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Pseudomonas aeruginosa is an opportunistic ESKAPE pathogen
that produces two lectins, LecA and LecB, as part of its large
arsenal of virulence factors. Both carbohydrate-binding proteins
are central to the initial and later persistent infection processes,
i. e. bacterial adhesion and biofilm formation. The biofilm matrix
is a major resistance determinant and protects the bacteria
against external threats such as the host immune system or
antibiotic treatment. Therefore, the development of drugs
against the P. aeruginosa biofilm is of particular interest to
restore efficacy of antimicrobials. Carbohydrate-based inhibitors
for LecA and LecB were previously shown to efficiently reduce

biofilm formations. Here, we report a new approach for
inhibiting LecA with synthetic molecules bridging the estab-
lished carbohydrate-binding site and a central cavity located
between two LecA protomers of the lectin tetramer. Inspired by
in silico design, we synthesized various galactosidic LecA
inhibitors with aromatic moieties targeting this central pocket.
These compounds reached low micromolar affinities, validated
in different biophysical assays. Finally, X-ray diffraction analysis
revealed the interactions of this compound class with LecA. This
new mode of action paves the way to a novel route towards
inhibition of P. aeruginosa biofilms.

Introduction

Pseudomonas aeruginosa belongs to the ESKAPE pathogens and
is listed by the World Health Organization as the most critical
bacterial pathogen. This rod-shaped, Gram-negative ubiquitous
bacterium lives under moist conditions and thrives in hospitals,
colonizing patients under ventilation or bearing catheters and
cystic fibrosis patients.[1] For colonizing the host, many bacteria
exploit cell surface carbohydrates, the glycocalyx,[2] through
their carbohydrate-binding proteins (lectins), adhesins or capsid
proteins.[3] In case of P. aeruginosa two soluble virulence factors
are involved: the d-galactose-binding LecA and d-mannose-/l-
fucose-binding LecB.[4] These two extracellular, calcium(II)-
dependent and homotetrameric lectins are essential for estab-
lishing the biofilm matrix, a protective environment against
environmental stress and antibiotic treatment and, thus, a
major hurdle for therapy.[5–7]

To overcome this resistance mechanism, alternative strat-
egies are currently being developed to dismantle the pathogen
and restore antibiotic efficacy via inhibition of the lectins LecA
and LecB.[8–10] Complementary to the numerous approaches for
multivalent inhibition using native carbohydrates,[11,12] we have
developed glycomimetics targeting LecA and LecB. In case of
LecB, we have developed small molecule glycomimetics starting
from a mannoside[13–15] via simple C-glycosides[16] into orally
available anti-biofilm lead compounds[17,18] which are currently
under further investigation. Potent monovalent glycomimetics
have been proven difficult to obtain for galactophilic LecA,[19–21]

thus requiring divalent ligands that display two galactose
residues to simultaneously bind to two adjacent binding sites in
the LecA tetramer and yield low nanomolar LecA inhibitors.[22,23]

In addition, we have recently reported conceptionally new
approaches for targeting LecA, i. e. covalent lectin inhibitors[24]
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and non-carbohydrate glycomimetics mimicking the binding
pattern of carbohydrates.[25]

For LecA, inhibitor design generally started from the
monosaccharide galactose (Figure 1A)[10] which is the binding
epitope from its natural ligand in human, glycosphingolipid
Gb3, a host cell surface receptor mediating the engulfment of P.
aeruginosa into host cells.[26] Galactose forms an extensive
hydrogen bonding network with LecA using all hydroxy groups.
OH3 and OH4 are further coordinating to the calcium ion of
LecA.[27] OH6 is pointing into a small cavity formed by a loop
from His50 to Gln53 and Val101 where it is coordinated through
an extended hydrogen-bonding network. Introduction of β-
linked aromatic aglycons led to a fivefold affinity increase
compared to aliphatic analogues, which is explained by CH-π-
interaction of the aryl aglycon with the side chain of His50.[28]

In the present work, we localized a cavity between two
monomers of LecA (Figure 1B), designated as central pocket,
and developed synthetic galactosides carrying aromatic moi-
eties directed towards this cavity.

Results and Discussion

Identification of the central pocket in LecA

23 crystallographic structures of LecA from P. aeruginosa
(Uniprot reference Q05097) were retrieved from the Protein
Data Bank[30] (PDB) and analyzed for the presence of the central
pocket (Figure 1, Table S1). A central pocket of LecA can be
identified between two adjacent monomers in the homotetra-
meric LecA structure. The entrance of the pocket is clearly
visible (Figure 1B) and the upper part of the cavity including its
entrance, formed by residues Gln40, Lys41, Asp47, Arg48 and
Glu49, is highly polar. In contrast, the interior is more hydro-
phobic due to the presence of two tryptophan residues, Trp33
and Trp42. The central pocket‘s cavity was consistently detected
in 25 out of the 31 dimers in the available crystallographic
structures (Table S2).

