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The first step in the pathogenesis of a mucosal infectious agent
is typically adherence mediated by the binding of microbial

attachment proteins to specific host cell surface carbohydrates.
Examples include binding of adhesins on the influenza virus to
sialylated carbohydrates on a host cell surface and binding by the
G-adhesin of P-fimbriated Escherichia coli to the P blood group
antigens in urinary tract epithelium. Methods that detect the
specific binding of microbial adhesins to host glycans have the
potential to enhance our understanding of microbial pathogen-
esis and may lead to translational applications to prevent or treat
infectious diseases.

Carbohydrate microarrays are used to probe putative glycan
binding proteins, yet few have been used to examine the binding
properties of intact microbes. Moreover, standard microarray
methods utilize affinity tags and fluorescent labels for detection;
these alter the microbial interaction with glycans,1,2 often in
unknown ways. Oblique-incidence reflectivity difference (OI-
RD) scanning microscopy (Figure 1) is a recently developed
method for the analysis of label-free biomolecular binding to
immobilized targets.3�9 OI-RD microscopy measures small
changes in the phase and amplitude of a reflected optical wave
from a solid surface due to the reaction of a solution-phase probe
(in this study, microbial cells and adhesins) with target molecules
(here, immobilized glycans). OI-RD microscopy has been utilized
successfully in several biomolecular binding assays, including DNA

hybridization,3 antigen�antibody interactions,5�8 and screens of
small-molecule libraries for protein ligands.9

A novel application of OI-RD microscopy is real-time analysis
of whole bacterial cell binding to surface-presented cognate host
cell receptors; here we used OI-RD microscopy to analyze the
binding of Helicobacter pylori, which is the major cause of peptic
ulcer disease and gastric cancer10 to carbohydrate receptors. H.
pylori attachment to the gastric epithelium is mediated in part by
the blood group antigen binding adhesin (BabA), which binds
with high affinity to the fucosylated ABO blood group antigens
and in particular to the Lewis b antigen (Leb) of blood group O.
Although the ABO blood group system is based on expression of
the ABO antigens on erythrocytes, primary expression of these
antigens is on the gastrointestinal epithelium.11,12 In this study,
OI-RD microscopy confirmed that wild-type H. pylori binds
specifically to Leb but not to other fucosylated antigens such as
Lea, Lex, or Ley. Since BabA is a member of a large family of H.
pylori outer-membrane proteins (OMPs),13 there are likely
additional, unrecognized adhesins with affinity for other glycans
expressed on the gastric epithelium. Indeed, OI-RD analysis
demonstrated that H. pylori mutants that lack BabA still bind
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ABSTRACT: Infectious diseases are often initiated by micro-
bial adherence that is mediated by the binding of attachment
molecules, termed adhesins, to cell surface receptors on host
cells. We present an experimental system, oblique-incidence
reflectivity difference (OI-RD) microscopy, which allows the
detection of novel, low-affinity microbial attachment mechan-
isms that may be essential for infectious processes. OI-RD
microscopy was used to analyze direct binding of the onco-
pathogen, Helicobacter pylori (H. pylori) to immobilized glyco-
conjugates in real time with no need for labeling tags. The
results suggest the presence of additional Lewis b blood group antigen (Leb) binding adhesins that have not been detected
previously. OI-RD microscopy also confirmed the high-affinity binding of H. pylori outer-membrane protein BabA to Leb. The OI-
RD microscopy method is broadly applicable to real-time characterization of intact microbial binding to host receptors and offers
new strategies to elucidate the molecular interactions of infectious agents with human host cells.
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specifically to Leb, albeit with lower binding strength. Hence,
OI-RD microscopy not only confirmed the established BabA-
mediated binding to Leb, but also revealed the presence of a novel
Leb binding mechanism. These results demonstrate that OI-RD
microscopy is generally applicable to real-time characterization
of both high- and low-affinity microbial binding to host receptors
and offers a novel methodology to better investigate and under-
stand microbial cell attachment to human host cells.

