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g properties of pathogens and
toxins using multivalent glycan microarrays†
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Pathogens infect hosts often through initial binding of their cell surface lectins to glycans expressed on the

exterior of host cells. Thus, methods to evaluate the glycan-binding properties of pathogens are of great

importance. Because of the multivalent nature of interactions of pathogens with glycans, the ability to

assess the glycan density-dependent binding of pathogens is particularly important. In this study, we

developed a facile technique to construct multivalent carbohydrate microarrays through immobilization

of unmodified glycans on multivalent hydrazide-derivatized glass surfaces. This immobilization strategy

does not require the use of multivalent glycoconjugates, which are typically prepared by using multistep

sequences. The results of analysis of microarray images, obtained after incubation of multivalent glycan

microarrays with cholera toxin B and pathogens such as uropathogenic E. coli and H. pylori, show that

the binding affinities of toxins and pathogens for glycans are highly glycan density-dependent.

Specifically, toxins and pathogens bind to glycans more strongly as the valency of the glycans on the

microarrays is increased from 1 to 4. It is anticipated that the newly developed immobilization method

will be applicable to the preparation of multivalent carbohydrate microarrays that are employed to

evaluate multivalent glycan binding properties of a variety of pathogens and toxins.
Introduction

The external surfaces of plasma membranes in mammalian
cells are densely covered by diverse glycans in the form of gly-
coconjugates such as glycoproteins, glycosphingolipids and
proteoglycans.1 The patterns of glycosylation on mammalian
cell surfaces vary depending on cell and tissue types, and
species. Bacterial and viral pathogens frequently use mamma-
lian cell-surface glycans for infection of hosts. In this regard,
host cell-surface glycans serve as recognition sites for pathogens
that express cell-surface lectins (adhesins or hemagglutinins)
which are used for attachment to, and colonization and infec-
tion of hosts.2,3 In addition, host cell-surface glycans act as
ligands for toxins that are secreted by some pathogens, exem-
plied by Vibrio cholera.4 Therefore, the ability to assess the
interactions of pathogens and toxins with glycans has great
importance because it leads to deep insight into glycan-
associated infections by pathogens and toxins and to the
development of efficacious biomedical agents. In general, lec-
tins bind to monovalent glycans weakly but can associate with
multivalent counterparts with high affinities as a result of
a cluster effect.5 Thus, methods to analyze glycan density-
dependent binding of pathogens and toxins will facilitate our
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understanding of the nature and consequence of glycan-
associated recognition by pathogens and toxins.

Carbohydrate microarrays, which consist of various glycans
densely and orderly immobilized on solid surfaces, have been
widely employed for high-throughput analysis of glycan-
associated recognition events.6–9 In addition, this microarray
technology has been utilized for assessing substrate specic-
ities of glycosyltransferases, determining protein-glycan inter-
actions quantitatively, and identifying functional glycans.10,11

Furthermore, carbohydrate microarrays have been used to
assess binding properties of whole viruses and bacteria.12 Also,
these microarrays containing varying glycan densities have
been utilized to study the glycan density-dependent binding
properties of lectins.13 In spite of this high level of research
activity, the microarray-based technology has not been
employed to analyze density-dependent binding of bacteria and
toxins to glycans. In the study described below, we developed
a facile method to construct multivalent carbohydrate micro-
arrays, possessing various glycans that have valencies ranging
from 1 to 4. Moreover, these microarrays were employed to
demonstrate that binding of bacterial pathogens and toxins is
highly glycan density-dependent.
Results and discussion

Several types of carbohydrate microarrays, containing multiva-
lent glycans such as neoglycoproteins/neoglycopeptides, glyco-
dendrimers, peptide nucleic acid-conjugated glycans and DNA-
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Construction of carbohydratemicroarrays containingmono- andmultivalent glycans by immobilizing free glycans on surfaces derivatized
with mono-, di, tri- and tetravalent hydrazides.
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linked glycans with varying glycan densities, have been created
previously to evaluate glycan density-dependent binding of
lectins.13 However, preparation of the multivalent glyco-
conjugates used to construct these microarrays require multi-
step sequences. To avoid the time-consuming and difficult
synthesis of multivalent glycoconjugates, we took advantage of
an earlier observation showing that unmodied mono-, di-,
oligo- and polysaccharides are covalently and site-specically
immobilized on hydrazide-derivatized surfaces.14,15 Accord-
ingly, in this effort we developed a new, facile immobilization
protocol for construction of mono- and multivalent carbohy-
drate microarrays, in which unmodied glycans are linked to
mono-, di-, tri- and tetravalent hydrazide-derivatized glass slides
(Fig. 1).

