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Background: Burkholderia ambifaria is a plant-associated bacteria responsible for opportunistic infections in human.
Results: The B-propeller BambL lectin is specific for fucosylated oligosaccharides with higher affinity for biological samples

from secretor individuals.

Conclusion: The recombinant BambL lectin binds to both plant and human oligosaccharides.
Significance: The diversity of fucosylated epitopes may play a role in host recognition in mammals and plants.

Burkholderia ambifaria is generally associated with the rhi-
zosphere of plants where it has biocontrol effects on other
microorganisms. Itis also a member of the Burkholderia cepacia
complex, a group of closely related bacteria that cause lung
infections in immunocompromised patients as well as in
patients with granulomatous disease or cystic fibrosis. Our pre-
vious work indicated that fucose on human epithelia is a fre-
quent target for lectins and adhesins of lung pathogens (Suldk,
0., Cioci, G., Lameignére, E., Balloy, V., Round, A., Gutsche, I,
Malinovsks, L., Chignard, M., Kosma, P., Aubert, D. F., Marolda,
C. L., Valvano, M. A., Wimmerovd, M., and Imberty, A. (2011)
PLoS Pathog. 7,e1002238). Analysis of the B. ambifaria genome
identified BambL as a putative fucose-binding lectin. The 87-
amino acid protein was produced recombinantly and demon-
strated to bind to fucosylated oligosaccharides with a preference
for aFucl-2Gal epitopes. Crystal structures revealed that it
associates as a trimer with two fucose-binding sites per mono-
mer. The overall fold is a six-bladed 3-propeller formed by olig-
omerization as in the Ralstonia solanacearum lectin and not by
sequential domains like the fungal fucose lectin from Aleuria
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aurantia. The affinity of BambL for small fucosylated glycans is
very high as demonstrated by microcalorimetry (K, < 1 um).
Plant cell wall oligosaccharides and human histo-blood group
oligosaccharides H-type 2 and Lewis Y are bound with equiva-
lent efficiency. Binding to artificial glycosphingolipid-contain-
ing vesicles, human saliva, and lung tissues confirmed that
BambL could recognize a wide spectrum of fucosylated
epitopes, albeit with a lower affinity for biological material from
nonsecretor individuals.

The Burkholderia cepacia complex (Bcc)? is a group of genet-
ically distinct but phenotypically similar Gram-negative bacte-
ria that is divided into at least 17 species (1, 2). Bcc species have
interesting antifungal properties that give them environmental
and biotechnological potential (3). Usually nonpathogenic for
healthy individuals, Bcc can cause a variety of infections in
immunocompromised patients, as well as in patients with cystic
fibrosis (CF) and granulomatous disease. It is responsible for
the “cepacia syndrome” that leads to rapid lung deterioration
and death in most cases (4, 5). A number of virulence factors
have been described and characterized in Bcc isolates, includ-
ing pili, flagella, the type III secretion system, surface exopoly-
saccharides, proteases, and other secreted enzymes (6). Unfor-
tunately, most of the Bcc organisms are highly resistant to all
major classes of antibiotics (7) and are able to form biofilms,
which makes the treatment of patients infected with Bcc
problematic.

2 The abbreviations used are: Bcc, Burkholderia cepacia complex; CF, cystic
fibrosis; SPR, surface plasmon resonance; ITC, isothermal titration calorim-
etry; Bicine, N,N-bis(2-hydroxyethyl)glycine; BambL, fucose-binding lectin
from Burkholderia ambifaria; RSL, Ralstonia solanacearum lectin; DOPC, 1,2-
dioleoyl-sn-glycero-3-phosphocholine; HPC, hexadecanoyl phosphatidyl-
choline; GUV, giant unilamellar vesicle.
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Fucose-binding Lectin from Burkholderia ambifaria

Genomovar VII of Bec, also called Burkholderia ambifaria, is
an example of an organism with dual action, as it is able to
protect plants against fungal infection but also to cause
infections in human (4, 8). B. ambifaria is a major compo-
nent of the rhizosphere of many crop plants including maize
(9). It has been used commercially as a biopesticide for a few
years (10). At the same time, this species is also an opportu-
nistic human pathogen, particularly problematic in CF
patients (8). No clear distinction can be established between
environmental and pathogenic B. ambifaria isolates, and
their adaptation to different environment seems to be
related to phase variation (11).

Opportunistic bacteria often use lectins, i.e. protein recep-
tors with high specificity for glycoconjugates, to recognize
and adhere to human tissues (12, 13). More particularly,
fucosylated glycoconjugates are present in higher quantity in
CF lungs (14) and appear to be a target for lectins from path-
ogenic bacteria such as Pseudomonas aeruginosa (15) and
Burkholderia cenocepacia (16, 17). Fucosylated glycans are
also present in plant cell walls and can act as targets for
bacterial receptors (18).

Analysis of the available genomes of B. ambifaria allowed us
to identify a new fucose-binding lectin, BambL, with no simi-
larities to lectins from P. aeruginosa and B. cenocepacia but
related to lectins from the fungus Aleuria aurantia and from
the phytopathogenic bacterium Ralstonia solanacearum (18).
The present article describes the cloning, production, and bind-
ing properties of recombinant BambL. Based on its specificity
as determined by screening of a glycan microarray, a large panel
of fucosylated oligosaccharides (Table 1) was screened by gly-
can array and SPR and rationalized through the crystal struc-
tures of several complexes. The very strong affinity for human
epitopes H-type 2 and Lewis Y and for plant cell wall fucosy-
lated xyloglucans was confirmed by titration microcalorimetry.
Binding to membrane-embedded glycosphingolipids was
tested on a giant unilamellar vesicle model. Possible involve-
ment in binding to human tissue was evaluated by binding to
saliva and airway epithelia from humans with different blood
group phenotypes.

EXPERIMENTAL PROCEDURES

Materials—a-Methyl-fucoside was purchased from Sigma-
Aldrich and disaccharides (Fucal—2Gal, Fucal-6GlcNAc,
and lactose) and fucosyllactose (Fucal-2GalBl-4Glc) from
Dextra (Reading, United Kingdom). All other human histo-
blood group oligosaccharides and xyloglucan were purchased
from Elicityl (Crolles, France).

