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ABSTRACT

Prebiotic carbohydrates, in addition to their ability to
influence the colonic microbiota, are also able to in-
hibit attachment of pathogenic bacteria to epithelial
cells. This effect is mediated via their structural simi-
larity to the carbohydrate ligands, located on the
mucosal cell surface to which bacterial lectins attach.
However, the mechanism for this inhibition is not well
understood. The goal of this research was to measure
the effect of two prebiotic carbohydrates, galactooli-
gosaccharide and polydextrose, on the binding kinet-
ics of plant lectins, having known ligand specificity, to
tissue culture cells. To measure adherence, compete-
tion experiments were conducted with HEp-2 cells
exposed to nine fluorescent-labeled lectins and either
the cognate ligand or a prebiotic. Fluorescence mi-
croscopy and image analysis were used to quantify
adherence. Lectins that were able to bind to target
cells were significantly inhibited in the presence of the
cognate ligands. When prebiotics were added, inhibit-
tion of lectin binding was observed, depending on the
structural similarity between the prebiotic and the
cognate ligands. In general, PDX did not inhibit lec-
tin attachment, whereas GOS significantly inhibited
most lectins. This research suggests that receptor sites
located on the surface of epithelial HEp-2 cells are
structurally similar to GOS.
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1. INTRODUCTION

For most microbial pathogens, adherence or attachment
to the host tissue cell surface is required to initiate
infections [1]. Adherence provides the means by which
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pathogens resist environmental shear forces, initiate
biofilm formation, and begin to colonize or invade host
cells [2]. Initially, physical phenomena, including Van
der Waal’s forces, Coloumbic forces, and hydrophobic
interactions, promote bacterial associations with the cell
surface, but such interactions are generally loose and
reversible [1,3]. More permanent adherence occurs when
lectin-like structures attached to the bacterial cell interact
with complementary ligands on the mucosal surface [1,
3]. These bacterial lectins or adhesins are specialized
appendages that are highly stereospecific and determine
the tissue tropism of the pathogen. Three general types of
adhesin-receptor interactions of different chemical nature
have been recognized: 1) recognition between a protein
on the surface of the bacteria and a complementary pro-
tein on the mucosal surface; 2) binding between hydro-
phobins in both bacterial and tissue cell surfaces; and 3)
binding of lectins with carbohydrate moieties. The latter
is the one of the most common mechanisms by which
adherence occurs among bacterial pathogens [4].

Lectins, which are also found in viruses, plants, and
animals, are proteins capable of specific recognition and
reversible binding to carbohydrate moieties without al-
tering the covalent structure of the ligands. Typically,
each lectin molecule contains two or more carbohydrate
linking sites, and this di- or polyvalency enhances ad-
herence activity. In addition, many bacterial pathogens
have the ability to express different adhesins and at dif-
ferent stages of infection [1,5]. Thus, it is the concerted
action of the different adhesins that allows infections to
occur [2].

Prebiotic carbohydrates are defined as food ingre-
dients that provide beneficial effects for the host by
selectively stimulating the growth and/or activity of one
or a limited number of bacteria in the colon [6]. In
addition to their ability to influence the colonic micro-
biota, however, some prebiotics are also able to interfere
with how pathogenic bacteria attach to the epithelial cells
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that line the intestinal tract. This adherence inhibition
property has also been attributed to several naturally-
occurring carbohydrates, including milk oligosaccharides,
mannan oligosaccharides, and pectic oligosaccharides
[7-12]. It has been proposed that the anti-adherence
activity of these carbohydrates is due to their structural
similarity to the glycans present on the surface of host
cells. Accordingly, these soluble carbohydrates would
act as receptor analogs and block lectin-carbohydrate
interaction and subsequent bacterial attachment. How-
ever, the precise molecular mechanism of adherence
inhibition is not well understood, in part, because many
of the receptor sites on the target cells have not been
identified.

