N =

I

10

11

12

13

Structure and function relationships of the binding of - and a-galactosylated
oligosaccharides to K88 fimbriae of enterotoxigenic Escherichia coli

Ya Lu Yan, Michael G. Ginzle®

University of Alberta, Dept. of Agricultural, Food and Nutritional Science, Edmonton,
Canada.

*Corresponding author footnote

University of Alberta, Dept. of Agricultural, Food and Nutritional Science,

4-10 Ag/For Centre, Edmonton, AB T6E2P5, Canada

Phone: + 1 780 492 0774

Email: mgaenzle@ualberta.ca



14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Abstract

Galactosylated oligosaccharides are synthesized by retaining glycosyl hydrolases with
lactose as galactosyl donor. Previous studies reported that chitosan-oligosaccharides
(COS) are suitable acceptors for B-galactosidase, and that galactosylated-COS prevented
adhesion of enterotoxigenic Escherichia coli (ETEC) K88 to porcine erythrocytes. The
present study aimed to determine the structure and functional relationship of
oligosaccharides binding to ETEC K88 fimbriae. B- Or a-galacto-oligosaccharides
(BGOS and aGOS), P-galactosylated melibiose, o-galactosylated lactose and f-/a-
galactosylated COS were produced with -/ a-galactosidase using lactose or melibiose as
galactosyl donor, respectively. Fructosylated COS were produced by levansucrase with
sucrose and COS. Oligosaccharides were fractionated with cation exchange
chromatography and size exclusion chromatograph. The ability of oligosaccharides to
prevent pathogen adhesion was measured with a hemagglutination assay, ELISA with
ETEC cells, or with purified K88 fimbriae. High molecular weight B-GalCOS,
B-galactosylated melibiose, and PGOS had strong anti-adhesion activity. Other
oligosaccharides had weak or no anti-adhesive effects against ETEC K88. The ability of
oligosaccharides to prevent binding of ETEC K88 or purified K88 fimbriae decreased
with decreasing molecular weight. In conclusion, B-linked galactosyl moieties were
necessary for preventing ETEC K88 attachment to porcine erythrocytes, the addition of
N-glucosamine moieties improved the anti-adhesive ability against ETEC K88. Results of
this study provide an avenue for valorization of lactose from whey to produce

oligosaccharides with specific biological activity.
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1. Introduction

Lactose is a disaccharide composed of galactose and glucose and occurs almost
exclusively in the milk of mammals (Génzle, Haase, Jelen, 2008). Whey containing
lactose as main component is a by-product of cheese production, and lactose is thus an
abundant carbohydrate resource (Fox, Guinee, Cogan, & McSweeney, 2017). Conversion
of lactose to oligosaccharides is increasingly used for valorization of lactose from cheese
whey (Fox, et al., 2017; Génzle et al., 2008). B-Galactosidase hydrolyzes lactose and
transfers galactose moieties to produce galacto-oligosaccharides (GOS) (Génzle et al.,
2008). Galactosylated oligosaccharides are synthesized when lactose is used as galactosyl
donor for transgalactosylation of acceptor sugars including mannose, fructose, maltose,
and chitosan-oligosaccharides (Génzle, 2012; Yan, Hu, Simpson, & Génzle, 2017). Other
glycosyl hydrolases including sialidase, glucansucrase, levansucrase and fucosidase use
lactose as acceptor carbohydrate to produce diverse oligosaccharides containing lactose at
the reducing end (Chen & Giénzle, 2017). Sialyllactose and 3’-fucosyllactose were
synthesized with lactose as acceptor sugar by sialidase and a-(1—3)-fucosyltransferase,
respectively (Choi, Kim, Park, & Kim, 2016; Michalak, et al. 2014).

Dietary oligosaccharides have multiple biological activities. Oligosaccharides may
directly modulate the immune system (Vogt et al., 2013), and prevent adherence of
pathogens to intestinal epithelia (Chen & Génzle, 2017; Kulkarni, Weiss, & Iyer, 2010).
Colonic fermentation of oligosaccharides generates health beneficial short chain fatty
acids but too vigorous fermentation induces osmotic diarrhea. Moreover, reduced
consumption of fermentable oligosaccharides, disaccharides, monosaccharides and
polyols (FODMAPS) relieved the symptoms of irritable bowel syndrome (Halmos,