’MATERIALS AND METHODS

Microarray of Lewis Glycoconjugates. Lewis glycans,
Lea�HSA, Leb�HSA, Lex�HSA, and Ley�HSA (Isosep AB;
Tullinge, Sweden), were covalently attached to human serum
albumin (HSA) at molar ratios of approximately 20 glycans and
dispensed in a 384-well plate (Genetix, Charlestown, MA) in
concentrations of 2, 4, 8, and 16 μM. The glycoconjugate
solutions were spotted into a microarray using an OmniGrid100
contact-printing arrayer (Digilab, Holliston, MA). The micro-
array consisted of nine replicates of Lewis glycoconjugates at
each concentration (in the form of a 3� 3 lattice), plus two rows
of control spots (12 each) printed from 8 μM bovine serum
albumin (BSA, Jackson ImmunoResearch Laboratories, PA). A
total of 144 target spots and 24 control spots cover a footprint of
3 mm �4.5 mm. The average diameter of the printed spots is
100 μm, and the center-to-center spacing between the neighbor-
ing spots is 300 μm. The printed glycoconjugates were bound
covalently to the glass slide by the exothermic reaction of amine
residues onHSA and BSAwith epoxy groups on the glass surface.
Eight glycoconjugate microarrays were printed in separate loca-
tions on one 1 in. � 3 in. glass slide (see the Supporting
Information, Figure S1).
The slide was assembled with a fluidic system with each of the

eight printed microarrays housed in a separate chamber
(volume/chamber, 30 μL) as illustrated in Figure 1. Before
reaction, the printed side of the slide was washed with 2 mL of
1� phosphate-buffered saline (PBS) at flow rate of 5 mL/min.

The washed surface was then exposed to the BSA solution for 30
min and washed again with 2 mL of 1� PBS at 5 mL/min. The
blocked microarray surface was imaged again with the OI-RD
microscope prior to reaction.
Recombinant BabA. A truncated, soluble BabA derivative

lacking a predicted C-terminal β-barrel structure,13 designated
BabA547, was expressed in E. coli with a periplasmatic leader
sequence (see the Supporting Information, text S3). Specific
binding of BabA547 to Leb was confirmed by enzyme-linked
immunosorbent assay (ELISA) (see the Supporting Information,
text S4 and Figure S3).
Binding Reaction of Recombinant BabA (BabA547) with a

Lewis Glycoconjugate Microarray. For BabA547 binding as-
says, the four Lewis glycoconjugates were printed separately at
concentrations of 0.64, 3.2, and 16 μM. Each target was printed
twice for a total of 24 spots.
H. pylori Strains. Wild-type (WT) H. pylori strains J166 and

J99 were grown for 24 h on solid media25 and harvested into
blocking buffer (0.2% BSA, 0.05% Tween 20, and 0.05% sodium
azide). The concentration was adjusted to an optical density of
0.10 at 600 nm. Isogenic deletions of babA (ΔbabA) or both
babA and sabA (ΔbabAΔsabA) were as described previously.14,20

H. pylori CCUG 1787520 was used to express recombinant BabA
and to detect bacterial cells binding to Leb by fluorescent
microscopy.
Whole H. pylori Cell Binding Reaction with Lewis Glyco-

conjugate Microarrays. For the association phase, we replaced
1� PBS in the fluidic chamber with 0.2 mL of the bacterial
solution at 5 mL/min and incubated at room temperature for 66
h. For the dissociation phase, we replaced the bacterial solution
with 0.3 mL of 1� PBS at 5 mL/min and incubated for 28 h at
room temperature. The long dissociation time is likely due to the
presences of multiple adhesin molecules on the bacterial cell
surface that bind to multiple receptors. Three bacterial strains
were loaded simultaneously into six chambers, each with a
glycoconjugate microarray. The microarray in one of the remain-
ing two chambers was exposed only to 1� PBS as a control.
OI-RD ScanningMicroscopy for Label-FreeDetection ofH.

pylori Binding to Lewis Glycoconjugates. We measured the
amount of recombinant BabA proteins and the bacteria captured
by the Lewis glycoconjugates (per unit area) with the scanning
OI-RD microscope as illustrated in Figure 1. The working
principle of the microscope has been reported previously,7,9

and the key features of the microscope used in the present study

Figure 2. Recombinant BabA protein binds specifically to Leb antigen.
(A) The OI-RD image of a printed Lewis antigen microarray (Leb, Lea,
Lex, Ley) with all glycoconjugates visualized before incubation with
recombinant BabA547. Each glycoconjugate was printed twice at three
target concentrations. (B) Recombinant BabA547 binds to Leb�HSA
but does not bind to the closely related Lewis antigens.