Production of Recombinant Bacterial Lectins—A nucleotide
sequence coding for the peptide sequence of BambL from
B. ambifaria AMMD (GenBank™ accession number YP_
777296 or UniProt ID Q0B4G1_BURCM) was synthesized after
codon optimization for expression in Escherichia coli (Gen-
Script, Piscataway, NJ). It was introduced into the expression
vector pET25b using Ndel and BamHI restriction sites. The
pET25-BambL vector was transformed into E. coli BL21(DE3)
(Novagen), and cells harboring pET25-BambL plasmid were
grown in LB broth containing 100 pug ml~ " ampicillin at 37 °C
until A, reached 0.7. The cells were then cultured for 16 h
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TABLE 1
Name and structures of fucosylated oligosaccharide epitopes studied

name abbreviation(s) structure

Core N-glycan fucose Fuc6GlecNAc Fucal-6GlcNAc

Blood group H disaccharide H-di Fucal-2Gal

H-type 1 tetrasaccharide H-type 1 Fuca1-2GalB1-3GlcNAcB1-3Gal
H-type 2 tetrasaccharide H-type 2 Fuca1-2GalP1-4GlcNAcB1-3Gal

H-type 5 trisaccharide H-type 5/ FucLac  Fucal-2GalB1-4Gle

Blood group A trisaccharide A-tri GalNAcal-3Gal
Fucal
A type 2 pentasaccharide A-penta GalNAca1-3Galp1-4GlcNAcB1-3Gal
Fucal
B type 2 pentasaccharide B-penta Gala1-3GalB1-4GlcNAcP1-3Gal
Fucal
B type 5 tetra B-tetra Gala1-3GalB1-4Gle
Fucal
Lewis X tetrasaccharide LeX GalB1-4GlcNAcB1-3Gal
Fucal
Lewis Y pentasaccharide Le" Galp1-4GlcNAcB1-3Gal
Fucal Fucal
Lewis a tetrasaccharide Le* GalB1-3GlcNAcB1-3Gal
4
/
Fucal
Lewis b pentasaccharide Le” GalB1-3GIcNAcB1-3Gal
Fucal Fucal
XFG xyloglucan heptasaccharide XFG Galp1-2Xyla1-6Glep1-4Gle
Fucal Xylal-6Glcfl1

after the addition of 0.5 mM isopropyl-B-p-thiogalactopyrano-
side. After centrifugation (7000 X g for 15 min), bacteria were
resuspended in equilibration buffer (20 mm Tris/HCI, pH 7.5,
150 mm NaCl) and broken by cell disruption at a pressure of 1.7
kilobars (constant cell disruption system). After centrifugation
(50000 X g, 30 min at 4 °C) and filtration, affinity chromatog-
raphy on a mannose-agarose column (Sigma-Aldrich) was per-
formed on the supernatant. BambL was allowed to bind to
immobilized mannose in equilibration buffer, and after wash-
ing (20 mm Tris/HCI pH 7.5, 1 M NaCl) it was eluted with 100
mM mannose in equilibration buffer. Purified protein was dia-
lyzed extensively against ultrapure water for 7 days, freeze-
dried, and stored at 4 °C. Recombinant RSL was produced as
described earlier (18).

Glycan Array—Purified BambL and RSL samples were
labeled with Alexa Fluor 488 (Invitrogen) according to the
manufacturer’s instructions and repurified on a D-Salt poly-
acrylamide desalting column (Pierce). Alexa-labeled proteins
were used for glycan array screening with the standard proce-
dure of the Protein-Glycan Interaction Core (H) of the Consor-
tium for Functional Glycomics.

To determine the fine specificity of BambL, its binding to
glycans on version 4.1 of the CFG glycan array comprising 465
natural and synthetic glycans was analyzed in a dose-dependent
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manner as described previously (19) at 1, 0.2 and 0.05 ug ml ™"
of lectin, dissolved in 20 mm HEPES, 140 mm NaCl, and 5 mm
CaCl,, pH 7.5. Briefly, the binding of BambL, at different con-
centrations, to each glycan was normalized to percentages of
the highest relative fluorescence unit value for each analysis,
and the percent maximum binding for each glycan at the differ-
ent lectin concentrations was averaged to obtain an average
ranking. The data were sorted according to the average ranking
to obtain the order of relative binding of the glycans on the
array.

Microcalorimetry—Recombinant lyophilized BambL was
dissolved in buffer (20 mm Tris/HCI, pH 7.5, NaCl 150 mm) and
degassed. The protein concentration was checked by mea-
suring A,q, by using a theoretical molar extinction coefficient
of 40,450 M~ cm™"'. Carbohydrate ligands were dissolved in
the same buffer, degassed, and loaded in the injection syringe.
ITC was performed with a VP-ITC microcalorimeter (Micro-
Cal Inc.). The BambL solution was placed in a 1.4478-ml
sample cell at 25 °C. Titration was performed with 10-ul injec-
tions of carbohydrate ligands every 300 s. Data were fitted with
MicroCal Origin 7 software according to standard procedures.
The fitted data yielded the stoichiometry (n), association con-
stant (K,), and enthalpy of binding (AH). Other thermody-
namic parameters (i.e. changes in free energy (AG) and entropy
(AS)) were calculated from the equation AG = AH — TAS =
RTInK,, in which T'is the absolute temperature and R = 8.314 ]
mol ™' K~ '. Two independent titrations were performed for
each ligand tested.

Surface Plasmon Resonance—SPR inhibition experiments
were performed on a Biacore X100 instrument (GE Health-
care) at 25 °C in HBS buffer (10 mm Hepes/NaOH, pH 7.5,
150 mMm NaCl, 0.05% Tween 20) at a flow rate of 10 wl min™".
Streptavidin was immobilized on a research grade CM5 chip
using standard procedures, and 300 resonance units of biotin-
ylated polyacrylamide probes (Lectinity, 200 pug ml™') bearing
galactose or fucose were captured on channels 1 (reference) and
2, respectively. Inhibition experiments were performed with
the fucosylated channel 2, and plots represent the subtracted
data (channel 2 — channel 1). Inhibition studies consisted of the
injection (association 240 s, dissociation 600 s) of incubated
(>30 min at room temperature) mixtures of BambL (1 um) and
various concentrations of inhibitor (3-fold cascade dilutions).
For each inhibition assay, BambL was injected to observe the
full adhesion of the lectin onto the sugar-coated surface (0%
inhibition). The chip was fully regenerated by two successive
injections of L-fucose (120 s, 1 M in running buffer).

