microtiter plate adherence assay

Adherence of P. aeruginosa to neoglycoconjugates was

quanti®ed using a microtiter plate assay [19]. Glycoconjugates

were identical to those used in ¯ow cytometry analysis but

without any label [18]. They were dissolved (5 mg=ml) in

0.1 M sodium carbonate=sodium hydrogenocarbonate, pH 9

[21]. One hundred microliters of this solution was used to coat

Table 1. Synthetic glycoconjugates used in the study

Carbohydrate
epitope Gly-PAA-(¯u)

Lex Galb1-4[Fuca1-3]GlcNAcb-PAA-(¯u)
sialyl-Lex NeuAca2-3Galb1-4[Fuca1±3]GlcNAcb-PAA-

(¯u)
6-sulfo-

sialyl-Lex
NeuAca2-3Galb1-4[HSO3-6][Fuca1-3]-GlcNAcb-

PAA-(¯u)
3-sulfo-Lex HSO3-3Galb1-4[Fuca1-3]GlcNAcb-PAA-(¯u)

PAA-¯u-polyacrylamide carrier labelled with ¯uorescein.

736 Scharfman et al.



the wells of a microtiter plate. After one night at 37�C, the

wells were rinsed with phosphate buffered saline (PBS), then

the bacterial suspension was added at a concentration between

5� 106 and 5� 107 CFU=ml. After incubation at 37�C for

30 min, the unbound bacteria were removed by washing the

wells with PBS. The bacteria adhering to neoglycoconjugates

were desorbed by adding a 0.5% solution of Triton X 100.

After dilution and plating, the bacteria were quanti®ed. A set

of uncoated wells was used as a negative control. Only the

experiments with little or no background binding were

considered valid. Wells coated with puri®ed respiratory

mucins [19] were used as positive controls. All experiments

were performed at least 4 times with 3 wells per experiment.

Results were expressed in CFU� 102 per well. They

corresponded to the average number of bacteria of each well.

Results

Comparative binding of 6-sulfo-sialyl-Lex- and sialyl-Lex-

PAA-¯u derivatives to P. aeruginosa 1244-NP

The binding of sialyl-Lex- and sulfo-sialyl- Lex-PAA-¯u to

P. aeruginosa 1244-NP was analyzed by ¯ow cytometry using a

FACscalibur cytometer. The results show that these two ¯uo-

rescent glycoconjugates have similar binding characteristics.

The binding is saturable (Figure 1), and ®tting the data by a

non-linear regression reveals an interaction indicative of two

classes of binding sites. This can be more easily visualized on

the Scatchard plot (Figure 2). From a two-site ligand binding

equation, using a molecular weight of 40 000 for the Gly-

PAA-¯u, apparent Kd values for the high af®nity binding sites

were calculated at 15� 9 nM for sialyl-Lex-PAA-¯u and at

14� 3 nM for 6-sulfo-sialyl-Lex-PAA-¯u. The numbers of

apparent binding sites calculated for the two ¯uorescent

glycoconjugates were also in the same order of magnitude

(Table 2). Altogether, these results show that sialyl-Lex- and

6-sulfo-sialyl-Lex-PAA-¯u have the same af®nity for P.

aeruginosa 1244-NP.

The binding of Lex- and 30-sulfo-Lex-PAA-¯u to

P. aeruginosa 1244-NP was also analysed by ¯ow cytometry,

using the same experimental conditions. Analysis of the data

showed that, unlike the binding of sialyl- and 6-sulfo-sialyl-

Lex-PAA-¯u, the binding of Lex- and 30-sulfo-Lex-PAA-¯u

was monophasic, with only one class of receptor of low af®-

nity. The Kd values calculated at 62 � l2 nM for Lex-PAA-¯u

Figure 1. In¯uence of the concentration of sialyl-Lex (A) and 6-
sulfo-sialyl-Lex (B)-PAA-¯u on the binding to P. aeruginosa 1244-
NP. Bacterial suspension was incubated with increasing concen-
trations (from 6.25 to 125 mM) of ¯uorescent glycoconjugates.
After 30 min in the dark, a ¯ow cytometry analysis was performed.
Kinetics values were determined by non-linear regression using a
two-site binding equation. Data points represent the mean values
of 4 or 5 experiments. Error bars were too small to be recorded.

