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Eugeǹe Bataillon, CC1704, 34095 Montpellier cedex 5, France
‡Institut des Nanotechnologies de Lyon (INL), UMR 5270 CNRS Ecole Centrale de Lyon, 36 avenue Guy de Collongue, 69134
Ecully cedex, France
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ABSTRACT: Pseudomonas aeruginosa (PA) is a major public health issue due to its
impact on nosocomial infections as well as its impact on cystic fibrosis patient
mortality. One of the main concerns is its ability to develop antibiotic resistance.
Therefore, inhibition of PA virulence has been proposed as an alternative strategy to
tackle PA based infections. LecA (or PA-IL), a galactose binding lectin from PA, is
involved in its virulence. Herein, we aimed at designing high affinity synthetic ligands
toward LecA for its inhibition and at understanding the key parameters governing the
binding of multivalent galactosylated clusters. Twenty-five glycoclusters were
synthesized and their bindings were studied on a carbohydrate microarray.
Monosaccharide centered clusters and linear comb-like clusters were synthesized
with different linkers separating the core and the galactosyl residues. Their length,
flexibility, and aromaticity were varied. Our results showed that the binding profile of
LecA to galactosylated clusters was dependent on both the core and the linker and
also that the optimal linker was different for each core. Nevertheless, an aryl group in
the linker structure drastically improved the binding to LecA. Our results also suggest that optimal distances are preferred
between the core and the aromatic group and the core and the galactose.

■ INTRODUCTION

Pseudomonas aeruginosa (PA) is a Gram-negative, aerobic, and
clinically important opportunistic pathogen often related to
hospital infections, as it is responsible for 10−30% of hospital-
acquired infections.1 It is also the most frequent pathogen,
progressively leading to chronic inflammation and to the
degradation of the respiratory tract of Cystic Fibrosis patients.2

Consequently, regarding the emergence of resistance of most
pathogenic bacteria, especially PA, to antibiotics, the develop-
ment of new antibacterial agents able to escape the mechanisms
of resistance or of new modes of action has become imperative
and is a major research challenge to treat or prevent infectious
diseases. Along this line, synthetic clusters able to compete with
the natural ligands of lectins can potentially prevent PA
infection and could be an ideal alternative to antibiotic
treatments.3−5 PA takes advantage of a large arsenal of
virulence factors to adapt and proliferate in human airways.

Among them, Pseudomonas aeruginosa PA-IL (LecA) a soluble
lectin binding D-galactose and its derivatives6 are of particular
interest. PA-IL acts as an adhesion factor promoting
colonization of the lung epithelium,7 as well as acting as a
bacterial aggregation prerequisite to the biofilm establishment.8

The lectin also displays a cytotoxic effect toward host
epithelium either directly as has been shown in human
respiratory cells in vitro9 or indirectly by inducing a
permeability defect on intestinal epithelium to another
cytotoxic exoproduct, exotoxin A.10

The ability to inhibit such virulent factors as Pseudomonas
aeruginosa lectin A (LecA or PA-IL) offers the perspective of a
new approach for antibacterial therapies in which the bacterial
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functions contributing to the infection are targeted. LecA is a
tetravalent lectin with a nearly rectangular shape with binding
sites a distance of 71 Å on the long side and 32 Å on the short
side.11,12 The binding of LecA for monovalent galactosides is in
the micromolar range and is influenced by the structure of the
aglycon with enhanced binding for phenyl-β-Gal. Indeed, the
introduction of a β-anomeric phenyl aglycon creates additional
hydrophobic interactions.6,13 The binding of LecA can reach
the nanomolar range when taking advantage of the so-called
cluster effect.14−16 In this case, multivalent carbohydrate ligands
are designed and the binding per carbohydrate residues to the
target lectin can be enhanced compared to the monovalent
ligand.3−5 Several galactosylated glycoclusters have been
reported and their binding to LecA discussed.3,4,17−19 The
extent of the enhancement is, among other things, a function of
the topology, as the residues should fit in the multiple sites of
the lectins.
The topology of a glycomimetic is an important factor for its

efficient binding to a lectin. It is a combination of not only the
scaffold but also the linker structure between the terminal
carbohydrate epitopes and the scaffold. Furthermore, the nature
of the linker could provide additional interactions (e.g.,
hydrogen bond, π−π stacking, hydrophobic interactions, ionic
bonds)20 with the amino acids near the carbohydrate
recognition domain (CRD) of the targeted lectin allowing an
increase of the binding.
The flexibility and the length of the linker also play a key

role. Ideally, the topology of the carbohydrate residues should
match the binding sites of the lectin on an atomic scale for
maximal interaction. However, since this is almost unachiev-
able, some flexibility should be introduced through the linker
and consequently lead to an entropic cost of the binding.
This trade-off is illustrated in a study by Pieters et al.21 in

which divalent galactosyl clusters bearing PEG spacers are less
potent than more rigid clusters. However, as the rigidity
increases, the length seems to become a critical parameter. In
another study, Cecioni et al.18 have underlined the importance
of the linker design in calixarene-based galactose constructs.
Too-rigid linkers prevented the four galactosyl residues from
interacting simultaneously with the four binding sites of the
lectin, leading to increased stoichiometry. Furthermore, they
showed that increasing the length of the linker from diethylene
glycol linker to triethylene glycol did not significantly influence
the binding. This is probably due to the low rigidity of PEG
based linker and is in agreement with the findings of Pieters et
al.21

Herein aiming at designing high affinity multivalent clusters
targeting LecA, the influence of the linker in combination with
different scaffolds was studied.22 The linker length, the rigidity,
and the position of the aromatic aglycon were varied and their
binding to LecA was studied on DNA-Directed Immobilized
Glycocluster array.20,23

■ EXPERIMENTAL PROCEDURES
The syntheses of phosphoramidites 1,24 2,25,26 1a,27 1b27, and
1c28 and azide solid support 529 were previously reported.
Carbohydrate derivatives 3,30 4a,31 4b,32 4c,33 4d,18 4e,32 6,30

propagyl galactopyranoside, and propargyl glucopyranoside34

were prepared according to literature procedures.
N1-(2′,3′,4′,6′-Tetra-O-acetyl-β-D-galactopyranosyl)-

thymine 15. N,O-Bis(trimethylsilyl) acetamide (BSA) (1.5
mL, 6.1 mmol) was added to a suspension of thymine (327 mg,
2.6 mmol) and 1,2,3,4,6-penta-O-acetyl-D-galactopyranose