One experimental approach to better understand the
mechanism of adherence inhibition by bioactive carbo-
hydrates would be to measure adherence of well-defined
plant lectins to tissue culture cells in the presence of the
putative anti-adherent carbohydrate. The use of these
lectins eliminates many of the variables associated with
the use of live bacteria ordinarily used in anti-adherence
experiments. Such variables include the presence of
multiple adhesins with different carbohydrate specifi-
cities, variable expression of bacterial adhesions depend-
ing on growth phase and environment, and the presence
of interfering metabolites produced by bacteria. In addi-
tion, plant lectins are well characterized, their cognate li-
gands are well-defined, and the binding kinetics have been
determined [13]. This provides a novel experimental basis
to assess how exogenous, structurally similar ligands
interfere with lectin attachment in the presence of the
cognate ligands. The goal of this research, therefore, was
to measure the effect of two prebiotic carbohydrates,
galactooligosaccharide (GOS) and polydextrose (PDX),
as well as monomeric carbohydrates, on the binding ki-
netics of lectins to epithelial tissue culture cells. Im-
portantly, the results provide a mechanistic basis for the
role of food-grade prebiotics as anti-adherence agents.

2. MATERIALS AND METHODS

2.1. Monosaccharides and Prebiotics
Oligosaccharides

The Monosaccharides used in the present study included
glucose, galactose, N-acetyl galactosamine, N-acetyl
glucosamine (Sigma Chemical Co., St. Lous, MO, USA)
and mannose (Acros Organics, New Jersey, USA).
Polydextrose (PDX) was obtained from Danisco (New
Century, Kanas). PDX is a D-glucose polymer with f1-6
as the predominant linkage between monomers. Small
amounts of sorbitol and citric acid, attached to the
polymer by mono and diester bonds, are also present.
Two forms of galactooligosaccharide (GOS) were used,
F-GOS, from Friesland Campina (FrieslandCampina,
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New York, USA) and G-GOS, from GTC Nutrition
(GTC Nutrition, Golden, CO). Although the degree of
polymerization (2 - 6) and the types of linkages (£1-3,
p1-4, and p1-6) of the GOS in these products are the
same, the oligosaccharide concentrations are different.
The G-GOS contains 90% - 92% GOS, 8% - 10% lactose,
and traces of glucose and galactose. The F-GOS contains
57% GOS, and 23% lactose, 22% glucose and 0.8%
galactose (maximum values).

2.2. Lectins

Nine fluorescein-labeled lectins were obtained (Vector
Laboratories, Inc., CA, USA), including Concanavalin A
(Con A), Wheat Germ Agglutinin (WGA), Peanut Ag-
glutinin (PNA), Ricinus communis Agglutinin 1 (RCA),
Erythrina cristagalli Lectin (ECL), Euonymus europaeus
Lectin (EEL), Soybean Agglutinin (SBA), Ulex euro-
paeus Agglutinin I (UEA 1), and Dolichos biflorus
Agglutinin (DBA). Sources and carbohydrate specificity
are summarized in Table 1.

2.3. Tissue Culture Conditions

Hep-2 cells were obtained from the American Type Cul-
ture Collection (Manassas, Virginia). Cells were main-
tained under tissue culture conditions in minimal es-
sential medium (MEM, HyClone, Thermo Fisher Sci-
entific Inc, Utah, USA) supplemented with 10% fetal
bovine serum (FBS, HyClone). For adherence assays,
subconfluent monolayers of Hep-2 cells were harvested
with 0.25% (vol/vol) trypsin-EDTA solution (HyClone)
and seeded into 24 well tissue culture plates at ap-
proximately 5 x 10* Hep-2 cells per well. Plates were
incubated under tissue culture conditions for 30 hours
before starting the experiment.

2.4. Lectin Adherence

Subconfluent Hep-2 cells were prepared as described
above. Lectin solutions were prepared in MEM media
without FBS (WMEM) and added (1 ml) into each well at
a concentration of 7.0 pg/ml. Cells were incubated at
room temperature for 1 hour in the dark to preserve
fluorescein fluorescence. Preliminary studies revealed
that 1 hour incubation time was sufficient to induce
binding. Wells were then washed twice with wMEM and
three times with phosphate buffered saline (PBS) to
remove un-bound lectin. Coverslips were fixed with 10%
formaldehyde for 15 min and washed with PBS. Cover-
slips were placed in slides and analyzed microscopically
(see below). All experiments were performed in du-
plicate.

2.5. Competition Experiments

The same procedure described for the lectin adherence
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Table 1. Plant lectins used in this study, source, and carbohydrate specificity™.