Figure 1. Rationale for targeting the central pocket in LecA: (A) Co-crystal structure showing the tetramer of LecA in complex with galactose (PDB: 1OKO). (B)
Side view of one of the two adjacent dimers of LecA with the identified cavity (solid surface) between the two monomers defined as central pocket. The
divalent ligand (PDB: 4CP9) reported by Winssinger et al.[29] is represented as sticks in electron density and is pointing towards the central pocket. (C) Structure
of the divalent LecA ligand.[29] and the structural motif studied in this work highlighted in red. (D) Top view of the surface of one LecA dimer showing the
cavity between the two monomers (PDB: 4LKE). The entrance of this cavity is polar due to the presence of Gln40, Lys41, Asp47, Arg48 and Glu49 and the
interior is hydrophobic due to residues Trp33 and Trp42. Calcium ions in the carbohydrate binding sites are shown as green spheres.
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Design and in silico analysis by molecular dynamics
simulation

As a starting point for ligand design, we were inspired by a
bivalent peptide-based LecA inhibitor (KD=82 nM, Figure 1C)
previously reported by Winssinger et al.[29] As often observed for
multivalent ligands, the crystal structure of the complex showed
electron density only for part of the molecule, i. e. the galactose
residue, the aromatic aglycon and the attached triazole ring
which is in proximity to the entrance of the central pocket
(Figure 1B). The authors reported the crystallographically invis-
ible phenoxy acetyl substituent adjacent to the triazole to be
important for LecA binding. We hypothesized that this phenox-
yacetyl moiety may bind close to or into the central pocket. To
test this hypothesis, we truncated the original divalent molecule
and retained the galactose residue, its aglycon and the attached
phenoxyacetyl residue (shown in red in Figure 1C) and
designed derivatives carrying various substituents to target the
central pocket in silico.

Compound 1 (Scheme 1) was then docked to LecA, and in
the resulting poses, the phenoxy acetate part reaches towards
the central pocket. Subsequently, molecular dynamics simula-
tion was performed on one selected pose obtained from
docking. Visual inspection of the 240 ns MD trajectory revealed
significant fluctuation between the phenoxyacetate side chain
and LecA with repeated contacts of the pharmacophore and

the central pocket (Figure 2). In general, the galactose moiety
remained firmly bound inside the carbohydrate binding site
with strong hydrogen bonds to residues His50, Gln53, Asp100
and Asn103, and hydrophobic contacts to Tyr36, Cys62 and
Val101. The terminal phenyl ring was entering and leaving the
central pocket repeatedly, possibly due to a suboptimal spacer
length to position the phenyl group firmly within the pocket
and a lack of interactions with the polar entrance of the cavity.
Less frequent hydrogen bonds were also observed between the
linker and Gln40 and Asp47. Last, hydrophobic contacts could
be detected between the linker and Pro38, the phenoxy moiety
and Trp42 (chains A and D), and the triazole ring and Pro51.

Based on these in silico considerations, we designed and
synthesized derivatives 1–5 with stepwise increased linker
length between the phenyl group and its ether oxygen to
increase the possibility for hydrophobic contacts inside the
central pocket. Furthermore, we modified the phenyl group in
compounds 6–8 to assess the effect of increased lipophilicity
and synthesized compound 9 carrying a hydroxy group to
probe for hydrogen bonding with the cavity‘s polar entrance
(see Scheme 1 for structures).

Scheme 1. Synthesis of LecA inhibitors targeting the central pocket. The different side chains were introduced in the penultimate step via amide coupling
with alkyne S9. Final assembly was achieved by coupling azide S6 with alkynes S10a–i in a copper(I)-catalyzed cycloaddition. Reagents and conditions: (i)
BF3·OEt2, S2, CH2Cl2, 0–25 °C, 18 h; (ii) 1. LiI, pyridine, 25 °C, 3 d; 2. S4, HOBt, EDC, DMF, 25 °C, 24 h; (iii) NaOMe, MeOH, 25 °C, 1.5 h; (iv) SOCl2, MeOH, 0–25 °C,
18 h; (v) ethanolamine, 25 °C, 18 h; (vi) various acetic acids, EDC, HOBt, DIPEA, DMF, 25 °C, 18 h; (vii) S6, CuSO4 in H2O, sodium ascorbate in H2O, DMF, 25 °C,
2 h.
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Synthesis

Galactose pentaacetate S1 was reacted with thiol S2 in
presence of a Lewis acid to give β-thioglycoside S3 in 95% yield
(Scheme 1). Then, the methyl ester in S3 was cleaved under SN2
conditions using LiI to leave the acetates unchanged. The
corresponding acid intermediate was then activated with EDC/
HOBt and coupled with amine S4 to give amide S5 (57%, 2
steps). The latter was subsequently deprotected under Zemplén
conditions to yield azide S6.

l-Propargylglycin S7 was first transformed into ester S8
using thionylchloride in MeOH and then stirred in neat ethanol-
amine to give amide S9. In the next step, the differently
substituted acetic acids bearing the central pocket-targeting
pharmacophores were introduced by amide coupling with
alkynyl amine S9 into amides S10a–i (36–71%). These alkynyl
amides were then linked to azide S6 in a copper(I)-catalyzed
azide-alkyne cycloaddition reaction resulting in the final 9
triazoles 1–9 with varying side chains in high yields (50–92%).