Figure 1. Oblique-incidence reflectivity difference (OI-RD) scanning
microscope equipped with a combination of a y-scan mirror and an
x-scan linear stage. A 1 in. � 3 in. glass slide printed with eight micro-
arrays, each over an area of 3 mm � 4.5 mm, was assembled with a
fluidic system with eight chambers, each of which contained a micro-
array (A). The fluidic system was mounted on the x-scan linear stage.
PEM: photoelastic modulator. PS: phase shifter. FTL: encoded scan
mirror for y-scan. OBJ: objective lens. A: polarization analyzer. PD:
photodiode detector. The OI-RD image displays eight protein micro-
arrays, each comprising 315 bovine serum albumin (BSA) spots (see
the Supporting Information, text S1).
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are described in the Supporting Information (text S1.) Briefly,
binding of bacterial cells causes changes in the phase and
amplitude of an optical beam reflected from the surface of the
solid support. These changes arise from differences in the
refractive index of the target�probe layer, the solid support,
and the aqueous ambient and depend on whether the optical
beam is p-polarized or s-polarized. A scanning OI-RD micro-
scope measures the differential reflection change between two
polarizations across a microarray-covered solid surface.4,7,9 To
characterize a glycoconjugate microarray and its subsequent
reaction with BabA protein, we measured the differential phase
change (see the Supporting Information, text S1, eqs S2 and S3)
for contrast. To characterize the H. pylori whole-cell binding
reaction with a glycoconjugate microarray, we measured differ-
ential amplitude change (see the Supporting Information, text
S1, eq S4) for contrast. The image of the glycoconjugate
microarrays was acquired using a step size of 10 μm. By taking
a sequence of optical images at 2 h time intervals, we obtained
real-time binding curves as well as the end-points of the bacterial
reactions.

’RESULTS

Recombinant BabA Binds Specifically to Surface-Pre-
sented Leb. We first used OI-RD to study the binding of
recombinant BabA to a Lewis glycoconjugate microarray.
Figure 2A shows the OI-RD image of a Lewis antigen glycocon-
jugate microarray before the experimental reaction, and
Figure 2B shows the change in the image after the microarray
was incubated with 400 μM recombinant BabA547 for 60 min.
Recombinant BabA547 binds to Leb but not to the related
fucosylated antigens Lea, Lex, and Ley. This observation supports
the notion that binding of H. pylori to Leb moieties on a host
surface is mediated primarily by the affinity of the BabA adhesin
for Leb.
H. pylori Binds to Leb in a BabA-Independent Manner.We

next investigated the binding of H. pylori strain J166 whole cells
to the Lewis glycoconjugate microarray. As shown in Figure 3A,
wild-type H. pylori J166 exhibits specific binding to Leb, but not
to Lea, Lex, Ley, or to nonglycosylated BSA controls. Surprisingly,
H. pylori J166ΔbabA, which does not express BabA and does not
bind to Leb�HSA in solution, also exhibits specific binding to
Leb, although binding is reduced compared to binding of the
wild-type J166 strain (Figure 3B). We observed a similar binding
pattern for H. pylori strain J99 (Figure 3C). These observations

suggest that the H. pylori strains have previously unrecognized
BabA-independent Leb-binding activity.
Quantitative Analysis Confirms BabA-Independent Bind-

ing to Leb.Wenext quantified the bacterial binding by separating
the optical signals due to bacterial binding to glycoconjugates
from the signals due to nonspecific binding to the blocking agent,
BSA. Even at the printing concentration of 16 μM, immobilized
glycoconjugates do not fully cover the functionalized solid sur-
face. Specifically, surface coverage of the glycoconjugate targets
(Θtarget) is less than unity, and the remaining surface (1 �
Θtarget) is covered with the blocking agent, BSA. Thus, both the
glycoconjugates and the blocking BSA on the surface contribute
to the OI-RD signal shown in Figure 3. If we designate Sblocking-BSA
as the optical signal from the surface fully covered with BSA, and
Starget as the signal from the surface fully covered with glycocon-
jugates (or printed BSA), the total optical signal S in Figure 3 is
expressed as