The linkers required for modication of glass slides with
multivalent hydrazides were synthesized by using pathways
shown in Scheme 1. Briey, synthesis of di- and tri-t-butyl ester
Scheme 1 Routes for synthesis of di-, tri- and tetravalent linkers 7, 8 an

This journal is © The Royal Society of Chemistry 2018
containing linkers 7 and 8, containing primary amine groups
required for attachment to glass surfaces, was initiated by
reactions of 1 and 2 with t-butyl acrylate under basic conditions,
respectively. The adducts 3 and 4 were reacted with 2-(2-(2-(2-
azidoethoxy)ethoxy)ethoxy)acetic acid to generate the respective
amide coupled products 5 and 6. Reduction of the azide groups
in 5 and 6 by catalytic hydrogenation over Pd/C produced the
corresponding amines 7 and 8. In addition, the tetra-t-butyl
ester containing linker 10 was prepared by sequential removal
of t-butyl in 5, the amide coupling reaction of the resulting
diacid 50 with 3 to yield azide 9, and catalytic hydrogenation.

Next, glass surfaces were modied with mono-, di, tri- and
tetravalent hydrazides. For this purpose, epoxide-coated glass
slides were converted to N-hydroxysuccinimide (NHS) ester
derivatized slides (Fig. 2),16 which were then treated with
hydrazine to generate monovalent hydrazide-coated glass
slides. In addition, the NHS ester-modied glass slides were
d 10 used for modification of glass slides with multivalent hydrazides.

RSC Adv., 2018, 8, 14898–14905 | 14899
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Fig. 2 Construction of mono- and multivalent hydrazide-modified glass slides.
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View Article Online
individually treated with 7, 8 and 10 followed by removal of t-
butyl groups under acidic conditions to generate the respective
di-, tri- and tetravalent acid modied slides. Finally, the acid
Fig. 3 Chemical structures of glycans used for construction of mono- a

14900 | RSC Adv., 2018, 8, 14898–14905
groups on the surfaces of each slide were converted to NHS
esters, which were then reacted with hydrazine to generate the
target di, tri- and tetravalent hydrazide-modied slides.
nd multivalent carbohydrate microarrays.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (Upper images) Fluorescence images of mono- and multivalent carbohydrate microarrays (immobilization concentration of free glycans:
10 mM and 30 mM) after probing with (A) Cy3-RCA120, (B) Cy3-ConA, (C) Cy3-AA and (D) Cy3-CT-B for 1 h. The distance between centers of
adjacent spots is 250 mm. (Bottom graphs) Fluorescence intensities (arbitrary unit) of carbohydrate microarrays (error bar: mean � s.d., n ¼ 3).
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Carbohydrate microarrays containing mono- and multiva-
lent glycans were prepared by printing nineteen unmodied
sugars (1.0 nL, 10 and 30 mM of mono- (11–13), di- (14–17) and
oligosaccharides (18–29)) on mono-, di-, tri- and tetravalent
hydrazide-coated glass slides by using an automatic pin-type
microarrayer (Fig. 3).14 To demonstrate that the glycans were
successfully immobilized on the mono- and multivalent
hydrazide-modied surfaces, the microarrays were incubated
with Cy3-labeled plant lectins including Ricinus communis
agglutinin I (RCA120, a Gal/GalNAc binding lectin), Concanavalin
A (ConA, an a-Man/a-Glc binding lectin) and Aleuria aurantia
lectin (AA, a Fuc binding lectin). The results of microarray
image analysis showed that the glycans on the microarrays
This journal is © The Royal Society of Chemistry 2018
displayed lectin binding proles that were in agreement with
those observed in previous studies (Fig. 4A–C).14,17,18 Specically,
RCA120 recognized glycans containing Gal/GalNAc (binding
order: Gal < GalNAc < Galb1,3GalNAc # asialo-GM1 < Neu-
NAca2,6Lac < GM1 < Lac),14,18 ConA bound to Mana1,2Man and
Mana1,4Man with similar affinities,14 and AA recognized Fuc
containing glycans (binding order: sialyl Lex < H1 < Leb < Lex <
Lea < Ley).14,17,18 The observations also showed that lectin
binding to glycans becomes stronger as the valency is increased,
and that tetravalent glycans immobilized using 10 mM
concentrations bind to lectins with similar affinities as do
monovalent glycans immobilized using 30 mM concentrations.
RSC Adv., 2018, 8, 14898–14905 | 14901
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Fig. 5 (Upper images) Fluorescence images of mono- and multivalent carbohydrate microarrays treated with SYTO 83-labeled (A) E. coli
ORN178 in PBS buffer (pH 7.4) containing 0.1% BSA, 1mMCaCl2 and 1mMMnCl2 and (B)H. pylori J99 in TBS buffer (50mMTris-Cl, 150mMNaCl,
pH 7.4) containing 0.1% BSA. The distance between centers of adjacent spots is 250 mm. (Bottom graphs) Fluorescence intensities (arbitrary unit)
of carbohydrate microarrays (error bar: mean � s.d., n ¼ 3). The layout of carbohydrate spots on glass slides is shown in Fig. 4.