Binding was measured as resonance units over time after
blank subtraction, and data were then evaluated by using the
Biacore X100 evaluation software, version 2.0. For IC,, evalua-
tion, the response was considered as the amount of lectin
bound to the sugar surface at equilibrium in the presence of a
defined concentration of inhibitor. Inhibition curves were
obtained by plotting the percentage of inhibition against the
inhibitor concentration (logarithmic scale).

Protein Crystallography—Crystals of BambL complexed with
fucosylated oligosaccharides were obtained by the hanging
drop vapor diffusion method using 2 ul of drops containing a
50:50 (v/v) mix of protein and reservoir solution at 20 °C.
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Lyophilized protein was dissolved in Tris/HCI buffer, pH 7.5,
and NaCl 150 mm at 1 mm and incubated for 1 h with H-type 5
(FucLac), H-type 1, H-type 2, and B-tetra oligosaccharides (5
mM) at room temperature prior to co-crystallization. Crystals of
the different complexes were obtained from 200 mM trisodium
citrate, 100 mm sodium acetate, pH 5.0, and 24% PEG 8000 for
the complex with FucLac; with 3 M malonate, pH 6.0, for H-type
1 and H-type 2 complexes; and with 1 M lithium chloride, 100
mM Bicine, pH 9.0, and 30% PEG 6000 for the B-tetra complex.
For all crystals except the one with B-tetra, 10% ethylene glycol
was added to the mother liquor prior to mounting in a cryoloop
and freezing in liquid nitrogen. Diffraction data were collected
at 100 K at the European Synchrotron Radiation Facility
(Grenoble, France) at station ID14-EH4 or BM30A using an
ADSC Q4 CCD detector. The data were processed using MOS-
FLM (20) and scaled and converted to structure factors using
SCALA. All further computing was performed using the CCP4
suite (21) unless otherwise stated. Data quality statistics are
summarized in Table 2.

The molecular replacement technique was used to solve the
different structures with PHASER (22) and the coordinates of
the Ralstonia solanacearum lectin (RSL) (Protein Data Bank
code 2BT9) were used as the search model (18) for the FucLac
complex structure. For the other liganded structures, the latest
coordinates (Protein Data Bank code 3ZW0) were used as the
search model. Five percent of the observations were set aside
for cross-validation analysis (23), and hydrogen atoms were
added in their riding positions and used for geometry and struc-
ture-factor calculations. The structure was refined by
restrained maximum likelihood refinement using REFMAC
(24) iterated with manual rebuilding in Coot (25). In each com-
plex, incorporation of the ligands was performed after inspec-
tion of the mF, — DF, weighted maps. The initial maps revealed
clear density for the fucose moiety, and the number of addi-
tional sugars that could be observed depended on the sites and
ligand. Water molecules, introduced automatically using Coot,
were inspected manually. The stereochemical quality of the
models was assessed with the program ProCheck (26), and
coordinates were deposited in the Protein Data Bank under
codes 3ZW2 (H-type 1), 3ZWE (B-tetra), and 3ZZV (H-type 2).
Molecular drawings were prepared using the PyMOL molecu-
lar graphics system (DeLano Scientific, Palo Alto, CA) and
LIGPLOT (27).

Production of Giant Unilamellar Vesicles by Electroforma-
tion and Lectin Binding to Glycosphingolipid-containing Lipo-
somes—The lipids 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) and cholesterol were purchased from Avanti Polar
Lipids. BODIPY-FL-C5 hexadecanoyl phosphatidylcholine
(HPC) was from Molecular Probes (Invitrogen) and globotriao-
sylceramide from Matreya LLC. The fucosylated type 1 chain
glycosphingolipids and the precursor lactotetraosylceramide
were isolated from meconia, pooled according to blood group
ABO, and characterized in detail as described previously for a
human O Le(a—b+) secretor (28).

Giant unilamellar vesicles (GUVs) were composed of DOPC
(spiked with 1 mol % BODIPY-FL-C5-HPC, green), cholesterol
(30 mol %), and various glycosphingolipid species (5 mol %).
GUVs were grown at room temperature using the electrofor-
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TABLE 2

Data collection and refinement statistics of BambL complexed with different glycans
r.m.s.d., root mean square deviation; DPI, Cruickshank’s dispersion precision indicator; PDB, Protein Data Bank.

Data collection

Ligand FucLac B-tetra H-type 1 H-type 2
Beamline . BM30 A BM30 A ID14 EH4 ID14-1
Wavelength (A) 0.9797 0.9797 1.1399 0.933
Space group P2,2,2, P2,2,2, P2, P2,
Cell dimensions

a, b, c(A) 45.11, 47.25,98.33 47.98,49.14, 102.71 34.64, 47.57,72.94 35.74, 47.7, 74.60

a, B,y () 90, 90.0, 90 90, 90, 90 90, 103.2, 90 90, 100.8, 90
Resolution (outer shell) (A) 49.16-1.60 (1.69-1.60) 44.33-1.75 (1.84-1.75) 39.42-1.60 (1.69-1.60) 29.07-1.68 (1.77-1.68)
Measured/Unique reflections 255,601/2,6647 152,409/24,165 81,127/2,9207 21,2606/27,476
Average multiplicity (outer shell) 3.7 (2.6) 3.3(2.4) 2.8 (2.5) 3.5(2.8)
Riperge (outer shell) 0.031 (0.055) 0.053 (0.354) 0.068 (0.183) 0.038 (0.387)
Completeness (%) (outer shell) 93.7 (70.5) 96.0 (79.9) 95.3 (78.9) 96.9 (81.2)
Average I/ o1 (outer shell) 16.6 (13.2) 9(2.1) 7.1(2.5) 11.3(1.9)
Wilson B 10.2 21.3 17.2 21.3

Refinement

Repyot/ Ripee . 14.3/18.8 20.8/26.6 16.0/20.2 21.1/27.1
r.m.s.d. bonds (A) 0.015 0.016 0.015 0.016
r.m.s.d. angles (°) 1.537 1.623 1.681 1.875
r.m.s.d. chiral (A%) 0.096 0.110 0.105 0.122
Protein atoms” 676/692/669 661/664/669 667/675/673 665/661/667
Bfac (A2) 8.9/8.1/9.2 28.5/25.9/19.2 17.8/18.4/15.4 19.1/26.6/27.5
Water molecules” 153/132/114 68/68/81 95/89/76 106/58/44
Bfac (A?) 19.3/17.5/19.7 30.3/31.7/30.1 29.0/30.9/29.3 29.3/ 31.8/32.0
Ligand atoms” 11 33/55/55 58/72/86 72/47/72
Bfac (A?) 11.3 30.8/30.4/21.2 21.5/26.8/19.7 26.9/34.3/34.2
DPI (A) 0.094 0.148 0.096 0.136
PDB code 3ZW0 3ZWE 3722 32ZNV