Power, Shepherd, Gibson, & Muir, 2014).
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Pathogen adhesion through specific interaction between host glycan receptors and
bacterial glycan binding proteins is a critical step for infection or intoxication (Shoaf-
Sweeney & Hutkins, 2008). Specific glycan binding domains in bacterial proteins
recognize specific oligosaccharide structures to mediate attachment. For instance,
Escherichia coli with P-fimbriae specifically recognise galactobiose or molecules with
galactobiose structures (Nizet, Varki, & Aebi, 2017). Receptor analogs saturate bacterial
lectins and thus prevent pathogen adherence and infection (Shoaf-Sweeney & Hutkins,
2008). The concept is well supported by in vivo data for human milk oligosaccharides
(HMOs), which prevent enteropathogenic Escherichia coli infection in vitro and in vivo
by decreasing the attachment of EPEC (Manthey, et al., 2014). The commercial
availability of biotechnologically produced HMOs (Ohrlein, 1999; Nishimoto & Kitaoka,
2007) allowed verification of their anti-adherence ability in vivo. HMOs prevented Vibrio
cholera, Campylobacter jejuni, and E.coli adherence in vivo (Chen & Génzle, 2017,
Ruiz-Palacios, et al., 2003). GOS may have comparable activity for specific pathogens;
for example, GOS reduced adherence of Cronobacter sakazakii to HEp-2 human cells
(Quintero et al., 2011).

The specificity of pathogens adherence to specific host species allows the design of
specific and effective intervention strategies; however, it also impedes concept validation
through use of cell lines, (surgical) animal models, and in vivo pathogen challenge trials.
Enterotoxigenic E.coli (ETEC) causes diarrhea in humans and piglets; human and animal
ETECs produce identical toxins but employ host-specific fimbriae for adhesion (Jin &
Zhao, 2000; Van den Broeck, Cox, Oudega & Goddeeris, 2000; Wolf, 1997). The use of

piglets nevertheless allows validating in vitro studies with suitable in vivo model systems
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because in vitro experimentation and in vivo validation with invasive surgical models can
be done with the same host species (Chen, Woodward, Zijlstra, & Génzle, 2014).
B-Galactosylated chitosan oligosaccharides (B-GalCOS) were shown to prevent ETEC
K88 adherence to porcine erythrocytes (Yan et al., 2017), however the specificity of
oligosaccharide binding to K88 fimbriae remains unknown. This study therefore aimed to
determine the influence of oligosaccharide composition, linkage type, and degree of
polymerization (DP) on binding affinity to ETEC K88. Transglycosylation with -
galactosidase (Yan et al., 2017), a-galactosidase (Wang, Black, Curtis & Ginzle, 2013)
and levansucrase (Tieking, Kiihnl, & Génzle, 2005) was employed to synthesize -
galactosylated COS, a-galactosylated COS, fructosylated COS, and B-/a-linked GOS.
Oligosaccharides were separated by cation exchange and/or size exclusion
chromatography and their binding affinity to was determined with cells of ETEC as well

as purified K88 fimbriae.

2. Materials and Methods

2.1  Preparation of f-galactosidase and a-galactosidase crude cell extracts
Lactococcus lactis MG 1363 expressing the LacLM type B-galactosidase of Lactobacillus
plantarum (Schwab, Serensen, & Génzle, 2010) were streaked onto M17 agar plates
supplemented with 5% glucose and 5mg L' erythromycin (mM17) and incubated
anaerobically at 30°C for 48h. L. lactis MG 1363 harbouring the a-galactosidase of Lb.
reuteri 100-23, Aga23 (Wang et al., 2013) was streaked onto mM17 with 0.0274%
MnSOs4 and incubated anaerobically at 37°C for 24h. Crude cell extract with f-
galactosidase activity and a-galactosidase activity was prepared as described (Black, et

al., 2014; Wang, et al., (2013). Protein content for both crude cellular extracts was
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determined with Bradford protein assay. f-Galactosidase and a-galactosidase activities
were  measured  with  o-nitrophenyl-B-galactoside = and  4-nitrophenyl-a-D-
galactopyranoside, respectively, and were expressed as conversion of pmol substrate per
min and mg protein in the crude cellular extract. (Schwab et al., 2011, Wang et al., 2013)

2.2 Overexpression and purification of levansucrase

Escherichia coli IM109 DE3 (pLEV1) harbouring /evS coding for levansucrase of
Lb.sanfranciscensis TMW 1392 (Tieking, et al., 2005) was streaked onto Luria-Bertani
(LB) plate containing 100mg L' ampicillin at 37°C. Overexpression of LevS by
induction with isopropyl-p-D-thiogalactopyranoside was performed as described (Tieking
et al.,, 2005). Levansucrase was purified from crude cellular extract by affinity
chromatography (Tieking et al., 2005). The purification protocol was verified by SDS-
PAGE; the protein concentration was quantified with the Bradford assay. Levansucrase
activity was assay as previously described (Tieking, et al., 2005).