Fig. 6 Preparation of the Cy3-BSA-Mana1,2Man conjugate. The ratio
of Mana1,2Man conjugation to Cy3-BSA was determined by MS anal-
ysis (see ESI† for more details).
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The ndings indicate that glycans are successfully attached to
mono- and multivalent hydrazide-coated glass slides.

Studies were then performed to evaluate binding of cholera
toxin B (CT-B) to glycans on the microarray. The Gram-negative
Vibrio cholerae colonizes the small intestine and is the main
pathogen causing life-threatening acute diarrhoea (cholera).
This pathogen secrets cholera toxin (CT), which is composed of
two proteins including the monomeric subunit A (CT-A) and the
pentameric subunit B (CT-B).19 The released toxin adheres to
host cells by binding of CT-B to GM1-ganglioside, which is
expressed in various cell types including epithelial cells of the
gut and immune cells.20 Thus, studies of the binding properties
of CT-B to multivalent glycans is highly signicant. To date,
binding of CT-B to multivalent glycans has been probed using
an SPR technique21 and carbohydrate microarrays.22 However,
multivalent interactions between CT-B and glycans have not
been assessed thus far. To address this issue, glycan micro-
arrays containing glycans 11–29 with a valency ranging from 1
to 4 were incubated with Cy3-labeled CT-B for 1 h. As shown in
Fig. 4D, CT-B bound to GM1-oligosaccharide (Galb1,3Gal-
NAcb1,4(NeuNAca2,3)Galb1,4Glc) strongly but did not interact
14902 | RSC Adv., 2018, 8, 14898–14905 This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra01285g


Fig. 7 Binding of Cy3-BSA-Mana1,2Man to E. coli ORN178 and
ORN208. E. coli cells, pretreated with 1 mM Hoechst 33342 for 5 min,
were incubated with 200 mg mL�1 of Cy3-BSA-Mana1,2Man for 1 h.
Cell images were obtained by using confocal microscopy (scale bar ¼
5 mm).
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with the other glycans.21–23 The results also showed that CT-B
bound to glycans more tightly as the glycan valency was
increased from 1 to 4 and that recognition of the tetravalent
GM1-oligosaccharide immobilized at a concentration of 10 mM
by CT-B was comparable to binding of CT-B to a monovalent
GM1-oligosaccharide immobilized using a concentration of
30 mM.

Next, the glycanmicroarrays were applied to study of binding
of pathogens, uropathogenic Escherichia coli and Helicobacter
pylori, to mono- and multivalent glycans. Uropathogenic E. coli
cells adhere to the urinary tract of humans for colonization and
infection via a process that is mediated by P, Type 1, S and F1C
mbriae.24 Type 1 mbriae are the most popular among
mbriae generated by uropathogenic E. coli and are important
virulence factors for infection in the urinary tract. FimH, the
Type 1 mbrial adhesin of uropathogenic E. coli, is involved in
adhesion to the high-mannosylated glycoprotein receptors in
bladder epithelium.25 Based on these observations, we assessed
the binding properties of the E. coli ORN178 strain expressing
FimH. For this purpose, E. coliORN178 (cell density: 106 and 107
Fig. 8 Binding of glyconanoparticles to H. pylori J99 and 26695 strains.
5 min, were incubated with 100 mg mL�1 of glyconanoparticles for 1 h. Ce
mm).

This journal is © The Royal Society of Chemistry 2018
cells per mL) along with E. coli ORN208 lacking FimH as
a negative control were rst treated with SYTO 83 for cell
staining and then applied to mono- and multivalent glycan
microarrays. Bovine serum albumin (BSA, 0.1%) was added to
suspensions of the bacterial cells to avoid nonspecic adhesion
of pathogens to solid surfaces. As shown in Fig. 5A and S1,† the
E. coli ORN178 strain bound to mannobioses 14 (Mana1,2Man)
and 15 (Mana1,4Man) with similar affinities, whereas the E. coli
ORN208 strain did not bind to these glycans.14 In addition,
microarrays incubated with bacteria with cell density of 107 cells
per mL exhibited higher uorescence intensity than those
treated with lower cell density (106 cells per mL). Furthermore,
the E. coli ORN178 strain bound more strongly to mannobioses
14 and 15 as the glycan valency was increased from 1 to 4.