“ For chains A/B/C.

mation technique on indium-tin oxide (ITO)-coated slides
essentially as described previously (29, 30). Briefly, lipid mix-
tures were dissolved in chloroform at a final concentration of
0.5mgml~ ! and 15 ul of solution was spread on the conductive
faces of ITO slides. After at least 2 h of drying under vacuum,
GUVs were grown in a 290 mosM sucrose solution by applying
an alternating electric field from 20 mV to 1.1 V for 3 h. Under
all conditions, BambL (10 ug ml™") was incubated with GUVs
at room temperature and examined under an inverted confocal
fluorescence microscopes (LSM 510, Carl Zeiss, and AlR,
Nikon) equipped with oil immersion objectives.

Binding to Human Saliva and Tissues—Saliva samples col-
lected from 59 healthy individuals of known ABO, secretor, and
Lewis phenotypes, with confirmed FUT?2 (secretor) and FUT3
(Lewis) genotypes (31, 32), were selected to cover the ABO,
secretor, and Lewis phenotypic diversity. The study was
approved by the Nantes University Hospital Review Board
(study BRD02/2-P), and informed consent was obtained from
all saliva donors. After collection, samples were boiled for 10
min and centrifuged for 5 min at 13,000 X g. To assay BambL
binding to saliva, MaxiSorb plates (Thermo Fisher Scientific)
were coated in duplicates with saliva samples diluted 1/1000 in
100 mm carbonate buffer, pH 9.6. After blocking with 5% defat-
ted dried cow’s milk in PBS for 1 h, biotinylated BambL at 0.1 ug
ml ™", or biotinylated UEA-I (Sigma-Aldrich) used as a control
at 1 pg ml~" in PBS 5% defatted dried cow’s milk, was added.
After samples were incubated for 2 h at 37 °C, HRP-conjugated
avidin (Vector Laboratories, Burlingame, CA) diluted 1/3000 in
PBS 5% defatted dried cow’s milk was added and incubated for
1 h at 37 °C. Between each step, plates were washed three
times with PBS, 5% Tween 20. The enzyme signals were
detected using 3,3',5,5'-tetramethylbenzidine (TMB) as
substrate (BD Biosciences) and then read at 450 nm. Inhibi-
tion by free sugars was performed by preincubating BambL
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at 1 mg ml™" with either 100 mm fucose or 5 mm 2'-fuco-
syllactose (Fuca2GalB4Glc) for 2 h at room temperature
prior to incubation on saliva samples as described above.

Human trachea, lung, and gastroduodenal junction samples
(obtained from organ donors prior to passage of Law 88-1138 of
December 20, 1988 (France), concerning resection of human
tissues after death for scientific investigations) were used to
prepare tissue microarrays. Tissues from 18 individuals were
used: O secretor Lewis + (n = 8), A secretor Lewis+ (n = 3), B
secretor Lewis+ (n = 2), O secretor Lewis— (1 = 1), and O
nonsecretor Lewis+ (1 = 4). Sections were deparafinated
through bathing in LMR"SOL (Labomoderne) and ethanol.
Endogenous peroxidase activity was blocked with 0.3% hydro-
gen peroxide. Nonspecific binding was blocked with 1% BSA in
PBS for 30 min. After washing with PBS, biotinylated BambL
diluted at 0.1 ug ml™" in 0.1% BSA/PBS was incubated over-
night at 4 °C. Following three washes with PBS, HRP-conju-
gated avidin (Vector Laboratories) diluted 1/2000 in 0.1% BSA/
PBS was added and the mixture was incubated for 45 min at
room temperature. After three more washings with PBS, sub-
strate was added to the slides (AEC Kkit, Vector Laboratories)
followed by Mayer’s hemalum solution (Merck) for contrast
staining.

RESULTS

Production and Characterization of BambL—The BambL
gene has been identified by sequence homology (76.5% protein
sequence identity) with RSL (18) in chromosome 2 of the
B. ambifaria AMMD genome. Except for those two species,
this gene has not been identified in other bacterial genomes.
BambL has been produced recombinantly in E. coli and purified
in one step on a mannose-agarose column with a final yield of 5
mg liter ! of culture. The strong hemagglutination activity (0.4
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FIGURE 1. Glycan array data for BambL (0.2 ug ml™") labeled with Alexa Fluor 488. Only fucosylated epitopes have been selected for the display. The
highest affinity ligand are represented schematically. Complete data for the 126 fucosylated oligosaccharides are given in supplemental Table S2. Complete
data on the 465 glycans of the Consortium for Functional Glycomics glycan Array v4.1 are available on request.

uM hemagglutination units) can be inhibited by L-fucose (data
not shown), suggesting that BambL is a fucose-binding lectin.
Carbohydrate Specificity of BambL—To determine its
detailed specificity, BambL binding to the glycans on version
4.1 of the Consortium for Functional Glycomics glycan
microarray were ranked according to their relative binding as
shown in supplemental Table S1. Of the 465 glycans on v4.1 of
the array, 129 contained fucose, and all 68 glycan structures
with average rankings of >5% possessed a nonreducing termi-
nal fucose residue. A more detailed analysis was performed by
focusing only on the 129 fucosylated oligosaccharide (Fig. 1 and
supplemental Table S2). BambL displays a preference on the
glycan array for short glycans such as aFuc(1l) and fucose
disaccharides Fucal-2Gal(2), Fucal-3GIlcNAc(85), and
Fucal-4GlcNAc(66), which had average ranking from 64 to
96% (supplemental Table S1). When looking at the larger fuco-
sylated oligosaccharides that are present in human tissues,
BambL has a clear preference for type 2 oligosaccharides con-
taining the Fucal-2GalB1-4GIcNAc motif over the corre-
sponding type 1 oligosaccharides. Strong binding is observed
toward H-type 2 (blood group O) epitopes (epitopes 17-26,
ranked at 14 to 46%). Substitution by a second fucose on
GlcNACc is tolerated because Lewis Y (LeY) epitopes 121-123
(ranked at 29 to 45%) are also good ligands. On the other hand,
H-type 1 epitopes 3—15 are only weakly recognized (ranked at 0
to 10%), and blood groups A and B are bound only as trisaccha-
rides. Lewis a (ranked at 16 to 19%), Lewis X (at 14 to 26%),
and Lewis b epitopes (containing terminal type 1 H, ranked at
32%) are medium range binding ligands. Likewise, Fucal-
6GlcNAc-containing N-glycans give only low signals. Such
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TABLE 3