2.3 Synthesis of oligosaccharides with f-galactosidase

B-Galactosylated oligosaccharides were synthesized with lactose, melibiose or chitosan-
oligosaccharides (COS; Glycobio Company, Dalian, P.R. China) as acceptors, and
reactions contained 1M lactose, 0.5M lactose and 0.5M melibiose, or 180g L lactose
and 180g L' COS, respectively. Reaction were started by addition of 20% (v/v) crude
cellular extract to achieve B-galactosidase activity of 28— 32umol min"! mg’!, incubated
45°C for 16h, and terminated by precipitation of proteins by addition of perchloric acid to
a final concentration of 3.5% (v/v). All carbohydrates were dissolved in phosphate buffer
at pH 6.8.

2.4 Synthesis of oligosaccharides with a-galactosidase
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a-Galactosylated oligosaccharides were produced with melibiose, lactose, or COS as
acceptor carbohydrates. Reactions contained 1M melibiose, 0.5M melibiose and 0.5M
lactose, or 180g L melibiose and 180g L' COS, respectively. Reactions were started by
addition of crude cellular extract to achieve a-galactose activity of 150 + 10umol min’!
mg!, incubated at 37°C for 24h, and terminated as described above. All carbohydrates
were dissolved in Mcllvaine buffer at pH 4.7.

2.5 Synthesis of oligosaccharides with levansucrase

COS were B-fructosylated by incubation of 130g L sucrose as fructosyl-donor and
130g L' COS with LevS as biocatalyst at 37°C for 20h. Reactions were performed with
an enzyme concentration of 1ug mL™! in 10mM sodium acetate buffer with Immol L-!
CaClz, pH 5.4, and terminated as described above. Levansucrase enzyme activity was
adjusted to 90-100pmol min' mg!. Fructo-oligosaccharides as controls were also
synthesized in the acceptor reaction with sucrose at 260g L.

2.6 Oligosaccharides purification and fractionation

B-Galactosylated COS (B-GalCOS), a-galactosylated COS (a-GalCOS) and fructosylated
COS (Fruc-COS) were purified by cation exchange chromatography (Yan et al., 2017). In
brief, reaction mixtures were adjusted to a total carbohydrate concentration of 10g L
with 0.1% trifluoroacetic acid (TFA) and loaded on pre-conditioned SCX columns (55um,
70A, Phenomenex, USA). Columns were washed with 0.1% TFA, charged
oligosaccharides were eluted with 0.2% trimethylamine and lyophilized.

The lyophilized fractions as well as the uncharged BGOS and aGOS were further
fractionated by size exclusion chromatography (SEC) (Yan et al., 2017). Five fractions

were collected for each sample and concentrated by lyophilization. Samples were
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discarded when visible browning occurred during drying. Oligosaccharides were re-
dissolved in phosphate-buffer saline (PBS) (pH 7.2) to a concentration of 10g L.

2.7 High Performance Anion Exchange Chromatography with Pulsed Amperometric
Detection (HPAEC-PAD,).

Oligosaccharides were diluted to 1g L™ prior to analysis on a HPAEC-PAD ICS-3000
system (Dionex, Oakville, Canada). Samples (10uL) were separated on a CarboPac PA-
20 column using water (A), 200mM NaOH (B), and 1M sodium acetate (C) as eluent.

2.8 Hemagglutination assay to determine the effect of oligosaccharides on ETEC K88
adhesion to porcine erythrocytes.

The hemagglutination assay was performed with the porcine ETEC ECL 13795
expressing K88ac fimbriae (Yan et al., 2017). E. coli were cultivated on Minca agar
overnight and washed with ImL of PBS. E.coli cell suspensions with an optical density
(600 nm) of 70 were diluted 2-fold microtiter plates (Corning, Fisher Scientific, CA). The
same volume of PBS or oligosaccharide fractions was added. Oligosaccharides were used
at 10g L' and in two-fold serial dilutions to the exhaustion of biological activity or to
0.1g L. Erythrocytes were prepared by 2-fold dilution of a 10% suspension of porcine
red blood cells (Innovative Research, Novi, MI, USA). The plate was incubated at 4°C
overnight before visually inspection of hemagglutination. The lowest sugar concentration
corresponding to four fold difference to the control was noted.