(1.09 g, 2.56 mmol) in dichloroethane (25 mL). The mixture
was stirred under argon at room temperature for 20 min. After
addition of TMSOTf (2.2 mL, 12.1 mmol) the reaction mixture
was heated under reflux for 2 h 30 min. The resultant mixture
was cooled to room temperature and the solvents were
evaporated in vacuum. The resulting oil was diluted in ethyl
acetate (100 mL) and washed with an aqueous saturated
solution of NaHCO3 (100 mL) and brine (2 × 100 mL). After
drying with Na2SO4, filtration, and concentration, the resultant
oil was purified by silica gel column chromatography (EtOAc/
cyclohexane, 8:2, v/v) to afford the desired compound 20 (782
mg, 67%) as a white foam. 1H NMR (300 MHz, CDCl3) δ 8.80
(s, 1H, NH), 7.16 (d, J = 1.2 Hz, 1H, H-6), 5.84 (d, J = 9.1 Hz,
1H, H-1′), 5.51 (d, J = 3.2 Hz, 1H, H-2′), 5.31 (t, J = 9.6 Hz,
1H, H-3′), 5.21 (dd, J = 10.2 Hz, J = 3.3 Hz, 1H, H-5′), 4.18−
4.14 (m, 3H, H-4′, H-6′), 2.06−2.00 (m, 12H, OAc), 1.98 (d, J
= 1.2 Hz, 3H, CH3).

13C NMR (75 MHz, CDCl3) δ 170.4−
169.7 (4s, CO), 163.1 (C-4), 150.4 (C-2), 134.8 (C-6), 112.1
(C-5), 80.6 (C-1′), 73.8 (C-5′), 70.9 (C-3′), 67.1, 67.0 (C-2′,
C-4′), 61.3 (C-6′), 21.0, 20.7, 20.5 (3s, COCH3), 12.6 (CH3).
HR-ESI-QToF MS (positive mode): m/z calcd for
C19H25N2O11 [M+H]+: 457.1457 found 457.1458.

N1-(2′,3′,4′,6′-Tetra-O-acetyl-β-D-galactopyranosyl)-3-
(4-bromobutyl)thymine 16. A solution of N1-(2′,3′,4′,6′-
tetra-O-acetyl-β-D-galactopyranosyl)-thymine 15 (350 mg, 0.77
mmol) in anhydrous dimethylformamide (4 mL) was stirred for
5 min with potassium carbonate (318 mg, 2.30 mmol). Then,
1,4-dibromobutane (919 μL, 7.70 mmol) was added and the
mixture was refluxed for 4 h and heated at 70 °C overnight. The
reaction mixture was then concentrated to give an oil, which
was diluted in dichloromethane (20 mL) and washed with an
aqueous saturated solution of NaHCO3 (20 mL) and brine (2
× 20 mL). The organic layer was dried (Na2SO4), filtered, and
concentrated. The crude product was purified by silica gel
column chromatography (EtOAc/cyclohexane, 4:6, v/v) to
afford the desired compound 16 (270 mg, 59%) as a pale
yellow foam. 1H NMR (300 MHz, CDCl3) δ 7.14 (d, J = 1.3
Hz, 1H, H-6), 5.89 (d, J = 9.0 Hz, 1H, H-1′), 5.51 (d, J = 3.0
Hz, 1H, H-5′), 5.30 (t, J = 9.5 Hz, 1H, H-2′), 5.21 (dd, J = 10.2
Hz, J = 3.3 Hz, 1H, H-3′), 4.21−4.09 (m, 3H, H-4′, H-6′), 3.97
(t, J = 7.1 Hz, 2H, NCH2), 3.44 (t, J = 6.5 Hz, 2H, CH2Br),
2.23 (s, 3H, CH3), 2.06 (s, 3H, COCH3), 2.00 (2s, 9H,
COCH3), 1.90 (m, 2H, CH2CH2Br), 1.78 (m, 2H, NCH2CH2).
13C NMR (75 MHz, CDCl3) δ 170.4−169.4 (4s, CO), 162.8
(C-4), 151.1 (C-2), 132.7 (C-6), 111.4 (C-5), 81.0 (C-1′), 73.7
(C-5′), 70.9 (C-3′), 67.3, 66.9 (C-2′, C-4′), 61.7 (C-6′), 40.6
(NCH2), 33.0 (CH2Br), 30.0, 26.4 (NCH2CH2, CH2CH2N3),
20.7, 20.5, 20.4 (3s, COCH3), 13.3 (CH3). HR-ESI-QToF MS
(positive mode): m/z calcd for C23H32N2O11Br [M+H]+:
591.1177, found 591.1189.

N1-(2′,3′,4′,6′-Tetra-O-acetyl-β-D-galactopyranosyl)-3-
(4-azidobutyl)thymine 4f. A solution of 16 (231 mg, 0.39
mmol) in anhydrous dimethylformamide (3 mL) was stirred at
100 °C for 24 h with sodium azide (203 mg, 3.12 mmol). After
addition of dichloromethane (10 mL), the reaction was washed
with brine (3 × 20 mL). The organic layer was dried (Na2SO4),
filtered, and concentrated to afford the desired product 4f (214
mg, 99%) as a colorless oil. 1H NMR (400 MHz, CDCl3) δ
7.10 (d, J = 1.3 Hz, 1H, H-6), 5.86 (d, J = 8.9 Hz, 1H, H-1′),
5.46 (dd, J = 3.1 Hz, J = 0.8 Hz, 1H, H-5′), 5.24 (t, J = 9.4 Hz,
1H, H-2′), 5.19 (dd, J = 10.1 Hz, J = 3.2 Hz, 1H, H-3′), 4.16−
4.12 (m, 2H, H-4′, H-6′), 4.06 (dd, J = 8.8 Hz, J = 12.8 Hz, 1H,
H-6′), 3.91 (t, J = 7.1 Hz, 2H, NCH2), 3.27 (t, J = 6.7 Hz, 2H,
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CH2N3), 2.17 (s, 3H, CH3), 2.00 (s, 3H, COCH3), 1.94 (2s,
9H, COCH3), 1.67−1.62 (m, 2H, NCH2CH2), 1.60−1.54 (m,
2H, CH2CH2N3).