IC5, of selected carbohydrates toward the binding of BamblL to poly-
acrylamide-fuc determined by SPR

Inhibitor IC,, Inhibitory potential®
M

A-tri 5.8 3.4
H-type 5/FucLac 6.5 3.1
H-di 8.2 2.4
Fuc6GlcNAc 8.3 2.4
aMeFuc 20 1
H-type2 24.4 0.82
Le¥ 65.3 0.31
Le® 190 0.11
Le* 280 0.07
H-typel 351 0.06
Le* 429 0.05
A-penta 447 0.04
B-penta 501 0.04
Lactose None None

“ Inhibitory potential is calculated relative to aMeFuc.

preference for short and linear glycans is unusual and points
toward a deep binding site that can accommodate only a limited
number of conformations for the fucose-terminated oligosac-
charides. The related lectin RSL from R. solanacearum gave a
very similar specificity profile when assayed on the glycan chips
under the same conditions (supplemental Fig. S1).

Because glycans immobilized on microarrays may have dif-
ferent behaviors than in solution, SPR experiments were run
using competition of soluble ligands with assays of BambL
binding to a chip presenting multivalent fucose residues.
Increasing concentrations of soluble ligands were used to deter-
mine the IC,,, as exemplified in supplemental Fig. S2. Data
from inhibition assays using additional oligosaccharides are
shown in Table 3, where di- and trisaccharides appear to be the
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FIGURE 2. Microcalorimetry data. The ITC plot (measured by VP-ITC, Microcal) was obtained from the titration of BambL (22-24 um) with several oligosac-
charides (concentrations from 0.4 to 0.5 mwm) at 25 °C. Protein and glycans were prepared in 20 mm Tris/HCl, pH 7.5, and 150 mm NaCl. The plots in the lower
panels show the total heat released as a function of total ligand concentration for the titration shown in the upper panels. The solid lines represent the best
least-square fit to experimental data using a one-site model. A two-site model was been used for BambL-H-type 2 interaction (dotted lines).

TABLE 4
Titration microcalorimetry data for the interaction between BambL and fucosylated ligands

Experiments were performed twice, and =S.D. values are expressed for K, and AH.

Ligand Fitting model n K, -AG —AH TAS
M kJ/mol kJ/mol kJ/mol
A-tri 1 1.96 0.46 + 0.02 36.0 53.1*0.1 —16.9
H-type 5/FucLac 1 2.03 0.76 = 0.07 34.9 46.3 £ 0.2 —11.3
aMeFuc 1 2.02 0.96 = 0.03 34.3 47.8 = 1.8 —13.5
H-di 1 2.04 1.03 *+ 0.08 34.2 457 + 0.2 —11.5
XFG 1 1.94 6.0 £ 0.5 29.8 53.0*= 1.6 —23.2
H-type 2 1 1.96 7.5*x0.1 29.3 44.4 = 0.7 —15.2
2,81 0.97 0.56 = 0.01 35.7 478 + 1.1 —12.1
2,82 1.10 14.0 £ 0.3 27.7 39.7 0.9 —12.0
Le¥ 1 2.00 11.1*0.1 28.3 38.6 £ 0.4 —10.3
Le* 1 2¢ 182+ 0.7 27.1 28.7 £ 0.1 -1.6
H-typel 1 24 26.1 0.1 26.2 17.6 £ 0.1 8.6
Le* 1 1.97 34.8 £ 1.4 254 39.1*0.2 —13.6
Le® 1 2¢ 63.7 + 1.2 239 254+ 0.3 -1.5
B-penta 1 24 953+ 1.8 23.0 259 1.2 -29
A-penta 1 24 120 £ 2 22.4 13.7 0.1 8.7

“ Stoichiometry value # was fixed during fitting procedure.

most efficient in competing with the binding of BambL to a
multivalent fucose surface, with the best inhibitors being the
A-tri and H-type 5 (FucLac) trisaccharides. The Fucal-
6GIcNAc disaccharide, which was not assayed on the glycan
array, appeared to be as good a ligand as other aFuc-containing
disaccharides. Longer ligands had weaker inhibitory potential,
consistent with the binding on the glycan array. However,
H-type 2 and Le" performed much better than the other oligo-
saccharides, confirming the preference of the lectin for the
Fucal-2Galp1-4GlcNAc motif, as demonstrated on the gly-
can microarray.

Determination of Affinity Constants—The binding of BambL
to human glycosidic epitopes was further characterized by
titration microcalorimetry to determine the association con-
stant and thermodynamics characteristics of the interaction.
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Typical thermograms, such as the one obtained for A-tri,
H-type 2, and XFG (Fig. 2), display strong exothermic peaks at
the beginning of the titration and only residual heat at the end.
Titration occurs for a molar ratio of ligand/protein around 2,
indicating two binding sites/protein. Integration of data can be
performed generally using a one-site binding model, although
an independent two-site model yields a better fit for the H-type
2 epitope (Fig. 2). The dissociation constants listed in Table 4
indicate strong lectin-carbohydrate interactions with submi-
cromolar values for aMeFuc, H-type 5 (FucLAc), and A-tri. The
plant cell wall heptasaccharide XFG is also an excellent ligand
with a dissociation constant of 6 uM. Among human histo-
blood group epitopes, H-type 2 and Le" oligosaccharides dis-
play K, values of 7.5 and 11.1 uM, respectively. H-type 1 trisac-
charide is four times weaker than H-type 2. Blood group A is the
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FIGURE 3. Crystal structure of BambL/H-type 1 oligosaccharide. A, two representations of the six-bladed pB-propeller formed by the association of three
monomers, which are colored in green, blue, and purple. B and C, details of the interaction between fucose and BambL lectin in the intramolecular and
intermolecular binding sites, respectively. Amino acids are from chain A unless indicated otherwise. D, sequence alignments of the two-blade repeat of BambL
and comparison with RSL. Amino acids involved in hydrogen bonds and van der Waals contact with fucose have a red and yellow background, respectively. The
ones involved in hydrogen bonds with other residues of the oligosaccharides have a blue background.

highest affinity trisaccharide (K, = 460 nm) but the A-type 2
pentasaccharide (A penta) is 200 times weaker. The two bind-
ing sites seem to have similar binding properties, except for the
interaction with H-type 2, where the two-site model gives a
better fit and indicates a high affinity site (K, = 0.56 um) and an
affinity 25 times lower for the second site (K, = 14 um)
(Table 4).