2.9 Purification of K88ac fimbriae from enterotoxigenic E. coli (ETEC) K88

ETEC K88 fimbriae were extracted as described (Peng, Ling, Ning, & Deng, 2014) with
some modifications. ETEC were cultivated in tryptic soy broth medium for 16h at 37°C.

Cells were collected by centrifugation, washed 3 times with phosphate buffer saline (PBS,
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pH 7.4), and incubated at 60°C for 30min. Cell debris was removed by centrifugation and
K88 fimbriae were precipitated with 60% (w/v) ammonium sulphate. Precipitates were
collected by centrifugation, re-solubilized in PBS and dialyzed against PBS overnight.
SDS-PAGE and Western blot verified purification. The antibody used for western blot
was E.coli K88A antibody (Biorad, USA) and a goat anti-mouse IgG (H+L) secondary
antibody conjugated to horseradish peroxidase (Invitrogen, Fisher Scientific, CA). The
protein concentration of the solution containing K88 fimbriae was determined with
Bradford assay and adjusted to 0.37 + 0.02mg L' prior to ELISA assay as described
below.

2.10 Enzyme-linked immunosorbent assay (ELISA) to determine the effect of
oligosaccharides on adhesion of ETEC K88 cells or K88 fimbriae to porcine erythrocytes.
The ability of oligosaccharides to inhibit adhesion of E.coli K88 cells or K88 fimbriae to
porcine erythrocytes was also assayed by ELISA. A 96-well high bind microtiter plate
(Corning, Fisher Scientific, CA) was coated overnight with 100uL of 5% porcine red
blood cells (Innovative Research, Novi, MI, USA) and blocked with 200uL of 3% bovine
serum albumin for lh at 4°C. Oligosaccharides were re-dissolved in PBS to a
concentration of 10g L™!. The same volume of ETEC with ODsoonm of 1.0, or of K88
fimbriac with a protein concentration of 0.lmg L' were mixed with PBS or
oligosaccharides; 100uL of the mixture was added into plates and incubated for 1h 4°C.
Red blood cells without addition of ETEC or K88 fimbriae, red blood cells with addition
of ETEC or K88 fimbriae only, and wells without red blood cells but addition of ETEC
or K88 fimbriae served as controls. The wells were then treated with mouse anti E.coli

K88A antibody (Biorad, USA) at a dilution of 1:2000. After 1h incubation, wells were



199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

treated with a goat anti-mouse IgG (H+L) secondary antibody conjugated to horseradish
peroxidase (Invitrogen, Fisher Scientific, CA) for 1h. After addition of TMB-ELISA
substrates and incubation for 30min, the reaction was stopped by 2M sulphuric acid, and
the absorbance at 450 nm was measured on a microplate reader (Thermo Scientific, CA).
2.11 Statistical analysis

Purification and fractionation of each oligosaccharide was conducted in three
independent enzymatic reactions. Bioassays were performed in triplicated technical
repeats. Results of bioassay are presented as means + standard error of the mean.

3. Results

3.1 Enzymatic synthesis of oligosaccharide libraries with [-galactosidase,
o-galactosidase, and levansucrase

The formation of oligosaccharides through acceptor reactions with B-galactosidase (Fig
1A and Fig 1C), a-galactosidase (Fig 1B and Fig 1D) and levansucrase (Fig 2) were
analyzed by HPAEC-PAD. Chromatograms indicated that COS (data not shown) and
melibiose (Figure 1C) were suitable acceptors for f-galactosidase; COS (data not shown)
and lactose (Fig 1D) were suitable acceptors for a-galactosidase (Figure 1, Black, et al.,
2014; Lu, Xiao, Li, Li, & Wang, 2009; Wang et al., 2014). In analogy, the pattern of
oligosaccharides produced by levansucrase after addition of COS as acceptor suggested
formation of fructosylated COS (Fig.2A). Enzymatic reactions with COS as acceptor
were purified by ion exchange chromatography to remove uncharged reaction products,
and to remove contaminants (Yan et al., 2017).

3.2 Effect of oligosaccharides on adhesion of E. coli K88 to porcine erythrocytes.

10
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Oligosaccharide fractions obtained by cation exchange chromatography were tested for
anti-adhesion activity against ETEC K88 with hemagglutination assay and their activity
was compared to the corresponding COS fractions (Table 1). COS separated by cation
exchange chromatography inhibit ETEC K88 adhesion at 6.7g L' (Yan et al., 2017 and
data not shown). Glycosylation of COS to obtain B-GalCOS, a-GalCOS or B-FrucCOS
enhanced their ability to prevent ETEC K88 binding to erythrocytes about five-fold
(Table 1).