13C NMR (100 MHz, CDCl3) δ 170.3−
169.6 (4s, CO), 162.8 (C-4), 151.0 (C-2), 132.9 (C-6), 111.3
(C-5), 81.2 (C-1′), 73.6 (C-5′), 70.9 (C-3′), 67.4, 67.0 (C-2′,
C-4′), 61.3 (C-6′), 51.0 (CH2N3), 40.8 (NCH2), 26.2, 24.8
(NCH2CH2, CH2CH2N3), 20.6, 20.4, 20.3 (3s, COCH3), 13.3
(CH3). HR-ESI-QToF MS (positive mode): m/z calcd for
C23H32N5O11 [M+H]+: 554.2081, found 554.2098.
Immobilization on Azide Solid Support 5 of Propargyl

Hexopyranosides by Cu(I)-Catalyzed Alkyne Azide 1,3-
Dipolar Cycloaddition. An aqueous solution of propargyl
hexopyranoside (α-mannopyranoside 6, β-galactopyranoside,
or β-glucopyranoside) (100 mM, 175 μL), freshly prepared
aqueous solutions of CuSO4 (100 mM, 14 μL) and sodium
ascorbate (500 mM, 14 μL), water (147 μL), and MeOH (350
μL) were added to 3.5 μmol of azide solid support 5. The
resulting mixture was treated in a sealed tube with a microwave
synthesizer at 60 °C for 45 min (premixing time: 30 s). The
temperature was monitored with an internal infrared probe.
The solution was removed, and CPG beads were washed with
H2O (3 × 2 mL), MeOH (3 × 2 mL), and CH3CN (3 × 2
mL), and dried affording solid-supported hexose.
General Procedure for Introduction of Alkynyl or

Bromohexyl Phosphoramidites on Hexose Hydroxyls.
Solid-supported hexose derivatives (1 μmol scale) were treated
by phosphoramidite chemistry, on a DNA synthesizer, with
alkynyl phosphoramidites 1, 1a−c, or 6-bromohexyl phosphor-
amidite 2. Only coupling and oxidation steps were performed.
For the coupling step, benzylmercaptotetrazole was used as
activator (0.3 M in anhydrous CH3CN) and phosphoramidite
1, 2, or 1a−c (0.2 M in anhydrous CH3CN) was introduced
three times (120 μmol) with a 180 s coupling time. Oxidation
was performed with commercial solution of iodide (0.1 M I2,
THF/pyridine/water 90:5:5) for 15 s.
General Procedure for Azidation. The solid-supported

oligonucleotides bearing the tetrabromohexyl hexoses (1 μmol)
were treated with a solution of tetramethylguanidine azide
(TMG-N3) (31.6 mg, 200 equiv) and NaI (30 mg, 200 equiv)
in DMF (1 mL) for 1 h at 65 °C. The beads were washed with
DMF (3 × 2 mL), H2O (3 × 2 mL), and CH3CN (3 × 2 mL),
and then dried by flushing with argon.
General Procedure for Elongation of DNA Sequences

and Labeling with Cy3. The DNA sequences were
synthesized on the solid-supported scaffolds at the 1 μmol
scale on a DNA synthesizer (ABI 394) by standard
phosphoramidite chemistry. For the coupling step, benzylmer-
captotetrazole was used as activator (0.3 M in anhydrous
CH3CN), commercially available nucleosides phosphoramidites
(0.09 M in anhydrous CH3CN) were introduced with a 20 s
coupling time and Cy3 amidite (0.06 M in anhydrous CH3CN)
with a 180 s coupling time. The capping step was performed
with acetic anhydride using commercial solution (Cap A:
Ac2O/pyridine/THF, 10:10:80 and Cap B: 10% N-methyl-
imidazole in THF) for 15 s. Each oxidation was performed for
15 s. Detritylation was performed with 2.5% DCA in CH2Cl2
for 35 s.
General Procedure for Deprotection of Solid-Sup-

ported Oligonucleotides. The CPG beads bearing modified
oligonucleotides were transferred to a 4 mL screw top vial and
treated with 2 mL of concentrated aqueous ammonia for 15 h
at room temperature and warmed to 55 °C for 2 h. For each

compound, the supernatants were withdrawn and evaporated to
dryness. Residues were dissolved in water.

General Procedure for the Elongation by Hydrogeno-
phosphonate Chemistry. Elongation was performed on a
DNA synthesizer (ABI 394) using an H-phosphonate chemistry
cycle starting from a 1,3-propanediol solid support (1 μmol).
The detritylation step was performed with 2.5% DCA in
CH2Cl2 for 35 s. Then, dimethanolcyclohexane (DMCH) H-
phosphonate monoester 935 or commercially available
thymidine H-phosphonate monoester (0.06 M in anhydrous
CH3CN/C5H5N 1:1 v/v) and pivaloyl chloride as activator
(200 mM in anhydrous CH3CN/C5H5N 1:1 v/v) were passed
6 times through the column alternatively for 5 s (30 molar
excess). The cycle was repeated as required to afford the
desired scaffolds with 2 to 5 DMCH motifs or 4 dT motifs.

General Procedure for Amidative Oxidation. The solid-
supported H-phosphonate diester scaffolds (1 μmol) were
treated back and forth using two syringes, with 2 mL of a
solution of 10% of propargylamine in CCl4/C5H5N (1:1 v/v)
for 30 min. The CPG beads were washed with C5H5N (2 × 2
mL) and CH3CN (3 × 2 mL) and then dried by flushing with
argon. Then the elongation of the oligonucleotides and labeling
with Cy3 were performed by phosphoramidite chemistry as
described above.

General Procedure for CuAAC Reaction. Procedure for
Introduction of Azido-Functionalized D-Galactose Deriva-
tives 4a−f. To a solution of 5′-fluorescent-3′-alkyne
oligonucleotide (100 nmol in 100 μL of H2O) were added
azido-functionalized galactoses 4a−f (3 equiv per alkyne
function, 100 mM in MeOH), 1 mg of Cu(0) nanopowder,
triethylammonium acetate buffer 0.1 M, pH 7.7 (25 μL), water,
and MeOH to obtain a final volume of 250 μL (water MeOH,
1:1, v/v). The tube containing the resulting preparation was
sealed and placed in a microwave synthesizer initiator from
Biotage with a 30 s premixing time at 60 °C for 60 min.

Procedure for Introduction of Propargyl β-D-Galactopyr-
anoside 3. To a solution of 5′-fluorescent-3′-hexose-centered
tetra azidohexyl oligonucleotide (100 nmol in 100 μL of H2O)
were added propargyl 2,3,4-tri-O-acetyl-β-D-galactopyranoside
3 (5 equiv per azide function, 100 mM in MeOH), 1 mg of
Cu(0) nanopowder, triethylammonium acetate buffer 0.1 M,
pH 7.7 (25 μL), water, and MeOH to obtain a final volume of
250 μL (water MeOH, 1:1, v/v). The tube containing the
resulting preparation was sealed and placed in an oil bath with
magnetic stirring at 60 °C for 60 min.