Analysis of the thermodynamics revealed very different con-
tributions, depending on the ligand (Table 4). The high affinity
disaccharides and trisaccharides have strong enthalpies of
binding with AH values ranging from —44.4 to —53.1 kJ/mol,
which are partially counterbalanced by unfavorable entropy
contribution (TAS from —11.5 to —16.9). Similar behavior is
observed for the high affinity oligosaccharides (XFG, H-type 2,
and LeY). The XFG plant oligosaccharide displays the most
unfavorable entropy contribution, likely because of its large
number of glycosidic linkages. On the other hand, some of the
low affinity ligands, such as H-type 1 trisaccharide, display very

“BSEpEN
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weak enthalpy of binding and favorable entropy, consistent
with the poor binding of H-type 1 glycans on the microarray.
Crystal Structure of BambL and Complexes with Human
Fucosylated Epitopes—Co-crystallization of BambL with differ-
ent oligosaccharides gave rise to high quality crystals in about 5
days. All of the different complexed structures contain three
molecules in the asymmetric unit but present different space
groups and unit cells (Table 2). Because BambL presents 75%
sequence identity with RSL and also exists as a trimer in solu-
tion, the RSL trimer (Protein Data Bank 2BT9) was used as a
search model in the molecular replacement procedure for the
FucLac complex structure. The trimer coordinates of that com-
plex were then used to solve the other complexes structures.
All 87 amino acids of BambL could be modeled in each
chain of the different structures. The N-terminal methionine
was found oxidized in some case. BambL presents a six-
bladed B-propeller fold generated upon trimerization where
each monomer (A, B, and C) consists of two small four-
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stranded anti-parallel B-sheets (Fig. 34). The BambL-Fu-
cLac complex and RSL-aMeFuc structures show a root mean
square deviation of 0.58 A for 260 aligned Ca as calculated
with PDBeFold (33). The BambL-FucLac complex presents
very low occupancy of ligands in the binding sites with only
one fucose visible between the two blades of chain C. This
seems to be because of very tight packing. The structure was
therefore not analyzed further.

BambL-Fucose Interaction—For the other BambL complexes
obtained with B-tetra, H-type 1, and H-type 2 oligosaccharides,
interaction with the ligand is visible in two sites/monomer, i.e.
six sites/B-propeller (Fig. 3A). One fucose-binding site is
located between the two B-sheets of a monomer (intramono-
meric; Fig. 3B), whereas the second is at the interface between
two neighboring monomers (intermonomeric; Fig. 3C).
Although the two binding site are very similar, some differences
are observed for amino acids in contact with fucose (Trp-74 in
site AA versus Tyr-29 in site AB) or for amino acids in the
vicinity (Tyr-35/Thr-80 and Ser-13/His-58). Six hydrogen
bonds between the fucose and protein were observed (Fig. 3),
with Arg-15, Glu-26, and Trp-79 and the main chain of Ala-38
for intramonomeric sites and Arg-60, Glu-71, and Trp-34 and
the main chain of Ala-83 for the intermonomeric sites. Hydro-
phobic contacts also play important roles in the binding of
fucose, which is the main structural difference between the
intra- and intermonomeric sites. In both cases an aromatic res-
idue stacks against the fucose hydrophobic face with a trypto-
phan (Trp-74) for the intramonomeric site and a tyrosine
(Tyr-29) for the intermonomeric site. The features of BambL-
binding sites are very close to the previously described fucose-
binding site of RSL (18) (supplemental Fig. 3S).

BambL-B-Tetra Complex—The structure of BambL in com-
plex with blood group B tetrasaccharide has been solved at
1.75A (Fig. 4). The electron density map shows the a-fucose in
all six sites but other monosaccharides are only visible in the
intramonomeric sites with optimal electron density for the
whole tetrasaccharide in sites B and C. In addition to the fucose
hydrogen bond network described above, one hydrogen bond is
created between O6 of the a-galactose and the main chain oxy-
gen of Thr-36. The O2 of aGal is not close to the protein sur-
face, rationalizing the fact that both blood group B (aGal) and
blood group A (aGalNAc) bind with the same affinity.

When considering the narrow funnel-shaped binding site
(Fig. 4), the tetrasaccharide appears to be in a rather con-
strained conformation. Indeed, when analyzing the torsion
angles at each glycosidic linkage (Fig. 5 and supplemental Table
S3), the Galal-3Gal linkage is characterized by ® and ¥ angles
close to 140° for each. From previously calculated energy maps
of this linkage (34), this conformation is about 4 kcal above the
global minimum at (80° and 90°) (Fig. 5). The steric hindrance
around the central galactose explains this constrained confor-
mation. The situation would be different with a less branched
trisaccharide explaining the much higher affinity of A-tri com-
pared with a longer oligosaccharide with substituted galactose.

BambL-H-type 1 Tetrasaccharide Complex—The structure
of BambL complexed with H-type 1 tetrasaccharide has been
solved at 1.6 A resolution. As described above, all binding sites
are occupied, but only site C displays the whole tetrasaccharide.
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In addition to the main fucose-binding network, two hydrogen
bonds are created between the N-acetyl oxygen and the O4 of
GlcNAc and between the side chains of Trp-74 and Asp-30,
respectively (Fig. 4). Another hydrogen bond is observed
between the O4 of the reducing Gal and the nitrogen side chain
of Trp-8. Three water molecules are involved in bridging inter-
actions between the oligosaccharide in the protein. As observed
for the BambL-B-tetra complex, the Gal residue linked to the
Fuc is not involved in direct interactions. Analysis of the con-
formations at the glycosidic linkages indicates that the Fucal-
2@Gal linkage adopts a low energy conformation, but the
GalB1-3GlcNAc linkage is distorted with w angle values rang-
ing between —37 and —56° (Fig. 5 and supplemental Table S3)
and an energy cost of 3 to 5 kcal/mol.