Carbohydrate specificity

Lectin Plant Species
Monosaccharides Glycans
Concanavalin A Canavalia ensiformis Man/Gl containing a linked Man
(Con A) ’ ’ ¢ "GlcNAcp1-2Mana1-6(GlcNAcf1-2Manal-3)Manf1-4GlcNAc
.. . Dimers, Trimers ,oligosaccharides and glycoproteins
Wheat Germ Agglutinin Triticum vulgare . L ’
(WGA) (Gramineac) GlcNAc (low affinity) containing GlcNAc, NeuNAc, (£1-4GlcNAc)1-2NeuNAc

Peanut Agglutinin (PNA) Arachis hypogaea Gal

Ricinus communis Agglutinin . .
Ricinus communis

(Ré A) (Euphorbiaceae) Gal

Erythrina cristagalli Lectin

(ECL) Erythrina cristagalli Gal

Euonymus europaeus Lectin  Euonymus europaeus
(EEL) (Celastraceae)

Soybean Agglutinin (SBA) Glycine max GalNAc/Gal
Ulex europaeus Agglutinin I )
(UEA 1) Ulex europaeus Fu
Dolichos biflorus Agglutinin Dolichos biflorus GalNAc

(DBA)

"GlecNAcS1-4GlcNAcS1-4GlcNAcS1-4GlcNAcp1-4GlcNAc

Galp1-3GalNAc, Lactose
"Galp1-3GalNAc-Ser/Thr

oligosaccharides ending in Gal and NAcGal
"Galp1-4GIcNAcp1-2Manal-6(Galp1-4
GlcNAcf1-2Manal-3)Manf1-4GIlcNAc

Galp1-4GlecNAc
"GalNAcp1-4GlcNAc-R

Gala1-3Gal
"Gala1-3(Fucal-2)Galp1-3/4GlcNAc

Oligosaccharides with terminal a- or f-linked NAcGal/Gal
residues

*Fucal-6GlcNAc

o linked NAcGal
"GalNAcal-3GalNAcal-3GalB1-4GalB1-4Glc

"Glycans for which the lectins have high specificity; *Adapted from: [13,17,35-37].

experiments was followed. However, for these competi-
tion experiments, lectin-carbohydrate solutions were pre-
pared and immediately added (1 ml) to each well. Cog-
nate ligands were added at concentrations of 1, 10 and
100 mg/ml and for oligosaccharides, concentrations of
25, 50 and 100 mg/ml were used.

2.6. Fluorescence Microscopy

Slides were observed under an Olympus FV500 Con-
focal Laser Scanning Microscope with an Inverted Olym-
pus IX81 microscope and a PlanApo 100x oil objective.
The 488 nm Argon laser was used for the fluorescein
stained lectins (Vector Laboratories). Using a pre-de-
termined pattern, images from 10 different areas of each
coverslip, in duplicate, were obtained for each sample.
Each field contained approximately 50 cells.

2.7. Image Analysis

MATLAB software (Version 7.8, 2007, The MathWorks,
Inc., Natick, Massachusetts) was used to quantify the
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amount of green contained in each field. The primary
spectral component of green was obtained using the
RGB color model. The programmed code separates the
green channel from the image, and then adds all of the
individual values obtained per pixel. Therefore, the total
amount of green present in each field was calculated.

2.8. Statistical Analysis

Significant differences between the treatments were
determined using one-way ANOVA. Post hoc pair-wise
comparisons were done using Tukey’s test. Differences
in lectins attachment were considered significant when
P-values were less than 0.05. GraphPad Prism 5 (version
5.03, GraphPad Software, Inc, 2010) was used to per-
form statistical tests. All experiments were performed in
duplicate.

3. RESULTS
3.1. Attachment of Lectins to Hep-2 Cells

Nine lectins were assessed for their ability to attach to
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Hep-2 cells. Only five of the tested lectins, Con A, ECL,
PNA, RCA, and WGA, adhered to Hep-2 cells. In
contrast, cells treated with DBA, SBA, UEA I and EEL
lectins did not display any fluorescence signal when
observed microscopically.