3.3 Fractionation of oligosaccharides by size exclusion chromatography

B-GalCOS, a-GalCOS and B-FrucCOS were further fractionated by SEC. The molecular
weight cut off was F2, Mw 1500-2500 Da; F3, Mw 900-1500 Da; F4, Mw 500-1200 Da;
and F5, less than 500 Da. The formation of fructosylated COS was further confirmed
with HPAEC-PAD analysis of fractions obtained after cation exchange separation and
SEC fractionation. Analysis of oligosaccharide fractions derived from levansucrase
reactions with sucrose and COS as acceptor by HPAEC-PAD identified oligosaccharide
peaks that were absent in COS, or in reactions without COS (Fig 2B and 2C), indicating
formation of fructosylated COS.

B-GalCOS F2 had strongest anti-adherence activity followed by a-GalCOS F2 and (-
FrucCOS F2 (Table 1). The anti-adhesion activity decreased with decreasing molecular
weight (Table 1). All fractions containing glycosylated COS were more active when
compared to the corresponding fractions obtained with COS. B-Galactolylated COS
consistently exhibited the highest activity (Table 1).

GOS with mixed B- or a-linkages were also fractionated by SEC. Due to the low yield of

B- or o-galactosylated melibiose and lactose derived oligosaccharides with high
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molecular weight, fractions 2 and 3 in each oligosaccharides group were combined. All
fractions were analyzed with HPAEC-PAD (Figure 3) and evaluated with respect to their
ability to prevent ETEC adhesion (Table 2). Different pattern of peaks were observed
which indicated the formation of various oligosaccharides (Fig 3). Anti-adhesive activity
was observed only with P-galactosylated oligosaccharides with a relative molecular
weight of more than 900, corresponding to a DP of more than 6 (F2 and F3, Table 2). The
activity of B-galactosylated melibiose oligosaccharides in (F2 + F3) was not significantly
higher than the activity of B-galactosylated lactose (B-GOS) in (F2 and F3) (Table 2).
Fractions of B-galactosylated melibiose or B-GOS with small molecular weight and
fractions of a-galactosylated lactose or melibiose (a-GOS) did not prevent adherence of
ETEC K88 to porcine erythrocytes (Table 2).

3.4 Quantification of ETEC adhesion to porcine blood cells by ELISA

The anti-adhesive activities of fractions were confirmed by quantification of ETEC K88
adhesion to porcine erythrocytes by ELISA and K88 specific antibodies (Figure 4).
Results obtained by ELISA with B-GalCOS were similar to the hemagglutination assay;
B-GalCOS F2 strongly reduced ETEC adhesion and the inhibitory effect decreased with
decreasing molecular weight (Fig.4). Different from hemagglutination assay, the effect of
a-GalCOS and B-FrucCOS was largely independent of the molecular weight (Fig 4).

The anti-adhesive activity of non-charged oligosaccharides against ETEC adhesion is
shown in Figure 5. B-Galactosylated melibiose oligosaccharides with high molecular
weight (F2 and F3) showed the strongest anti-adhesion activity. B-Galactosylated lactose

(B-GOS) (F2 and F3), and a-galactosylated melibiose (F2 and F3) exhibited weaker

12
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activity (Fig 5). Other oligosaccharide fractions and all fractions containing
oligosaccharides with DP < 6 (F4 and F5) had only weak anti-adhesive activity (Fig. 5).
3.5. Quantification of the binding of K88 fimbriae to porcine blood cells by ELISA

To determine whether the activity of oligosaccharides is based on interference with
binding of K88 fimbriae, the anti-adhesive activity of oligosaccharides were evaluated
with purified K88 fimbriae. Western blot (Fig 6A) and SDS-PAGE (Fig 6B) confirmed
that the protocol for purification of fimbriae provided a relatively pure preparation of
fimbriae. The ability of oligosaccharides to prevent binding of these K88 fimbriae to
porcine erythrocytes was quantified by ELISA (Figure 7). Similar to the other two assays,
high molecular weight B-GalCOS (F2) had the highest activity in blocking K88 fimbriae;
other glycosylated COS or B-GalCOS with a DP of less than 8 (F3, F4) were significantly
less active (Figure 7). Uncharged oligosaccharides had lower anti-adherence activity;
B-galactosylated melibiose (F2 + F3) blocked adhesion of K88 fimbriae getter than the
corresponding fraction with a-galactosylated melibiose (Figure 7).

4. Discussion

This study assayed the glycan receptor specificity of ETEC K88 fimbriae with
oligosaccharide libraries synthesized with three retaining glycosyl hydrolases and
multiple acceptor carbohydrates for each glycosyl hydrolase.