BambL-H-type 2 Tetrasaccharide Complex—In the BambL-
H-type 2 tetrasaccharide complex (1.68 A resolution), clear
electronic density for trisaccharides is observed in five of the six
binding sites, and only Fuc can be observed in site BC. Although
fucose is always bound in the same way in the main binding
sites, the interactions with oligosaccharides are different for the
intermolecular site and the intramolecular ones (Fig. 4). In the
intramolecular sites (A, B, and C), two water-mediated hydro-
gen bonds are established between the O6 and nitrogen of
GlcNAcand the Trp-74-and Asp-30 side chains, respectively. In
the intermolecular sites (AB and CA), the GIcNAc residue is
oriented in a different manner, and a direct hydrogen bond is
observed between the oxygen of the N-acetyl group and Trp-51
and a second one between O4 and the side chain of Arg-60.
These different orientations of the GIcNAc residue are due to
very different conformations of the BGall-4GINac linkage
(supplemental Table S3). In the intramonomeric sites, ® and
¥ torsion angles close to —70° and —130° are observed, cor-
responding to the energy minimum (Fig. 5). Conversely, in
the intermonomeric binding sites, conformations with ®
and V¥ close to —70° and 80° are observed, corresponding to
a 150° tilt in the ¥ angle as compared with the previous one.
This particular conformation corresponds to a secondary
minimum on the energy maps with energy about 3 kcal/mol
greater than the minimum (Fig. 5). This energy difference is
easily compensated by the two direct hydrogen bonds that
are observed between the GlcNAc residue and the protein in
these sites.

The observation of two types of sites is in agreement with the
ITC data. Only for H-type 2 tetrasaccharide, a two site model
was required to fit with the experimental data. The two sites are
slightly different in amino acid composition around the
GlcNAc residues, with Ser-13 and Trp-74 in intramolecular site
correspond to His-58 and Tyr-29 in the intermolecular one. As
described above, the two sites differ by the number of hydrogen
bonds to GlcNAc and by the conformational constraints. Nev-
ertheless, the structural information does not allow for the
identification of the medium affinity binding site (K, = 14 um)
and the high affinity binding site (K, = 0.56 uM) determined by
ITC.

Binding of BambL to Giant Unilamellar Vesicles—As a next
step, the binding of BambL to human glycosidic epitopes was
tested in a membranous environment by using GUVs that con-
tained glycosphingolipids. The GUVs (typical diameter, 10 -30
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FIGURE 4. Binding of fucosylated oligosaccharides by BambL. 2mF, — DF_electron density maps contoured at 10 are represented in the left-hand panels.
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um) composed of DOPC (64 mol %; spiked with 1 mol %
BODIPY-FL-C5-HPC, green), cholesterol (30 mol %), and var-
ious glycosphingolipids (5 mol %) were observed by fluores-
cence microscopy on incubation with Cy3-labeled BambL at
room temperature (supplemental Fig. S4).
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Our experiments on GUVs clearly indicated that fucose is
an absolute requirement for the binding of BambL. BambL
does not bind to liposomes (composed only of the phospho-
lipid DOPC (data not shown)), lactotetraosylceramide (the
non-fucosylated precursor of ABO and Lewis blood group
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antigens), or globotriaosylceramide (which belongs to the
globoseries).

BambL bound to almost all of the Lewis type 1, and ABO
blood group glycosphingolipids, with a clear preference for
blood groups H and Lewis a. Binding to Lewis b and blood
groups A and B antigens was significantly reduced, most likely
because of the additional sugar in the binding cavity. For
“ALewis b,” i.e. Lewis b oligosaccharide with a terminal nonre-
ducing aGalNAc residue, the most complex glycosphingolipid
used in the type 1 series, hardly any binding of BambL was
detected, probably because of the two additional sugars. We
were not able to see a superior binding of BambL to glycosph-
ingolipids of the type 2 series represented by Lewis X and Lewis
Y compared with their isoforms in the type 1 series, Lewis a and
Lewis b. One reason might be differences in the fatty acid com-
position of the receptor glycosphingolipid, which seems to be
important for the binding of lectins (35). All glycosphingolipids
of the type 1 series were isolated from human meconium, and
the type 2 species were isolated from dog intestines (28). The
less prominent differences in binding avidity of BambL to type
1 and type 2 glycosphingolipid species might result from lectin-
induced glycosphingolipid clustering in a highly dynamic mem-
brane environment.

Binding to Human Saliva and Tissues—To get a better in-
sight into the specificity of BambL and to evaluate the impact
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of the combined ABO, FUT2, and FUT3 polymorphisms on
the ability of BambL to recognize human histo-blood group
diversity, its binding to saliva samples was determined
through an enzyme-linked lectin assay (Fig. 6A). The differ-
ence from the fucose-specific plant lectin UEA-I used as a
positive control is shown on Fig. 6B; the specificity of BambL
binding to either secretor or nonsecretor saliva samples was
ascertained through its complete inhibition by either fucose
or 2'-fucosyllactose (Fig. 6C). BambL was able to recognize
all saliva samples, including nonsecretor saliva (FUT2 /")
and Lewis negative saliva (FUT3~'7). Nevertheless, despite
individual variations within subgroups, a significantly
weaker binding was observed on saliva from nonsecretor
individuals compared with secretor individuals, consistent
with the IC,, results determined by SPR and the affinity
measurements. Likewise, the presence of the A or B epitopes
decreased saliva recognition since the lectin binding to
O-type secretors was stronger than to non-O-type secretor
saliva. Among secretors, no effect of the Lewis phenotype
was observed. However, a significantly weaker binding was
observed on the saliva of nonsecretor Lewis negative individ-
uals. Thus a combination of the lack of both FUT2 (secretor)
and FUT3 (Lewis) enzyme activities, together with the pres-
ence of the A or B epitopes, reduces BambL binding to
human saliva mucins. The specificity of BambL differs from
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FIGURE 6. Binding of labeled BambL and UEA-I to human saliva and tissues. A, saliva samples were collected from 59 healthy individuals of known ABO,
secretor, and Lewis phenotypes. Each bar represents binding of BambL at 0.1 ug/ml to an individual saliva sample as the mean OD values of duplicates. Samples
are grouped by their histo-blood type and ranked by OD values within each subgroup. The negative control value in the absence of saliva (BSA only) is depicted
by C—. Comparisons between subgroups were performed using a two-tailed Mann-Whitney test (*, p < 0.02; **, p < 0.01). B, binding of UEA-l at 1 png/ml to
individual saliva samples as presented above. Comparisons between subgroups were performed using a two-tailed Mann-Whitney test (***, p < 0.0001).
C, inhibition of BambL binding to saliva from either O secretor Lewis positive (OSeLe+) or nonsecretor Lewis positive (nonsec Le+) saliva samples by 100 mm
fucose (black bars) or 5 mm 2'-fucosyllactose (gray bars). OD values in the absence of inhibitor are shown with white bars. Values represent mean values + S.D.
of two samples in duplicate. Control — denotes negative control value in the absence of saliva. D, staining by biotinylated BambL of tissue sections from the
duodenum of a nonsecretor Lewis positive individual (left) and the trachea from an O secretor Lewis positive donor (right). Bar = 100 um. The specific staining
appearsin red and hematoxylin counterstaining in blue. On the left panel, the location of the crypts of Lieberkiihn with unstained goblet cells is shown by a star,
and the location of the stained Briinner glands is shown by an arrowhead. On the right panel, the surface epithelium of the trachea is shown by a star, and the