Figure 2. Scatchard plot representation of the binding of sialyl-Lex

(A) and 6-sulfo-Lex (B) ¯uorescent derivatives to P. aeruginosa
1244-NP.
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and at 47� 12 nM for 30-sulfo-Lex-PAA-¯u were found to be

signi®cantly different (p< 0.005) from the values calculated

for the high af®nity binding sites of sialyl- and 6-sulfo-sialyl-

Lex-PAA-¯u (Table 2). The number of apparent binding sites

calculated at 15 400 � 1800 and at 13 100 � 1300 for Lex-

and 30-sulfo-Lex-PAA-¯u was higher than the number of high

af®nity binding sites calculated for sialyl- and 6-sulfo-sialyl-

Lex-PAA-¯u (Table 2). This difference can be explained by the

presence of low af®nity binding sites for these two

neoglycoconjugates (data not shown). Altogether, these results

suggest that substitution of the Lex epitopes by 3-sialyl- or by

6-sulfo- and 3-sialyl- residues modi®es its binding to

P. aeruginosa 1244-NP.

It should be noticed that the Kd values obtained for

the binding of Lex-, sialyl-Lex- and 30-sulfo-Lex-PAA-¯u are

identical to those obtained in our preceding study [16]. The

number of apparent binding sites depends on the character-

istics of the apparatus which is used. This number was higher

with a cytometry analysis performed with a FACScalibur

cytometer using a 1052 resolution channel than with a

FACScann cytometer using a 250 resolution channel.

Speci®city of the binding of 6-sulfo-sialyl-Lex-PAA-¯u

to P. aeruginosa 1244-NP

Competition experiments were performed in the presence of a

62.5 nM solution of the ¯uorescent glycoconjugates; this

concentration corresponded to 50±60% of the saturating

concentration (Figure 1).

To check the speci®city of the binding of sulfo-sialyl-Lex-

PAA-¯u to P. aeruginosa 1244 NP, competition binding was

performed in the presence of the unlabeled corresponding

glycoconjugate. The results obtained after ¯ow cytometry

analysis demonstrated a decrease in the logarithm of

¯uorescence intensity when compared to control (3500 bound

particles but 6000 in absence of unlabeled 6-sulfo-sialyl-Lex

derivative). Reduction of intensity was evidenced by the

Kolmorogov-Smirnov two-sample test.

The value of mean ¯uorescence obtained for the binding of

sialyl-Lex-PAA-¯u was not changed when incubation was

performed in presence of unlabeled sulfo-sialyl-Lex polyacry-

late derivative. These results suggested that there was no cross

reactivity in the binding of sulfo-sialyl-Lex- and sialyl-Lex-

PAA-¯u to P. aeruginosa 1244-NP.

Comparative adherence of P. aeruginosa 1244-NP to

sialyl-Lex and 6-sulfo-sialyl-Lex-PAA

To compare the involvement of sialyl-Lex and 6-sulfo-sialyl-

Lex epitopes in the adhesion process, we compared the

adherence of P. aeruginosa 1244-NP to unlabeled polyacrylate

derivatives coated on a microtiter plate assay. The numbers of

adhering bacteria (102 CFU per well) obtained for the wells

coated with sialyl-Lex-PAA and 6-sulfo-sialyl-Le-PAA were

374� 150 and 368� 156 respectively.

Comparative binding of sialyl-Lex and 6-sulfo-sialyl-

Lex-PAA-¯u to pathological strains of P. aeruginosa

In order to determine whether the pathological strains also

preferentially recognize glycoconjugates bearing sialyl- and

sulfo-sialyl-Lex, the binding of sialyl-Lex, 3-sulfo-Lex-

and sulfo-sialyl-Lex-PAA-¯u to four mucoid strains was

compared using ¯ow cytometry and Scatchard analysis. The

calculated Kd values (Table 3) indicated that strain 690 bound

better to the sialyl-Lex ¯uorescent glycoconjugate than to the

sulfo-sialyl-Lex derivative. In contrast, for the three other

strains (6190, 6118 and 130308), there were no differences

between the Kd values obtained for sialyl-Lex- and sulfo-

sialyl-Lex-PAA-¯u. The Kd values obtained for the binding of

30-sulfo-Lex-PAA-¯u indicated that all the strains, except

6118, bound better to sialyl-Lex and=or to 6-sulfo-sialyl-Lex-

PAA-¯u than to 30-sulfo-Lex-PAA-¯u.

Discussion

The aim of the present data was to determine whether the

6-sulfo-sialyl-Lex epitope is involved in the attachment of

P. aeruginosa to respiratory mucins. The study was conducted

with a non-piliated strain, strain 1244-NP, and four strains

isolated from CF patients.

In order to determine carbohydrate receptors for

P. aeruginosa, we have previously developed a ¯ow cytometry

assay using polyacrylamide-based glycoconjugates labeled

with ¯uorescein. The results obtained with this technique have

shown that several strains of P. aeruginosa recognized

speci®cally the Lex determinant and its sialylated or sulfated

derivatives found at the periphery of respiratory mucins [16].