Lactose and melibiose were used as glycosyl donor in reactions with -galactosidase and
a-galactosidase, respectively, using melibiose, lactose and COS as acceptor sugars.
Oligosaccharide synthesis with levansucrase was conducted with sucrose as fructosyl
donor and COS as acceptors. An overview on the reactions and the respective products is

provided in Figure 8. Lactose and melibiose are known to be suitable acceptor
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carbohydrates for - as well as a-galactosidases (Lu et al., 2009; Wang, et al. 2014) but
the synthesis of fructosylated COS with levansucrase was not previously reported. The
synthesis of B-GalCOS by B-galactosidase was previously confirmed by MS/MS and LC-
MS/MS analysis of products (Black et al., 2014; Yan et al., 2017). The present study used
cation-exchange separation, SEC fractionation, HPACE-PAD analysis and the evaluation
of the biological activity as indication the formation of a-GalCOS and B-FrucCOS
formation. The structural analysis of a-GalCOS and B-FrucCOS, however, remains
subject to future investigations. Taken together, the present study demonstrates that the
use of retaining glycosyl hydrolases (Génzle, 2012) with reciprocal acceptor / donor pairs
is a suitable tool to synthesize oligosaccharide libraries for studies aiming to elucidate
structure/function relationships.

Hemagglutination is a relatively simple assay to quantify ETEC binding to host cells
(Coddens et al., 2011; Monens et al., 2015; Sun, Génzle & Wu, 2017), and results
obtained with the hemagglutination assay have been verified in vivo (Chen et al., 2014).
The assay is sensitive, however, to the presence of salts introduced by oligosaccharide
purification and concentration, necessitating the use of buffers composed of volatile
components for oligosaccharide fractionation to allow removal of buffer components by
freeze-drying (Sun et al., 2017; Yan et al., 2017). Moreover, COS are reducing
carbohydrates containing primary amines; the formation of Maillard products that
interfere with hemagglutination is observed even in the temperature range of 20 — 50°C
(Hrynets, Ndagijimana, Betti, 2015; Yan et al., 2017). The present study therefore
complemented the hemagglutination assay with the quantification of the binding of

ETEC and purified K88 fimbriae to porcine erythrocytes by ELISA. The three assays
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provided consistent results with exception of the determination of the activity of
a-GalCOS and B-FrucCOS (Tab. 1, Fig. 4 and Fig. 7). The discrepancies may relate to
non-K88 binding molecules, or to Maillard reaction products that were present in low
molecular weight fractions prepared from of a-GalCOS and B-FrucCOS. Owing to longer
incubation times for the enzymatic reaction, discoloration caused by the Maillard reaction
was more pronounced in reactions with a-galactosidase and levansucrase. Fractionation
with cation exchange chromatography and SEC to obtain high molecular weight
oligosaccharide fractions, however, removed interferences. The use of multiple assays to
determine pathogen binding including the use of purified K88ac fimbriae, however,
demonstrated that the activity of oligosaccharide fractions directly relates to binding to
the lectin domain of K88 fimbriae (Moonens et al., 2015).

K88 fimbriae of E. coli occur in three variants, K88, K88ac, and K884, which have
overlapping yet distinct receptor specificities (Coddens et al., 2011; Guinée & Jansen,
1979; Moonens et al., 2015). B-Galactosylated melibiose and lactose with DP > 6, B-
GalCOS with DP > 8 prevented binding of ETEC K88 as well as purified K88ac fimbriae
to porcine erythrocytes (Table 2, Fig. 5 and Fig. 7). Fructosylation of COS or
a-galactosylation of lactose and melibiose did not greatly enhance increase the anti-
adhesive activity of acceptor carbohydrates. B-Linked galactosyl moieties were thus
promoting anti-adhesive activity; the presence of multiple N-glucosamine moieties at the
reducing end also increased activity. Our results conform to prior studies demonstrating
that B-linked galactosidase and /or N-acetylglucosamine residues are important for
receptor binding of all three variants of K88 fimbriae, including the most common type

K88ac (Coddens et al., 2011; Grange et al., 2002; Moonens et al., 2015, Van den Broeck
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et al.,, 2000), and extend the array of oligosaccharides binding to K88 fimbriae to
oligosaccharides that are readily synthesised with B-galactosidase, lactose, and COS or
melibiose.