Workup of CuAAC Reactions and HPLC Purifications.
EDTA (400 μL) was added to the mixtures, and after
centrifugation, the supernatants were withdrawn to eliminate
Cu(0) and were desalted by size-exclusion chromatography on
NAP10. After evaporation, the 5′-fluorescent 3′-(acetylated-
glycomimetic) oligonucleotides were dissolved in water and
purified by reversed-phase preparative HPLC. Pure compounds
were treated with concentrated aqueous ammonia (3 mL) for 2
h at room temperature to remove acetyl groups, and evaporated
to dryness (purity >97%). Final compounds were purified again
by reversed-phase preparative HPLC using a linear gradient
from 8% to 32% of acetonitrile in TEAAc buffer pH 7 over 20
min. Residues were dissolved in water for subsequent analyses.

Fabrication of DDI-Microarrays. Fabrication of Micro-
structured Slides. Microstructured slides are featured with 40
square wells (3 mm width, 60 ± 1 μm depth, with a 4.5 mm
spacing between each microreactor). Microreactors were
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fabricated by photolithography and wet etching process onto
flat glass slides. These methods are detailed elsewhere.36,37

Silanization of the Glass Slides. According to the protocol
developed by Dugas et al.,38,39 slides were functionalized as
follows: after piranha treatment, the slides were heated under
dry nitrogen at 150 °C for 2 h. Next, dry pentane and tert-butyl-
11-(dimethylamino)silylundecanoate were added at room
temperature. After 2 h of incubation, the pentane was
evaporated and the slides were heated at 150 °C overnight.
Functionalized slides were obtained after washing in THF and
rinsing in water. The ester function was converted into the
corresponding acid using formic acid for 7 h at room
temperature. Acid group bearing slides were activated for
amine coupling with N-hydroxysuccinimide (0.1 M) and
di(isopropyl)carbodiimide (0.1 M) in dry THF, overnight at
room temperature. Finally, the slides were rinsed in THF and
dichloromethane for 10 min under ultrasound.
Immobilization of Amino-Modified Oligonucleotides. Four

amino modified oligonucleotides were purchased from Euro-
gentec. Spotting of 0.3 nL of the corresponding oligonucleo-
tides at 25 μM in PBS10X (pH 8.5) at the bottom of each
reactor (64 spots per well) with the spotting robot: Scienion
sciFLEX ARRAYER s3. The substitution reaction was performed
overnight at room temperature in a water saturated
atmosphere, and then, water was allowed slowly to evaporate.
Washing of the slides was performed with SDS0.1% at 70 °C for
30 min and deionized water briefly.
Blocking Step. To prevent nonspecific adsorption during the

hybridization step, all slides were blocked with bovine serum
albumin (BSA). Blocking was performed with BSA 4% solution
in PBS1X (pH 7.4), at 37 °C for 2 h. The washing steps were as
follows: 3 × 3 min in PBS-Tween0.05% followed by 3 × 3 min in
PBS1X, and finally the glasses were rinsed with deionized water
before being dried by centrifugation.
Hybridization of Glycomimetics. Hybridization Step. 2 μL

of a solution of each glycoconjugate bearing a DNA tag, at 1
μM in PBS1X (pH 7.4), was placed at the bottom of the
corresponding well and allowed to hybridize overnight at room
temperature in a water vapor saturated chamber. The samples
were washed in saline-sodium citrate 2× (SSC2X), SDS0.1% at 51
°C for 1 min, followed by SSC2X at room temperature for an
additional 5 min, and finally rinsed with deionized water before
being dried by centrifugation.
Blocking Step. After hybridization, all slides were blocked

again with bovine serum albumin (BSA). Blocking was

performed with BSA 4% solution in PBS1X (pH 7.4), at 37
°C for 1 h. The washing steps are as follows: 3 × 3 min in PBS-
Tween0.05% followed by 3 × 3 min in PBS1X, and briefly rinsing
with deionized water before being dried by centrifugation.

Lectin Labeling. Alexa647 Labeling of LecA Lectin. LecA
was labeled with Alexa Fluor 647 Microscale Protein Labeling
Kit (A30009) from Invitrogen. LecA was kindly provided by
Dr. Anne Imberty (CERMAV, Grenoble). LecA cloning and
production was done according to the protocol reported by
Blanchard et al.40 LecA can be purchased from Elicityl (www.
elicityl-oligotech.com). In brief, 100 μL of a 1 mg/mL solution
of LecA (MW: 51 kDa) diluted in PBS1X (pH 7.4) was mixed
with 10 μL of 1 M sodium bicarbonate (pH 8.3). The
appropriate volume of reactive dye solution at 7.94 nmol/μL
was transferred into the reaction tube containing the pH-
adjusted protein. Reaction mixture was mixed for 15 min at
room temperature before purification on a spin column (gel
resin container) in order to separate the labeled protein from
unreacted dye.
Lectin concentration and the dye to lectin ratio were

estimated by optical density using a tray cell system combined
to a Safas Monaco UV mc2 spectrophotometer reading the
absorbance at 281 and 650 nm. LecA concentration was
estimated to be 13.53 μM with a degree of labeling of 0.20 dyes
for tetrameric LecA. Alexa647-LecA was aliquoted and stored at
−20 °C. Aliquots were thawed gently at 4 °C just before use.

IC50 Determination with “On Chip” Biological Recognition.
Preparation of the Solutions of Incubation. Lectin LecA
(0.12 μM final concentration), BSA (2% final concentration),
and CaCl2 (1 μg/mL final concentration) was diluted in PBS1X
(pH 7.4). Into each microtube was added the inhibitor lactose
at the desired final concentration (Figure 1).

Incubation of the Complex Glycoconjugate-Lectin on the
Microreactors. Two microliters of each solution was deposited
in the corresponding microwells and the slide was incubated at
37 °C in a water vapor saturated chamber for 3 h. The washing
steps are as follows: PBS-Tween0.02% 5 min at 4 °C, then briefly
in deionized water, and drying by centrifugation.

Fluorescence Scanning. Slide was scanned at 532 nm, then
at 635 nm with the Microarray scanner, GenePix 4100A
software package (Axon Instruments; λex 532/635 nm and λem
575/670 nm). The fluorescence signal of each conjugate was
determined as the average of the mean fluorescence signal of 64
spots.

Figure 1. General sketch map of the miniaturized biosystem (microstructured glass slide) for IC50 determinations with a lactose concentration
gradient.
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IC50 values were determined using “BioDataFit 1.02
program”. The model chosen was “Sigmoidal”

= + − + −Y a b a( )/[1 10 ]x c( )

Figure 2. Structure of trimannosylated glycocluster M0 and mono- to octa-galactosylated glycoclusters G1-G25.
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with a = FImin, b = FImax, x = log[LecA], and c = log(IC50).
FImin/max is the minimum/maximum Alexa-647 fluorescence
signal observed for a galactomimetic.