S ¼ ΘtargetStarget þ ð1�ΘtargetÞSblocking-BSA ð1Þ

We determined Θtarget from the OI-RD microscopy images
obtained before and after blocking with BSA (see the Supporting
Information, text S2). With the information on Θtarget and
Sblocking-BSA from the unprinted surface region, we calculated
Starget using eq 1 from the data shown in Figure 3. Parts A and B of
Figure 4 show, respectively, the results for H. pylori J166 (WT)
and J166ΔbabA binding to the four Lewis glycoconjugates and
printed BSA control. Wild-type J166 binds to Leb with high
strength and specificity, whereas the J166ΔbabA mutant shows
lower but still specific affinity for Leb. The latter observation
supports the notion thatH. pylori J166 has both BabA-dependent
and BabA-independent Leb-binding adhesin activity. Findings
were similar forH. pylori strain J99WT, which differs from J166 in
that it in addition to BabA also expresses the sialyl-Lex binding
protein, SabA.14 Both J99WT and the J99ΔsabA mutant bind to
Leb with high affinity and specificity, whereas the J99ΔbabAΔ-
sabA and J99ΔbabA mutants bind to Leb with reduced but still
specific affinity (Figure 4, parts C and D). These results suggest
that, like J166, the J99 strain also has additional Leb-binding
activity due to one or more outer-membrane proteins. This
complementary adhesin activity is specific for Leb (Figure 4C)
and is not associated with the SabA adhesin, since the ΔsabA
mutants exhibit intact Leb binding (Figure 4, parts C and D).
The detection sensitivity of the OI-RD microscopy technique

was compared to that of conventional microscopy by applying

Figure 3. H. pylori binds to the Leb antigen in a BabA-independent manner. (A) The J166WT strain, (B) the J166ΔbabA deletion mutant strain, and
(C) the J99ΔbabA deletion mutant strain (F) were incubated for 66 h at room temperature on an extended Lewis glycoconjugate microarray (Leb, Lea,
Lex, Ley, each at four target concentrations). The OI-RD images show that both the WT and the babA deletion mutants bind specifically to the Leb

antigen, although the WT strain has higher binding strength. The results were obtained by subtracting the images taken before incubation from the
images taken after incubation.
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fluorescently labeled H. pylori CCUG 17875 bacterial cells to a
fresh Lewis glycoconjugate microarray (see the Supporting
Information, Figure S2). In agreement with the OI-RD results
(Figure 3A), H. pylori demonstrated strong binding affinity to
immobilized Leb, in the range of 400 bacterial cells over a single
printed spot. Binding to other Lewis glycoconjugates, such as Ley

and Lex, was close to background, although Lea and the printed
BSA control showed some residual binding. The latter implies a
nonspecific interaction, which presumably relates to the use of
the FITC tag on the fluorescent labeled bacterial cells.
Real-Time Analyses Demonstrate Slow Bacterial Binding

Kinetics. The optical signals shown in Figures 3 and 4 were
obtained after 66 h of incubation (before the dissociation phase).
Using eq 1 and the images taken before and after that time,
we obtained Starget as a function of time and constructed the
association�dissociation curves of H. pylori�Leb binding
(Figure 5). At a bacterial concentration of 108 cells/mL ([c] =
0.17 pM), the association ofH. pylori J166 with immobilized Leb

took over 60 h to level off. The difference in association kinetics
for J166 and the J166ΔbabA mutant shows that the association
rate is partly limited by mass transport of the bacteria to the
microarray-covered solid surface and partly limited by associa-
tion efficiency with the glycoconjugates. By fitting the associa-
tion�dissociation curves, we found thatKd for the wild-type J166

to Leb was 0.7� 10�15M, whereasKd for the J166ΔbabAmutant
to Leb was 9.2 � 10�15 M (weaker binder).

’DISCUSSION

Microbial pathogens that infect mucosal surfaces must negoti-
ate a delicate balance between intimate attachment to host
epithelial cells and persistent access to host-derived nutrients
versus the cost of host cell turnover and exposure to the
inflammatory mediators of the host immune response. Microbes
typically solve this dilemma by expressing adhesins for targeted
adherence using a homing mechanism often referred to as tissue
tropism. Although the functional interpretation of such glycan�
protein interactions has been described for several microbial
pathogens, detailed understanding of the underlying biochem-
istry is difficult. This complexity stems primarily from low-affinity
binding, and in particular so because the binding affinity of most
adhesins for monosaccharides is exceedingly low, in the milli-
molar range, whereas the binding affinity for complex glycans is
in the 1�10 μM range. Hence, for biological events, multivalent
binding often amplifies the relatively low-affinity binding to
glycans,15 a phenomenon best illustrated by binding to heavily
glycosylated mucin molecules. Similarly, microbes gain binding
strength by multivalent presentation of their adhesive subunits,