To obtain additional evidence of binding of E. coli to man-
nobioses, we prepared the Cy3-labeled BSA-Mana1,2Man
conjugate which had been previously successfully utilized to
detect the mammalian cell-surface lectin (Fig. 6 and S2†).15 E.
coli ORN178 and ORN208 strains were then incubated with the
glycoconjugate for 1 h. The results of analysis of cell images
obtained using confocal microscopy showed that the BSA-
Mana1,2Man conjugate bound to E. coli ORN178 but not to E.
coli ORN208, a nding which matches that made in the
microarray study (Fig. 7).

The binding properties ofH. pylori expressing BabA tomono-
and multivalent glycans on microarrays were evaluated next. H.
pylori colonizes the human stomach and is one of the most
widespread infectious pathogens that promotes the onset of
several gastrointestinal diseases, such as chronic gastritis,
peptic ulcer disease and gastric cancer.26 H. pylori frequently
expresses cell-surface adhesins that bind to specic host cell
glycans, as exemplied by the well-characterized blood group
antigen-binding adhesin (BabA). In this case, infection of hosts
by H. pylori is initiated by the interaction of BabA with Leb

present in the gastric mucosa.26,27

Expression of BabA in the two H. pylori strains, J99 and
26695, was rst examined by using reverse transcription-
H. pylori J99 and 26695 cells, pretreated with 1 mM Hoechst 33342 for
ll images were obtained by using confocal microscopy (scale bar ¼ 10

RSC Adv., 2018, 8, 14898–14905 | 14903
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polymerase chain reaction (RT-PCR). The results showed that
theH. pylori J99 strain produced a BabA gene butH. pylori 26695
strain did not (Fig. S3†).27 Mono- and multivalent glycan
microarrays were then incubated with SYTO 83-labeled H. pylori
J99 strain (cell density: 106 and 107 cells per mL) containing
0.1% BSA, along with the H. pylori 26695 strain as a control. The
results of microarray image analysis showed that the H. pylori
J99 strain adhered to H1 (26, Fuca1,2Galb1,3GlcNAcb1,3Gal)
and Leb (27, Fuca1,2Galb1,3(Fuca1,4)GlcNAcb1,3Gal) with
different binding affinities (Fig. 5B). Specically, the H. pylori
J99 strain bound to Leb more strongly than H1, a nding which
is consistent with results from studies using puried BabA (Kd¼
252 mM for Leb and Kd ¼ 617 mM for H1).28 The pathogen also
bound to 26 and 27 in a cell density- and glycan density-
dependent manner. However, H. pylori J99 did not recognize
the other glycans tested and the H. pylori 26695 strain did not
adhere to any of these glycans (Fig. S4†).

Conrmatory evidence for binding of H. pylori J99 to Leb and
H1 was gained in a study using uorescent magnetic nano-
particles (100 mg mL�1) conjugated with Leb and H1 which had
been previously successfully employed to detect H. pylori J99.27

The glyconanoparticles were incubated for 1 h withH. pylori J99,
which was pretreated for 5 min with 1 mM Hoechst 33342 for
bacterial cell staining. As control experiments, H. pylori 26695
strain was incubated with Leb- and H1-conjugated nano-
particles under the same conditions. Analysis of cell images
obtained using confocal microscopy showed that Leb- and H1-
glycoconjugated nanoparticles bound to BabA expressing J99
but not to BabA lacking 26695 (Fig. 8). The ndings are
consistent with observations made in the microarray study.
Conclusions

In the investigation described above, we developed a facile and
efficient method to prepare multivalent glycan microarrays, in
which free glycans are immobilized on multivalent hydrazide-
coated surfaces. This protocol does not require multivalent
glycoconjugates that are normally prepared by using multistep
pathways. By utilizing the glycan microarrays, we observed that
the binding affinities of toxins and pathogens for glycans are
highly glycan density-dependent. We also found that immobi-
lization concentrations of glycans for tight binding of toxins
and pathogens can be reduced from 30 mM to 10 mM when
microarrays containing tetravalent glycans are used. To our
knowledge, this is the rst time that glycan microarray have
been applied to analyze the density dependency of glycan
binding by pathogens and toxins. We believe that the results of
this effort have provided valuable information about the design
and preparation of multivalent carbohydrate microarrays and
about how they can be utilized for functional studies of path-
ogens and pathogenic proteins.
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