We observed that high molecular weight oligosaccharides prevented K88 binding to
porcine erythrocytes more effectively than analogous oligosaccharides with a lower DP,
confirming and extending previous observations with $-GalCOS (Yan et al., 2017). This
observation may relate to the low affinity of the glycan binding domain of bacterial
fimbriae to the glycan receptors. High molecular weight oligosaccharides may allow
multiple interactions with the bacterial lectins. Likewise, a high density of glycan
moieties thus favours bacterial adherence with multiple fimbriae per cell (Nizet, Varki, &
Aebi, 2017). In analogy, Shiga toxin subunit B, which mediates glycan recognition, has
three glycan binding sites for a total of 15 glycan-protein receptor events for a Shiga
toxin molecule composed of one StxA and five StxB units (Pina, and Johannes, 2005).
Bacteriophage binding to host glycans also requires a multiplicity of the weak protein-
glycan interactions (for review, see Mahony, Cambillau, & van Sinderen, 2017).

Because glycan binding proteins of different pathogens recognize different glycan
receptors, the development of oligosaccharides libraries may allow interventions
targeting multiple pathogens. Sa/monella and type I fimbriated E.coli strains are specific
to mannose (Nizet, Varki, & Aebi, 2017). Glycosylated mucin (MUC 1) from cow’s milk
inhibited binding of E.coli, Salmonella enterica serovar Typhimurium, Staphylococcus
aureus and Bacillus subtilis to human cell lines (Parker, et al., 2010). Yeast-derived B-
galactomannan blocked ETEC K88 binding to porcine intestinal epithelial cells (Badia, et

al., 2012). B-Galactosides with or without N-glucosamine also prevent adhesion of other

16



358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

pathogens including P-fimbriated E.coli and Pseudomonas aeruginose (Kulkarni, Weiss,
& lIyer, 2010). N-acetylgalactosamine and N-acetylglucosamine reduced adhesion of
E.coli (O-, H48) to Caco-2 cells (Parker, et al., 2010). COS prevented adhesion of
enteropathogenic FE.coli (Quintero-Villegas, et al., 2013), and chitosan reduced the
adherence of human uropathogens (Campana, et al., 2017). The oligosaccharide libraries
generated in the present study thus may prevent adhesion of pathogens other than ETEC
K88, and may be useful in preventing human disease.

In conclusion, the present study generated oligosaccharide libraries by using three
glycosyl hydrolases and lactose, melibiose or COS as acceptor carbohydrates, and
evaluated the effect of oligosaccharide mixtures and fractions on adherence of E. coli
K88 to porcine erythrocytes. -Galactosylated oligosaccharides produced with lactose as
galactosyl donor were superior to a-galactosylated or fructosylated oligosaccharides with
respect to their inhibition of K88 adherence. The ability of [-galactosylated
oligosaccharides to prevent pathogen adhesion may complement the specific synthesis of
oligosaccharides produced by glycosyltransferases in genetically modified organisms
(Nishimoto & Kitaoka, 2007; Ohrlein, 1999). Infants and weaned animals are particularly
prone to infection by diarrheal pathogens; this study may thus provide novel avenues for
valorization of lactose from whey by oligosaccharide synthesis for applications in infant
formula and in feed formulation for calves and weaned piglets.
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Figure legends.

Figure 1. HPAEC-PAD diagrams of oligosaccharides synthesized through the acceptor
reactions of a-galactosidase and B-galactosidase. Melibiose and lactose were used as
glycosyl donors in all reactions with a-galactosidase and B-galactosidase, respectively.
Panel A. Separation of reactions with B-galactosidase, lactose and COS; Panel B.
Separation of with a-galactosidase, melibiose and COS; Panel C, Separation of reactions
with [B-galactosidase and lactose or lactose and melibiose; Panel D, Separation of
reactions with a-galactosidase and melibiose or melibiose and lactose. Lactose, melibiose,

and COS were used as external standards.

Figure 2. HPAEC-PAD diagrams of oligosaccharides synthesized through the acceptor
reaction of levansucrase and oligosaccharides fractions collected with SEC
chromatography. Panel A. levansucrase with sucrose alone or with sucrose and COS;
Panel B. Fruc-COS fractions; Panel C. COS fractions. Sucrose and COS were used as

external standards.

Figure 3. HPAEC-PAD diagrams of galactosylated oligosaccharides fractions collected
with SEC chromatography. Panel A. B-GalCOS; Panel B: a-GalCOS; Panel C. -
galactosylated lactose; Panel D: a-galactosylated melibiose; Panel E. B-galactosylated

melibiose; Panel F. a-galactosylated lactose.