3.2. Cognate Ligands Block Lectins Binding to
Tissue Culture Cells

Four of the lectins that adhered to Hep-2 cells were

M. X. Maldonado et al. / Advances in Bioscience and Biotechnology 4 (2013) 67-74

inhibited by nearly 100% in the presence of 10 mg/ml of
at least one of their cognate ligands (Figure 1). Con A
(Figure 1(c)) was the only lectin for which the presence
of the cognate ligand (mannose) did not inhibit binding
at the lowest concentration. However, at higher con-
centrations (i.e., 10 and 100 mg/ml), attachment was
effectively inhibited by 42% and 98%, respectively. For
those lectins for which two different monosaccharides
were used as cognate ligands (Figures 1(a) and (c)),
different levels of inhibition were obtained.
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Figure 1. Lectin attachment in the presence of cognate ligands and prebiotic carbohydrates. Values are reported as the average

percentage of reduction (100% x

[Control RGB units-Trt RGB units]/Control RGB units) for each of 2 coverslips, based on 10

images per coverslip; (a) Erythrina cristagalli Lectin (ECL); (b) Peanut Agglutinin (PNA); (c) Concanavalin A (Con A); (d)
Wheat Germ Agglutinin (WGA); (e) Ricinus communis Agglutinin I (RCA).
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3.3. Prebiotic Oligosaccharides Inhibit Lectins
Attachment to Hep-2

Prebiotic oligosaccharides also reduced adherence of the
lectins to Hep-2 cells (Figures 1 and 2). The concen-
trations used to test the oligosaccharides were higher
than the cognate ligands since the affinity towards these
carbohydrates was unknown and less affinity was expec-
ted. However, both types of GOS were highly effective
at inhibiting attachment. In fact, ECL, PNA and RCA
binding was completely inhibited by GOS even when the
lowest concentration (25 mg/ml) was added (Figures
1(a), (b) and (g)). In most cases, 100 mg/ml of G-GOS
was sufficient to inhibit more than 90% of the lectin
attachment.

Although we did not determine the minimum inhibi-
tory concentrations, it is possible that even lower concen-
trations of these prebiotic carbohydrates might have
inhibited adherence of the plant lectins to the Hep-2
cells. In general, G-GOS appeared to block lectin attach-
ment more efficiently than F-GOS and PDX, with the
exception of WGA. When Hep-2 cells were exposed to
WGA, PDX was the only prebiotic carbohydrate capable
of inhibiting attachment; neither G-GOS nor F-GOS had
any significant effect. Nevertheless, PDX was not a very
efficient inhibitor since 45% was the maximum level of
inhibition reached by PDX for this lectin (Figure 1(d)).
The only case in which PDX blocked lectin attachment at
rates comparable to that of GOS was in the Con A lectin
competition assay. Indeed, higher inhibition of this lectin
was obtained in presence of PDX than F-GOS (Figure

1(c)).

0 mg/ml 25 mg/ml

50 mg/ml 100 mg/ml

Figure 2. Microscopic images of HEp-2 cells after competition
experiments (100x). Inhibitory effect of G-GOS on Con A
(fluorescein-labeled) attachment the amount of green is directly
proportional to the amount of bound lectin and inversely pro-
portional to the percentage of inhibition.
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4. DISCUSSION

Plant lectins have been shown to be valuable reagents for
identifying and characterizing carbohydrate ligands in
biological systems [14-16]. In particular, fluorescently-
labeled lectins, in combination with micro arrays and
flow cytometry, have been used to analyze cell surface
carbohydrates in several tissue cell lines [17,18]. In this
current study, plant derived lectins were used to clarify
the mechanism by which prebiotic oligosaccharides
compete with cognate ligand in the surface of HEp-2
cells. The first step of this approach was to measure
lectin attachment directly to HEp-2 cells, which provi-
ded a basis for predicting the ligand composition of these
cells. Subsequent competition experiments also enabled
us to assess how similar these prebiotic carbohydrates
were to the HEp-2 ligands.

The observation that several plant-derived lectins,
including Con A, ECL, PNA, RCA, and WGA, attached
to HEp-2 cells implies that the HEp-2 cell surface con-
tains one or more of the carbohydrate moieties to which
these lectins specifically bind. Specifically, these binding
sites likely contain glucose, galactose, a-linked mannose,
N-acetyl glucosamine, dimers or oligosaccharides con-
taining N-acetylglucosamine and/or glycans with the lin-
kages Galp1-3GalNAc or Galf1-4GIcNAc. However, to
our knowledge, the carbohydrates present in the lectin
binding sites located on the HEp-2 cell surface have not
been identified.