Figure 4. H. pylori binds to the Leb antigen in a BabA- and SabA-independent manner. Binding of (A) J166WT cells (babA intact), (B) J166ΔbabA cells
(babA deleted), and (C) J99ΔbabA/ΔsabA (babA and sabA deleted) cells to Lewis arrays as detected by OI-RD signals Starget. All three strains bind to
Leb, but they do not bind Lea, Lex, Ley (albumin glycoconjugates), or to BSA printed on functionalized glass. (D)H. pylori binds more strongly to Leb in
the presence of BabA (in the J99WT strain and the J99ΔsabA deletionmutant), whereas the SabA adhesin does not contribute toH. pylori binding to Leb.
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often displaying hundreds of glycan-binding pili or toxins.
Examples include the cholera toxin that binds sialylated GM1-
glycan in the intestine16 and the hemagglutinin molecules on the
surface of influenza A virus that bind to sialylated carbohydrates.
The importance of low-affinity binding has stimulated strategies
for assays based on multivalency in receptor presentation.17�19

In the present study, we investigated binding to surface-
presented blood group antigens by the gastric pathogen, H.
pylori. Binding analyses of soluble blood group antigens under
conditions of equilibrium have shown that high-affinity binding
of H. pylori is mediated by BabA.12,20 Further, H. pylori strains
that express BabA are isolated more frequently from individuals
with peptic ulcers or gastric cancer,21 suggesting that tight
mucosal binding is a risk factor for development of overt disease.
However, BabA expression is often lost during infection in
animal models,22,23 which implies that H. pylori has complemen-
tary adhesins with lower binding affinities that make them
difficult to detect.

One such low-affinity adhesin is SabA, whichmediates binding
to sialylated antigens.14 During H. pylori infection, the predomi-
nantly fucosylated mucosal glycosylation shifts to more sialylated
patterns.14,24 The SabA adhesin binds to the sialylated mucosal
landscape, though with 100-fold lower affinity compared to BabA
binding to ABO/Leb. To investigate the presence of a second line
of attachment proteins complementary to BabA but with sub-
stantially lower binding affinities, we used a solid-phase whole-
cell binding assay that takes advantage of the “Velcro effect” of
multivalent presentation of receptors. Of particular relevance,
ligand presentation is important for interpretation of biological
receptor activities. For example, H. pylori binds with similar
affinity to a series of free fucosylated oligosaccharides (glycans)
such as H-1, H-2, Leb, and Ley (i.e., mono- vs difucosylated
structures) based on either the lacto-series type-1 or type-2 core
chains. However, when these glycans are covalently attached to a
carrier to make multivalent glycoconjugates, the bacterial affinity
for H-1 and Leb increases >1000-fold, whereas the affinity for
H-2, Lea, Lex, and Ley is completely lost.20H. pylori babA deletion
mutants do not bind soluble Leb conjugates,12,20 which argues

that complementary adhesins may bind the ABO/Leb antigens
with affinities that are reduced several log-fold. This discrepancy
necessitates development of techniques for more sensitive detec-
tion and visualization of the binding activity of intact bacterial cells.

In this report we present a novel experimental platform based
on a combination of solid-phase immobilized glycoconjugates
and OI-RD microscopy for real-time detection of H. pylori
whole-cell binding. On this platform, H. pylori binds with high
strength to Leb blood group antigens but not to the closely
related Lea, Lex, or Ley antigens (Figures 3 and 4). This specificity
is in complete agreement with previous studies on H. pylori
binding to soluble glycoconjugates. Furthermore, the specificity
in binding to the Leb antigen but not to Lea, Lex, or Ley antigens
was reproduced using recombinant BabA protein (Figure 2 and
Supporting Information Figure S3). Surprisingly OI-RD micro-
scopy revealed that babA deletion mutants also bind to Leb

antigen with high specificity, albeit with lower binding strength
(Figures 3 and 4). The residual lower-affinity Leb binding
properties have escaped previous detection using assays based
on soluble adhesin�glycan interactions. This label-free solid-
phase binding assay platform is particularly useful for study of
these cells, as most H. pylori outer-membrane proteins demon-
strate high isoelectric points (pI); hence, many labeling reagents
react readily with basic charged amino acids that might sterically
inhibit binding. Furthermore, OI-RD microscopy can be used in
real time to analyze simultaneous binding of intact microorgan-
isms to thousands of receptors. The increased sensitivity, high
throughput, and real-time analysis of whole bacterial cell binding
to multivalent receptors in solid-supported microarray format
may permit identification of discrete attachment mechanisms
essential for infectious processes and perhaps, in turn, could
identify novel targets for drug or vaccine development.
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