Figure 4. Reduction of adherence of ETEC K88 ECL 13975 (0149, virotype
STb:LT:EAST1:F4) to porcine erythrocytes by galactosylated or fructosylated chitosan
oligosaccharides. The sugar concentration was 10 g L -1. ELISA was performed with

ETEC cells and K88-specific antibodies. Results are shown as means + standard
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deviation of three independent assays. Bars that do not share a common superscript are

significantly different (P< 0.05).

Figure 5. Reduction of adherence of ETEC K88 ECL 13975 (0149, virotype
STb:LT:EAST1:F4) to porcine erythrocytes by a-, B-, or o/p-linked galacto-
oligosaccharides as measured by ELISA. The carbohydrate concentration was adjusted to
10 g L -1. ELISA was performed with ETEC cells and K88-specific antibodies. Results
are shown as means + standard deviation of three independent assays. Bars that do not

share a common superscript are significantly different (P< 0.05).

Figure 6. Panel A: Western blot of K88 fimbriae purified from ETEC ECL 13975. The
molecular weight marker was applied on lane 1 and two independent extractions were
applied on lane 2 and 3. Panel B: SDS-page of K88 fimbriae purified form ETEC ECL
13975. The molecular weight marker was applied on lane 1 and two independent

extractions were applied on lane 2 and 3.

Figure 7. Reduction of binding of K88ac fimbriae purified from ETEC ECL 13975 (0149,
virotype STb:LT:EAST1:F4) to porcine erythrocytes by galactosylated or fructosylated
chitosan oligosaccharides, or by a-, B-, or o/B-linked galacto-oligosaccharides. The
carbohydrate concentration was 10 g L'. ELISA was performed with K88-specific
antibodies. Results are shown as means + standard deviation of three independent assays.

Bars that do not share a common superscript are significantly different (P< 0.05).

Figure 8. Schematic representation of acceptor reactions conducted in the study.
B-Galactosylated or fructosylated oligosaccharides were synthesized with B-galactosidase

and lactose as glycosyl donor (Panel A) or levansucrase and sucrose as glycosyl donor
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(Panel B), respectively. a-Galactosylated oligosaccharides were synthesized with o-

galactosidase and melibiose as glycosyl donor (Panel C).
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Table 1. Inhibition of erythrocyte agglutination by ETEC K88 strain with glycosylated

COS. Hemagglutination was determined with E.coli K88 ECL 13975 (0149, virotype

STb:LT:EASTI1:F4). Results are shown as means + standard deviation of three

independent assays. Values that do not share a common superscript are significantly

different (P< 0.05).

Oligosaccharides e lutination with ETEC (1.3
COS F2° 10.00 + 0.00?
COS F3 333+1.2°
COS F4 5.00 + 0.0°

B-GalCOS elution 1.25 + 0.0

B-GalCOS F2 0.17+0.1¢
B-GalCOS F3 1.67 £ 0.6°
B-GalCOS F4 3.33+1.2°
a-GalCOS elution 1.25 + 0.0
0-GalCOS F2 0.63 + 0.0°
0-GalCOS F3 4.17+1.2°
0-GalCOS F4 10.00 + 0.0
B-FrucCOS elution 1.25 £0.0%
B-FrucCOS F2 0.63 + 0.0°
B-FrucCOS F3 1.25 £ 0.0%
B-FrucCOS F4 >10.00

*The molecular weight cut off was F2, Mw 1500-2500 Da; F3, Mw 900-1500 Da; F4, Mw

500-1200 Da; and F5, less than 500 Da.
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Table 2. Inhibition of erythrocyte agglutination by ETEC K88 strain with a-galacto-
oligosaccharides,  P-galacto-oligosaccharides = and  o/p-galacto-oligosaccharides.
Hemagglutination was determined with E.coli K88 ECL 13975 (0149, virotype
STb:LT:EASTI1:F4). Results are shown as means + standard deviation of three
independent assays.

Minimum inhibitory concentration for

Oligosaccharides agglutination with ETEC (gL ™)
B-GOS F2+F3 833+24
B-GOS F4 >10.00
B-GOS F5 >10.00
B-galactosylated melibiose F2+F3 5.00+ 0.0
B-galactosylated melibiose F4 >10.00
[B-galactosylated melibiose F5 >10.00
a-galactosylated lactose F2+F3 10.00 £0.0
a-galactosylated lactose F4 >10.00
a-galactosylated lactose F5 >10.00
a-GOS F2+F3 >10.00
a-GOS F4 >10.00
a-GOS F5 >10.00
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Fig 2. Yan et al.
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Figure 5. Yan et al.
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Figure 6. Yan et al.
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Figure 7. Yan et al.
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