■ RESULTS AND DISCUSSION

First, we synthesized mannose-centered glycoclusters (G4-G9)
and studied the influence of six different linkers in glycomimetic
on their recognition to LecA. The linkers were chosen to span
different lengths (from 12 to 17 atoms calculated from the
exoanomeric O1 of galactose to the phosphorus atom) and for
their flexibility and solvation capacities (alkyl, aromatic, or
ethylene glycol) (Figure 2).
To this end, we used two phosphoramidites (i.e., pent-4-ynyl

1 and 6-bromohexyl 2) in combination with propagyl
galactoside 3 and different galacto azide derivatives 4a−e
exhibiting different aglycones to construct the glycoclusters
using phosphoramidite chemistry41 and copper catalyzed azide
alkyne cycloaddition (CuAAC) “click” chemistry42,43 (Figure
3).
Propargyl galactoside 3 and galactose azide derivatives 4a−e

were prepared according to literature protocols.18,30−34 The
mannose-centered glycoclusters G4-G9 were prepared accord-
ing to our recently reported strategy.29 Basically, propargyl α-D-
mannopyranoside 6 was immobilized on an azide solid support
5 by CuAAC and then pent-4-ynyl 1 or bromohexyl 2
phosphoramidites were introduced on the four hydroxyls by
phosphorylation affording the mannose core bearing four
pentynylphosphate or four bromohexylphosphate groups
(Scheme 1). The oligonucleotide was elongated and labeled
with a fluorescent dye (Cy3) by classic phosphoramidite
chemistry affording 8 or 9. For 9, the four bromine atoms were
substituted with tetramethylguanidine azide (TMG N3) to give
the tetra azide oligonucleotide 10. After an ammonia treatment,
the compounds 11 and 12 were conjugated with galactose
derivatives 4a−e and 3, respectively, by CuAAC in solution,
using Cu(0) nanopowder, affording the mannose-centered
tetra-galactosylated oligonucleotide conjugates 13a−e and 14.
Pure conjugates were isolated by reverse phase HPLC and a
final treatment with ammonia afforded the six expected
tetragalactoclusters G4-G9 exhibiting different linkers.
The binding efficiency of the galactomimetics G4-G9 to

LecA was determined using a DNA-based glycoarray by direct
fluorescence scanning.23 A linear trimannosylcluster (DMCH-

MTzEG3-Man)3 M023 was used as negative control showing
the specificity of LecA to galactoclusters. A linear tetragalacto-
sylated cluster (DMCH-MTzEG3-Gal)4 G344 served as a
positive control and comparison with the current tetravalent
clusters (Figure 2). The nomenclature proposed for these
glycoclusters is based on abbreviations of each building
blocks.22 To this purpose, all the glycoclusters were
immobilized on a DNA-array by DNA directed immobilization
(DDI) thanks to their complementary DNA tag. Then, Alexa
647-LecA was added and incubated for 3 h; after washing, the
fluorescence intensity was read at 675 nm giving qualitative
information on the binding strength (Figure 4). The linear
trimannosylated glycocluster M0 cluster did not bind to LecA
showing the selective recognition and the absence of unspecific
binding on the microarray. The linear tetragalactosylated cluster
(DMCH-MTzEG3-Gal)4 G3 exhibited fluorescence around
3100 arbitrary unit (a.u.).
The data showed that there is no obvious correlation

regarding the length of the linker between the galactose moiety
and the mannose-core on the binding efficiency. Indeed,
similarly to the work of Cecioni et al., it was found that
increasing the flexible EG2-based linker with 14 atoms in length
in compound G5 to the EG3-based linker with 17 atoms in
length in compound G8 did not significantly improve the
binding. Likewise, increasing the rigidity with linker DMCH in
galactosylated cluster G6 (15 atoms) did not result in improved
binding to LecA.
In contrast, it appeared that galactomimetics with an

aromatic group near the galactose moiety (G7 and G9)
showed high binding with a preference for the phenyl (AcNPh)
moiety (G7) compared to the triazole methylene (TzM) motif
(G9). Imberty et al. already observed this fact where a phenyl
β-D-galactopyranoside presented a 26-fold increase of affinity to
LecA compared to methyl β-D-galactopyranoside.12 This could
be explained by hydrophobic or π−π interactions with aromatic
amino acids of LecA near the CRD. This point was recently
emphasized and it was demonstrated that aromatic aglycones
present a CH−π ″T-shaped″ interaction with the His50 residue
of the lectin.45,46 The ″aromatic″ effect to increase the binding
of carbohydrate to lectin has been previously observed for
mannoside derivatives targeting mannose-specific protein
FimH, which is expressed on the tips of type 1 fimbriae
using mannoside monomers47 or multivalent clusters.48−50

Figure 3. Building blocks for the synthesis of the galactoclusters.
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Interestingly, Roy et al. reported the same phenomenon that we
observed with a higher increase of affinity with clusters
exhibiting phenyl-O-mannopyranoside residues compared
with those exhibiting triazolmethyl-O-mannopyranoside resi-
dues.50

The differences of binding between G4, G5, G6, and G8
were not significant suggesting that ethylene glycol (EG2 or
EG3) or aliphatic (Pro or DMCH) linkers did not interact
further with amino acid residues of LecA.
In a second study, we looked at the effect of the AcNPh-

galactose moiety on different scaffolds with, on one hand, its
introduction into linear scaffolds like DMCH scaffold exhibiting

two to five residues (DMCH-MTzAcNPh-Gal)2−5 G10-G13 or
deoxythymidine scaffold exhibiting four galactose residues (dT-
MTzAcNPh-Gal)4 G14 (Figure 2), and on the other hand the
AcNPh-galactose moiety introduced into galactose- and
glucose-centered scaffolds (G15 and G16) (Figure 2). For
comparison, the effect of HexTzM-galactose moiety was also
studied with galactoclusters built on galactose- and glucose-
centered scaffolds (G17 and G18) (Figure 2).
The linear DMCH galactoclusters G10-G13 were synthe-

sized starting from the propanediol solid support on which
DMCH H-phosphonate monoester23,35 was coupled two to five
times by H-phosphonate chemistry using pivaloyl chloride as