The carbohydrate specificities of several of the adhesins
produced by pathogenic bacteria are now known [5]. For
example, P-fimbriated uropathogenic Escherichia coli
strains contain an adhesin specific for Galal-4Gal [19],
whereas other E. coli, as well as Klebsiella pneumoniae
and Salmonella, produce adhesins that bind to mannose
residues [1,20-24]. In contrast, the gram positive or-
ganism, Streptococcus pneumonia, binds carbohydrates
containing the linkages Galf1-3GalNAc and Galpl-
4GluNAc [5,25,26]. The observation that all of these or-
ganisms adhere to HEp-2 cells suggests the presence of a
diverse array of carbohydrates receptors to which their
adhesins are able to bind [20,26-29]. This is also sup-
ported by the plant lectin binding experiments reported
here. Indeed, our results suggests that the glycan targets
to which these bacterial adhesins bind are likely present
in the HEp-2 cells surface, since the plant lectins specific
for those targets attached effectively in these experi-
ments.

To assess the ability of prebiotics to act as adhesin
inhibitors, competitive binding experiments were perfor-
med using the plant derived lectins for which the cognate
receptors were already established. As expected, all of
the cognate ligands were able to inhibit lectin attach-
ment, confirming that lectins were able to bind to soluble
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carbohydrates, reducing the number of free lectins able
to bind the epithelial cells receptors. Prebiotics were also
capable of binding to the lectins and reducing adherence,
consistent with their monomer composition and the
known lectin targets. In general, the greater the similarity
between the prebiotic and the cognate ligands, the greater
was the inhibition observed. For example, GOS inhibited
attachment of ECL, PNA and RCA, lectins that are
selective for galactose-containing ligands.

Although both GOS products had similar adherence
inhibition activities, G-GOS was more inhibitory, presu-
mably due to the higher concentration of oligosacchari-
des present in that formulation (91%) compared to F-
GOS (57%). In contrast, PDX had little (<40%) or no
effect on adherence of these lectins. Inhibition due to
F-GOS is mostly attributed to the GOS molecules.
However, for ConA free glucose molecules present in
this material could have partially contributed to the inhi-
bitory effect. Although mannose is the primary ligand for
Con A, this lectin also has affinity for glucose, but only
about a fifth of that for mannose [30].

The cognate ligands monosaccharides for Con A are
glucose and mannose; therefore, both PDX and GOS
were expected to inhibit Con A attachment. Although
PDX consists mostly of glucose monomers and GOS
contains only one glucose monomer per molecule, the
latter was observed to have higher adherence inhibition.
This result could be due to differences in the linkages
and monomer distribution of each of the oligosaccharides.
It is also possible that the branched structure of PDX
causes steric hindrance, and therefore, diminishes it
binding affinity. In contrast, the linear structure of GOS
molecules could reach the active site of the lectin more
easily.

Interestingly, PDX, but not GOS, inhibited WGA
binding, although this lectin is not specific for either
glucose or galactose residues. The cognate ligand of
WGA is the negatively charged N-acetyl glucosamine.
Therefore, the inhibition observed could be due to the
presence of negative charges contained within the PDX
molecule that interfere with lectin attachment to the
target cells.

Collectively, these data showing that GOS effectively
inhibited attachment of lectins to HEp-2 cells are con-
sistent with the observation that GOS also inhibits ad-
herence of pathogens and their toxins to HEp-2 and
other cell lines. Examples include the inhibition of Sal-
monella, enteropathogenic E. coli, Cronobacter saka-
zakii and Vibrio cholerae toxin adherence to epithelial
cells and cell surface receptors [31-34]. In contrast, PDX
did not inhibit lectin attachment, suggesting that it is not
effective as an adherence inhibition agent. Moreover, the
results confirm the utility of HEp-2 as a suitable cell line
to assess the adherence inhibition properties of prebiotic

Copyright © 2013 SciRes.

carbohydrates, and validate the proposed mechanism of
action of prebiotics as bacterial binding inhibitors.
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