arrowhead indicates the location of a stain-associated mucous gland.

that of UEA-I, which hardly recognized nonsecretor saliva
samples, although, quite similar to BambL, it showed a sig-
nificantly lower binding to saliva from non-O-type individ-
uals among secretors. Yet, at variance with BambL, no effect
of the Lewis phenotype was visible among either secretors or
nonsecretors.

To gain insight into the localization of BambL-binding
epitopes in human tissues, a histochemical analysis was per-
formed. Binding for the most part was restricted to epithelial
cells, although some weak staining could be observed on the
vascular endothelium (Fig. 6D). No clear impact of the ABO
secretor or Lewis status of the tissue donor could be
observed; however, no tissue sample from a nonsecretor
Lewis negative individual was available to assay. In the res-
piratory tract, in addition to a clear staining of the bronchial
epithelial cells, the strongest staining was observed on the
mucous-producing glands lining the trachea and bronchi. In
the gastroduodenal junction, labeling of the surface epithelia
of both the pyloric and duodenal regions was seen in all
individuals tested, albeit at a lower intensity in nonsecretors,
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along with a strong staining of the pyloric glands and the
Briinner glands of the duodenum.

DISCUSSION

Fucose-binding proteins with B-propeller folds belong to a
recently described lectin family (18, 36). This group is charac-
terized by a strong affinity for fucose and a high valency, with six
binding sites in proper orientation for binding to glycoconju-
gates on membranes. BambL is the first lectin of this family to
have been identified in a human pathogen genome, and our
present work highlights its preference for blood group H and
Lewis Y oligosaccharides resulting in stronger binding to
humans with both O and secretor phenotypes. Binding to the
Lewis a epitope was accounted for by the stronger binding to
Lewis positive phenotype individuals in the absence of blood
group H or Lewis Y (nonsecretors).

The analyses to determine the specificity of BambL, as
reported here, were quite extensive and involved the identi-
fication of candidate glycans using the Consortium for Func-
tional Glycomics glycan microarray to subsequently select a
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panel of glycan structures for a more detailed analysis using
physical methods including SPR, ITC, and binding to glyco-
lipids in giant unilammelar vesicles. Interestingly, the data
for the relative binding of BambL to the glycans on the
microarray were in very close agreement with the observa-
tions made using the solution equilibrium method of ITC as
well as the equilibrium method of SPR and unilamellar bind-
ing method with fucosylated glycosphingolipids. Thus, the
screening of hundreds of glycans on a microarray provides a
rapid, high throughput approach that approximates the
more time-consuming and labor-intensive physical methods
and allows a quick screen to select glycans for more rigorous
and quantitative physical methods of analysis.

Recent evidence strongly suggests that the relationship
between histo-blood group phenotypes and susceptibility to
infection is a result of co-evolution between mammals and
pathogens (37-39). Polymorphism in the fucosyltransferase
genes is responsible for a large part of the variability of glycan
structures present on human epithelia. The FUT?2 “secretor”
gene encodes the fucosyltransferase that synthesizes the H anti-
gen, and its loss of activity results in the absence of ABH anti-
gens in the lung, saliva, and gut, i.e. the “nonsecretor” pheno-
type. In parallel, the loss of function of the FUT3 “Lewis” gene
results in the Lewis negative phenotype (40).

At the present time, only a limited number of pathogen
receptors have been demonstrated to be responsible for the
binding to specific blood group oligosaccharides. Most of
them are from enteropathogenic microbes such as Helico-
bacter pylori (41), Vibrio cholerae (42), or noroviruses (43).
As for lung pathogens involved in life-threatening infections
in cystic fibrosis patients, two lectins specific for galactose
and fucose have been characterized (44, 45). However, a
recent clinical study performed on a group of CF patients did
not find any association between the ABO blood group,
secretor, and Lewis phenotype and the severity of P. aerugi-
nosa infections (46). No such study has been performed yet
on bacteria of the Burkholderia complex, but as glycoconju-
gates fucosylation is increased in the lung tissue of CF
patients (47), histo-blood group oligosaccharides are a
promising target for Burkholderia lectins.

Opportunistic bacteria in the environment of CF patients
are at the origin of lung infections. P. aeruginosa and Bcc
bacteria are environmental bacteria able to colonize a large
variety of niches. B. ambifaria is more particularly associ-
ated with the plant rhizosphere. Fucose appears to be a com-
mon epitope between plant and mammals. It is part of the
hemicellulose fraction of the plant cell wall and is present on
plant N-glycoproteins (48). Our results demonstrate that
BambL binds efficiently to both plant and human fucosy-
lated oligosaccharides. If BambL is expressed and present on
the bacterial surface, that remains to be demonstrated, and
the lectin may therefore be involved in the easy niche adap-
tation observed for B. ambifaria.

The present work has deciphered the molecular basis of the
specificity of BambL toward fucosylated oligosaccharides. It
has thus contributed to the current efforts to understand the
glyco-strategies of human opportunistic pathogens and to

4346 JOURNAL OF BIOLOGICAL CHEMISTRY

develop glyco-based compounds with anti-adhesive properties
against such pathogens.
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