Scheme 1. Synthesis of Glycoclusters G4-G9a

aL1 are explained in Figure 2.
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activator (Scheme 2).27 The resulting H-phosphonate diester
linkages were oxidized by carbon tetrachloride in the presence
of propargyl amine allowing the introduction of alkyne
functions. Then, the oligonucleotide was assembled and Cy3-
labeled by phosphoramidite chemistry. After deprotection and
release from the solid support, by ammonia treatment, the
resulting modified oligonucleotides exhibiting two to five
alkynes were conjugated with 4d by CuAAC. After HPLC
purification, the acetyl groups were removed by ammonia
treatment leading to the oligonucleotides conjugated to linear
DMCH galactoclusters G10-G13. The linear tetra-galactose on
deoxythymidine scaffold (dT-MTzAcNPhGal)4 G14 was
synthesized similarly using commercially available DMTr-
thymidine H-phosphonate introduced four times on a 1,3-
propanediol solid support.
The synthesis of galactose- and glucose-centered glyco-

clusters with (proTzAcNPh-Gal)4 motif G15 and G16 and with

(HexTzM-Gal)4 motif G17 and G18 (Figure 2) proceeded
using the same protocol as described above but using propargyl
galactoside or propargyl glucoside, respectively, which were first
immobilized on azide solid support 5. In addition, for
comparison purposes, an oligonucleotide conjugate exhibiting
only one TzAcNPh-Gal motif G2 was synthesized (Figure 2).
To this end, a Cy3-oligonucleotide was synthesized from a
monoalkyne solid support which was conjugated with 4d by
CuAAC affording G2.
The binding properties of these galactoclusters to LecA were

studied using a DDI affording a glycoarray. After their
immobilization on the chip and incubation with Alexa 647-
LecA the fluorescence intensity of each glycocluster was read
(Figure 5). The Alexa 647 fluorescent signal is therefore
correlated to LecA binding. The fluorescent signal of the linear
DMCH glycoclusters rose with the number of galactose
residues showing the benefit of the increase of saccharide

Figure 4. Fluorescence intensity (arbitrary units a.u.) of glycoclusters (DMCH-MTzEG3-Man)3 M0, (DMCH-MTzEG3-Gal)4 G3, and mannose-
centered tetragalactocluster G4-G9 bound with Alexa 647-PA-IL.

Scheme 2. Synthesis of Linear (DMCH-MTzAcNPhGal)2‑5 G10-G13 and (dT-MTzAcNPhGal)4 G14 Clusters
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motifs on the binding efficiency. The tetracluster G3 with
MTzEG3-Gal motifs displayed a fluorescence signal about 5-

fold lower than its analog G12 bearing TzAcNPh-Gal motifs
confirming the better binding of phenylgalactoside. Both

Figure 5. Fluorescence arbitrary unit (a.u.) of linear and hexose-centered glycoclusters M0, G3, (DMCH-MTzAcNPh-Gal)2−5 G10-G13, (dT-
MTzAcNPh)4 G14, Man-, Gal-, Glc-(ProTzAcNPh-Gal)4 G7, G15, G16 and Man-, Gal-, Glc-(HexTzM-Gal)4, G9, G17, G18 bonded with Alexa
647-PA-IL.

Table 1. Names and Structures of Glycoclustersa

entry glycoclusters
valency
(N) L1 L2 scaffold

IC50Lac
(μM)

potency
(β)b

potency per residue (β/
N)

1 M0 (DMCH-MTzEG3-Man)3 3 EG3 M DMCH
monovalent compounds

2 G1 DMCH-MTz EG3-Gal 1 EG3 M DMCH 5 1 1
3 G2 THME-MTzAcNPh-Gal 1 AcNPh M THME 16 3.2 3.2

multivalent compounds
4 G4 Man(proTzPro-Gal)4 4 Pro Pro Man nd -
5 G5 Man(proTzEG2-Gal)4 4 EG2 Pro Man nd -
6 G6 Man(proTzDMCH-Gal)4 4 DMCH Pro Man nd -
7 G7 Man(proTzAcNPh-Gal)4 4 AcNPh Pro Man 2826 565 141
8 G8 Man(proTzEG3-Gal)4 4 EG3 Pro Man 29 5.8 1.5
9 G9 Man(HexTzM-Gal)4 4 M Hex Man 210 42 11
10 G3 (DMCH-MTzEG3-Gal)4 4 EG3 M DMCH 773 155 39
11 G10 (DMCH-MTzAcNPh-Gal)2 2 AcNPh M DMCH 185 37 19
12 G11 (DMCH-MTzAcNPh-Gal)3 3 AcNPh M DMCH 866 173 58
13 G12 (DMCH-MTzAcNPh-Gal)4 4 AcNPh M DMCH 1056 211 53
14 G13 (DMCH-MTzAcNPh-Gal)5 5 AcNPh M DMCH 1550 310 62
15 G14 (dT-MTzAcNPh-Gal)4 4 AcNPh M dT nd - -
16 G15 Gal(ProTzAcNPh-Gal)4 4 AcNPh Pro Gal 662 132 33
17 G16 Glc(ProTzAcNPh-Gal)4 4 AcNPh Pro Glc 805 161 40
18 G17 Gal(HexTzM-Gal)4 4 M Hex Gal 532 106 27
19 G18 Glc(HexTzM-Gal)4 4 M Hex Glc 775 155 39
20 G19 Man(EG2MTzAcNPh-Gal)4 4 AcNPh EG2M Man 4218 844 211
21 G20 Man(EG2MTzEG3-Gal)4 4 EG3 EG2M Man 24 4.8 1.2
22 G21 Man(proTzAcNPh-Gal)8 8 AcNPh Pro Man 6803 1361 170
23 G22 Man[THME(MTzAcNPh-Gal)2]4 8 AcNPh THME(M) Man 1807 361 45
24 G23 Man(ProTzBuT-Gal)4 4 BuT Pro Man nd - -
25 G24 Man(EG2MTzBuT-Gal)4 4 BuT EG2M Man nd - -
26 G25 Man[THME(MTzBuT-Gal)2]4 8 BuT THME(M) Man nd - -

aIC50Lac values of the glycoclusters toward LecA determined by competition with lactose. Each glycocluster was immobilized on the surface by DDI
and then Alexa647-LecA was added with an increasing concentration of lactose used as inhibitor. bThe potency (β) was calculated using the
monovalent DMCH-MTz-EG3-Gal G1 as a reference. nd not determined.
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tetrameric linear glycoclusters with DMCH G12 or thymidine
scaffolds G14 exhibited a higher binding than the DMCH
trimeric cluster G11 but with a preference for the DMCH one.
Concerning the hexose-centered tetra-galactoclusters, the data
confirmed the better binding of galactoclusters G7, G15, G16
exhibiting ProTzAcNPh-Gal motifs versus HexTzM-Gal ones
G9, G17, G18 regardless of the hexose cores. For both families,
glycoclusters built from a mannose- and glucose-core displayed
similar fluorescent signal, and those built from a galactose-core
displayed a lower signal (Figure 5).
The comparison between linear and hexose-centered