The glycoconjugate bearing the sialyl-Lex epitope was found

to be a better receptor than the other glycoconjugates. This

result suggested that this structure might be a site of

attachment for P. aeruginosa.

However, the broad diversity of carbohydrate chains of

these glycoproteins, suggested that other receptors might be

involved in this binding. The 6-sulfo-sialyl-Lex epitope, which

is also well represented in CF mucins [17], could be a good

Table 2. Binding of Lex-, sialyl-Lex-, 6-sulfo-sialyl-Lex- and 30-
sulfo-Lex-PAA-¯u to P. aeruginosa 1244 NP

Carbohydrate
epitope

Dissociation constant
(Kd nM)

Number of binding
sites

Lex a 62� 12 15 400� 1 800
sialyl-Lex b 15� 9 7 000� 2 600
6-sulfo-sialyl-Lex c 14� 3 5 000� 810
30-sulfo-Lex d 47� 12 13 100� 1 300

Results are expressed as mean � standard deviations.
anumber of data points used for Scatchard analysis � 24.
bnumber of data points used for Scatchard analysis � 21.
cnumber of data points used for Scatchard analysis � 29.
dnumber of data points used for Scatchard analysis � 18.
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candidate for binding. The polyacrylamide-based glycoconju-

gate bearing this structure became available recently. Using

this ¯uorescent derivative and ¯ow cytometry, the present

study demonstrates that all the strains of P. aeruginosa studied

bound to the glycoconjugate bearing the 6-sulfo-sialyl-Lex-

PAA-¯u. The speci®city of the binding was studied by a

competition experiment: the binding of 6-sulfo-sialyl-Lex-

PAA-¯u to P. aeruginosa 1244-NP showed a decrease in the

presence of an excess of the unlabeled corresponding

glycoconjugate.

In our preceding study [16], competition assays were also

performed. The binding of Lex-PAA-¯u showed a 50%

inhibition in the presence of an excess of the corresponding

unlabeled polyacrylate derivative. This partial inhibition may

be due to a non-speci®c ®xation of the ¯uorescent groups on

the bacteria [22]. For similar reasons, it was also shown that

competitive inhibition by respiratory mucins and mucin

glycopeptides which bear more than a single epitope could

not reach more than a 50% inhibition. A partial inhibition has

also been observed for the binding of sialyl-Lex-PAA-¯u to

CHO cells [23].

The Kd measurement indicates that, for all strains studied

but one, the af®nity for the 6-sulfo-sialyl-Lex determinant was

as high as the af®nity for the sialyl-Lex determinant. We also

measured the adherence of strain 1244-NP to glycoconjugates

bearing sialyl-Lex and 6-sulfo-sialyl-Lex coated on microtiter-

plates. The results showed that the number of adherent bacteria

was the same for the two glycoconjugates. Altogether, these

results indicate that the 6-sulfo-sialyl-Lex and the sialyl-Lex

epitopes are among the best receptors for P. aeruginosa.

Moreover, competition experiments revealed the absence of

cross-binding between polyacrylate derivatives bearing sialyl-

Lex derivatives and 6-sulfo-sialyl-Lex determinants, suggest-

ing that these two epitopes are recognized by different

bacterial adhesins.

The occurrence of several adhesins with different speci®city

is quite possible. A variety of adhesins has been observed with

H. pylori [24,25] and, in the case of P. aeruginosa, the binding

of radiolabeled mucins to outer membranes revealed a number

of bands [8].

Sialyl-Lex and 6-sulfo-sialyl-Lex determinants have been

shown to play a role in cell adhesion via binding to selectins

[26], and the 6-sulfo-sialyl-Lex determinant is the best ligand

of L-selectin [27] which is constitutively expressed on

leukocytes. Human respiratory mucins containing such

epitopes bind to L-selectin [28] and thus may interact with

leukocytes which are abundant in the airways of CF patients.

Human low-molecular weight salivary mucins (MG2) are also

recognised by L-selectin and by different bacteria, and their

binding is mediated by separate oligosaccharide determinants

[29]. On the contrary, the results of the present data indicate

that the binding of CF respiratory mucins to P. aeruginosa and

to L-selectin may involve the same carbohydrate determinants.

Altogether the results of the present work suggest that both the

primary defect leading to oversulfation and the strong

in¯ammatory reaction, generating an increase in mucin

sialylation and an hyperexpression of sialyl-Lex, may be

responsible for the speci®c lung colonization by P. aeruginosa

of CF patients. By binding with both leukocytes and bacteria,

mucins with sialyl-Lex and sulfo-sialyl-Lex determinants

might limit the defense properties of leukocytes against

P. aeruginosa.
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