glycoclusters bearing four ProTzAcNPh-Gal motifs gives the
following increase of fluorescent signal: Gal(ProTzAcNPh-
Gal)4 G15 ≤ (dT-MTzAcNPh-Gal)4 G14 < (DMCH-
MTzAcNPh-Gal)4 G12 < (Glc(ProTzAcNPh-Gal)4 G16 ≤
Man(ProTzAcNPh-Gal)4 G7. This data showed the better
binding of mannose- and glucose-centered glycoclusters among
all of the glycoclusters even better than the linear DMCH
penta-galactose G13.
Since the dynamic range of fluorescent intensity is rather

limited,51,52 we then determined the IC50 value of the
glycoclusters using lactose as inhibitor, and potency was
calculated with respect to the monovalent galactose DMCH-
MTzEG3-Gal G1 (Table 1). In our case, the IC50Lac value
corresponds to the lactose concentration required to displace
50% of LecA from the glycocluster. Hence, the higher the
IC50Lac value, the higher the affinity of the glycocluster for LecA.
The comparison of the monogalactoses DMCH-MTz-EG3-

Gal G123 and MTzAcNPh-Gal G2 with IC50Lac values of 5 and
16 μM, respectively, showed a 3.2-fold increase of binding for
the aromatic galactose (Entries 2 and 3), which is similar to the
observation made by Cecioni et al. by enzyme linked lectin
assay18 (ELLA), the most similar method used in that report in
comparison to our carbohydrate microarray technique. For the
linear galactoclusters, we observed an increase of IC50Lac value
corresponding to a better binding to LecA with the increase in
the number of residues with a threshold effect between 2 and 3
residues (Table 1, entries 11 and 12). The benefit of the
aromatic (MTzAcNPh) linker versus MTzEG3 linker was
confirmed with linear DMCH clusters: (DMCH-MTzAcNPh-
Gal)4 G12 (entry 13: IC50Lac = 1056 μM, β = 211) versus
(DMCH-MTzEG3-Gal)4 G3 (entry 10: IC50Lac = 773 μM, β =

155). This trend was even more important for the mannose-
centered glycoclusters Man(ProTzEG3-Gal)4 G8 (entry 8:
IC50Lac = 29 μM, β = 5.8) versus Man(ProTzAcNPh-Gal)4 G7
(entry 7: IC50Lac = 2826 μM and β = 565). The results indicated
the superiority of a TzAcNPh-Gal motif in comparison with
TzEG3-Gal with an increase in potency of almost 100-fold in
this multivalent presentation.
Surprisingly, the data showed that the influence of hexose-

core on the binding to LecA is different according to the nature
of the galactose-linkers (Table 1). Concerning the tetragalac-
toclusters, with a ProTzAcNPh linker, the best binding was
observed for the mannose-core G7 followed by the glucose-
G16 and the galactose-G15 cores (entries 7, 17, 16). In
contrast, with a HexTzM linker, the best binding was observed
for the cluster with a glucose-core G18 followed by the
galactose-G17 and mannose- G9 core (entries 19, 18, 9).These
results illustrate that the combination of the nature of the linker
and the spatial arrangement has a strong influence on the
affinity toward LecA.
In a third optimization, we decided to keep a mannose core

and the aromatic TzAcNPh-Gal motifs with some variations.
On one hand, we increased the length/flexibility between the
mannose-core and the triazole using a diethylene glycol
propargyl phosphoramidite 1a27 instead of the pent-4-ynyl
one, and on the other hand, we introduced eight alkynyl groups
using either a bis-pent-4-ynyl phosphoramidite 1b27 or a 2,2-
(bis-propargyloxymethyl)propyl phosphoramidite 1c28 (Figure
6). Thus, the new mannose-centered tetragalactoclusters
Man(EG2MTzAcNPh-Gal)4 G19 exhibit a 20 atom linker
length instead of 16 atoms for Man(ProTzAcNPh-Gal)4 G7.
The mannose-centered octagalactoclusters Man(ProTzAcNPh-
Gal)8 G21 and Man[THME(MTzAcNPh-Gal)2]4 G22 exhibit
two residues on each hydroxyl of the mannose-core (Figure 2).
So, we could evaluate the influence of the linker length and the
influence of the number of residues on the binding properties.
For comparison purposes, we also synthesized the analogue
Man(EG2MTzEG3-Gal)4 G20 in which aromatic AcNPh-Gal
motifs were replaced by EG3-Gal motifs (Figure 2).
Finally, to gain more insight from an “aromatic effect”, we

synthesized new glycoclusters G23-G25 exhibiting galactose
motifs where the O-phenyl was replaced by a thymine affording
a N1-thymidine-β-galactopyranoside derivative (T-Gal)

Figure 6. Structure of propargyl diethylene glycol, bis-pent-4-ynyl, and 2,2-(bis-propargyloxymethyl)propyl phosphoramidites.

Scheme 3. Synthesis of N1-(2′,3′,4′,6′-tetra-O-acetyl-β-D-galactopyransosyl)-N3-(4-azido-butyl)-thymine 4f
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(Scheme 3). This analogue was designed to may form
additional hydrogen bonds between the heteroatoms of the
thymine and the amino acid of the lectin leading to a possible
better affinity. To this end, the azide derivative 4f was prepared
according to a protocol described in the literature for the
synthesis of glucose-thymidine.53 The 1,2,3,4,6-penta-O-acetyl-
D-galactopyranose was glycosylated with 2,4-bis-O-trimethylsil-

yl-thymine affording the N1-(2′,3′,4′,6′-tetra-O-acetyl-β-D-gal-
actopyranosyl)-thymine 15 (T-Gal) (Scheme 3). It was further
alkylated with 1,4-dibromobutane on the N3 of the thymine
moiety in the presence of potassium carbonate leading to 16,
and finally, the bromine atom was substituted by sodium azide
affording the corresponding azide N1-thymine-galactose de-
rivative (BuT-Gal) 4f.

Scheme 4. Synthesis of Man(EG2MTzAcNPh-Gal)4 G19, Man(EG2MTzEG3-Gal)4 G20, Man(ProTzAcNPh-Gal)8 G21,
Man[THME(MTzAcNPh-Gal)2]4 G22, Man(ProTzBuT-Gal)4 G23, Man(EG2MTzBuT-Gal)4 G24, and Man[THME(MTzBuT-
Gal)2]4 G25

Figure 7. Fluorescence arbitrary unit (a.u.) of linear and hexose-centered glycoclusters bonded with Alexa647-LecA. * a.u. between 41 and 45.
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For the synthesis of the new glycoclusters exhibiting either
AcNPh-Gal or BuT-Gal motifs, the solid-supported mannose 7
was phosphorylated using either diethylene glycol propargyl
phosphoramidite (1a), bis-pent-4-ynyl phosphoramidite (1b),
or 2,2-(bis-propargyloxymethyl)propyl phosphoramidite (1c)
(Scheme 4). Then, after oligonucleotide elongation and
labeling, the tetra/octa alkyne constructions (17a−c) were
conjugated to 4d affording the expected mannose-centered
tetra/octagalactocluster oligonucleotide conjugates Man-
(EG2MTzAcNPh-Gal)4 G19, Man(ProTzAcNPh-Gal)8 G21,
and Man[THME(MTzAcNPh-Gal)2]4 G22, respectively, after
ammonia treatment. Likewise, the tetraalkyne 17a with
diethylene glycol propargyl linkers was also conjugated with
4e affording the Man(EG2MTzEG3-Gal)4 G20. For the T-Gal
clusters, the Gal-T azide derivative 4f was conjugated with the
mannose-core exhibiting four pentynyl (11), four diethylene
glycol propargyl (17a), or four bis-propargyl-oxymethyl propyl
(17c) leading to tetraclusters with ProTzBuT-Gal or
EG2MTzBuT-Gal motifs, respectively, and an octagalactoclus-
ter with THMEMTzBuTGal motif affording the expected
mannose-centered tetra/octagalactocluster oligonucleotide con-
jugates Man(ProTzBuT-Gal)4 G23, Man(EG2MTzBuT-Gal)4
G24, and Man[THME(MTzBuT-Gal)2]4 G25 (Figure 2).
The binding for LecA of the eight resulting glycoclusters was

determined by DDI-microarray as described above (Figure 7).
The increase of the length of the linker from Pro (G7, G8) to
EG2M (G19, G20) led to a slight increase of affinity with both
TzEG3-Gal and TzAcNPh-Gal motifs with a consistently better
affinity for the glycoclusters G7 and G19 with the aromatic
motif (TzAcNPh-Gal).
For the Man(ProTzAcNPh-Gal)4/8 G7 and G21 clusters, the

increase in the number of residues from 4 to 8 led to a slight
increase of fluorescent signal [Man(ProTzAcNPh-Gal)4 G7 vs
Man(ProTzAcNPh-Gal)8 G21]. However, the fluorescent
signal of the octacluster was similar to that of the tetracluster
with EG2M linkers. In contrast, the other octacluster Man-
[THME(MTzAcNPh-Gal)2]4 G22 displayed a lower fluores-
cent signal than the two best tetraclusters. Concerning the
galactoclusters made from BuT-Gal G23-G25, we observed a
635 fluorescent signal of about 45 a.u., very similar to the
negative control. Increasing the number of galactoside residues
to 8 did not give any improvement in the binding. The reasons
for the inhibition of binding to LecA for thymine galactoside
clusters may be related to detrimental steric hindrance
considerations, since the thymine is directly connected to the
C1 of galactopyranose that prevents the galactose moiety from
entering into the binding site of LecA. This result is similar to
the finding of Moni et al.,51 where the binding of LecA to
tetragalactose calixarene clusters was impaired due to the
vicinity of the triazole ring. Indeed, in this study, the triazole
ring was directly attached to the anomeric carbon of the C-
galactoside. These results indicate that aromatic moieties must
be connected with the galactose through at least one atom. The
octagalactocluster Man(ProTzAcNPh-Gal)8 G22 exhibited the
highest binding of all the constructions reported so far showing
a better cluster effect due to the higher number of galactose
motifs.
For a better understanding of the binding properties, we

measured the IC50Lac value of the glycoclusters (Table 1, entries
20−23). The potency of each galactocluster was calculated
according to mono-EG3-galactose G1. The IC50Lac values
confirmed the trends observed by direct fluorescence scanning
with a better binding from TzEG3-Gal G20 to TzAcNPh-Gal

G19 motifs (entry 21 vs entry 20) and a better binding due to
the elongation of the linker from Pro to EG2M (entry 8 vs entry
21 and entry 7 vs entry 20). The tetragalactocluster G19 with
the longest linker exhibited the highest relative potency per
residues of 211-fold (entry 20). The highest binding was found
for the octaglycocluster G21 with ProTzAcNPh-Gal motifs
(IC50Lac = 6803 μM, β = 1361, entry 22). The comparison of
the potency per residues between this octacluster G21 versus
the tetragalactose G7 with the same linker ProTzAcNPh still
showed an increase of binding of 30-fold (170 and 141,
respectively, entry 22 versus entry 7) demonstrating the
advantage of the increase in valency. In contrast, the second
octagalactocluster G22 displayed a lower IC50Lac value of 1807
μM and β = 361 (entry 23) than the tetragalactoclusters with
ProTzAcNPh and EG2MTzAcNPh linkers, G7 and G19,
respectively, showing that the spatial arrangement has a strong
effect on the binding.
In conclusion, thanks to this strategy combining nucleic acid

chemistry and CuAAC chemistry, we were able to synthesize
rapidly 25 galactoclusters, at nanomolar scale, with different
number of residues and different topologies, and to evaluate
their binding for LecA using a DDI-glycoarray requiring only
few picomoles of sample. Among them, linear galactoclusters
with DMCH scaffold and 3 to 5 aromatic (TzAcNPh-Gal)
motifs (G11-G13) exhibited an increase of potency of 173-,
211-, and 310-fold, respectively, in comparison with the mono
TzEG3-Gal motif (G1). Furthermore, we found that two
mannose-centered tetragalactoclusters with aromatic motifs and
with linker of 16- (G7) and 20-atom (G19) lengths exhibited
better affinity with potency increased by 565-fold and 844-fold,
respectively. Finally, the mannose-centered octagalactocluster
[Man(ProTzAcNPh-Gal)8] (G21) with aromatic motifs and a
linker of 16 atom length displayed the best affinity with a 1361-
fold increase of potency. As a rule, we confirmed the benefit of
the ″aromatic″ effect of galactoclusters to reach high affinity
toward LecA regardless of the scaffold. However, the scaffold is
also an important factor to have high affinity; thus, the mannose
core was preferred to galactose or glucose. The increase of
length between the mannose core and the peripheral galactose
is also a factor to improve the binding to LecA.
These very promising results prompt us to synthesize the

″hit″ galactoclusters without the DNA tag on a ∼100 mg scale
for the evaluation of their affinity by more classical methods
(i.e., HIA, SPR, ELLA, and ITC) and for their biological
evaluation on whole Pseudomonas aeruginosa as potential anti-
adhesive or anti-biofilm agents.
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