Biophysical evaluation

All nine synthesized LecA ligands were then tested for LecA
inhibition in a competitive binding assay based on fluorescence
polarization[25] and azide S6 was included as a control devoid of
the side chain targeting the central pocket. In addition, the two
positive controls methyl α-D-galactoside (Me-α-D-Gal) and
para-nitrophenyl β-D-galactoside (pNPG) were included (Fig-
ure 3A). Unsubstituted azide S6 (IC50=50.3�5.4 μM) showed a
fourfold higher activity than Me-α-D-Gal (IC50=196�7.8 μM).
Phenoxy acetate 1 (IC50=49�4.5 μM), the closest derivative of
the original divalent ligand, was as active as unsubstituted S6.
Compounds 6 and 7 carrying electron donating or withdrawing
groups in para position of the phenyl ring, as well as naphthyl 8
and phenol 9 did not show increased potency compared to 1 in
this assay. Derivatives 3, 4 and 5 with increased spacer length

by two to four methylene groups showed highest inhibition of
LecA with IC50s between 39 and 43 μM.

To further evaluate the affinity of the ligands towards LecA
in a direct binding experiment, we performed surface plasmon
resonance (SPR) analysis in which LecA was immobilized and
compounds 1–9 were injected. Dissociation constants at steady
state were calculated from multiple cycle analysis after injection
of the tested compounds in 0–200 μM range (Figure 3C). The
kinetic rate constants kon and koff could not be reliably
determined due to fast association and dissociation of the
compounds and LecA. All compounds showed affinities towards
LecA with little variation between derivatives in the μM range
(6.0�0.2 to 10.3�1.3 μM, Table 1) which is comparable to
previously reported aromatic galactosides. The similar affinities
observed for compounds carrying the additional aryloxy
pharmacophores and that of S6 suggest that the central pocket
targeting pharmacophores in 1–9 either do not reach the
intended site or the entropic penalties upon binding are
compromising attractive interactions.

Isothermal titration calorimetry was used to obtain thermo-
dynamic data on the LecA – inhibitor interaction with both
binding partners in solution. Supporting the competitive bind-
ing assay and SPR, all tested compounds showed affinities in
the low micromolar range in ITC (Table 1). Surprisingly, the
unsubstituted ligand S6 was the most active compound with a
Kd of 4.8 μM. The triazole derivatives had Kd values between 6.3
and 9.4 μM, and binding enthalpies between � 38.7 and
� 50.3 kJ/mol. Compound 2, with an increased linker length of 1
methylene group compared to 1, showed the highest affinity
(Kd (6)=6.3 μM) and a maximal enthalpy gain (ΔH (2)=
� 50.3 kJmol� 1), followed by compound 8 with the longest
linker of 4 methylene groups (Kd (5)=6.7 μM, ΔH (5)=
� 46.3 kJmol� 1). When comparing compounds 3, 4 and 5, that
carry 2, 3 or 4 methylene groups respectively, a steady increase
in binding enthalpy is observed which was counterbalanced by
an unfavorable trend in entropy. Substitution in para/ortho
position of the phenyl ring (6, 7, 9) or its replacement (8) did
not lead to significant changes in binding affinity, except for

Figure 2. Molecular dynamics simulation of 1 in complex with LecA. Several snapshots of ligand 1 from the 240 ns molecular dynamic trajectory are depicted
as cyan sticks. The phenoxy group of 1 is partially entering the central pocket of LecA and interacts with the Trp42 of both monomers (depicted as pink
sticks). The galactosyl residue firmly coordinates the calcium ion (yellow sphere) in the carbohydrate binding site, and its β-phenyl aglycon binds to His50.
Residues involved in hydrogen bonds to the galactosyl moiety are depicted by green sticks.
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tolyl 6 that was the most active (Kd (6)=6.8 μM), with highest
binding enthalpy (ΔH (6)= � 45.1 kJmol� 1) at the cost of the
highest entropic penalty (� TΔS(6)=14.6 kJmol� 1) among this
subset of compounds 6–9.

Protein observed 19F (PrOF) NMR allows the detection of
weak binding interactions with ligands. However, it requires the
introduction of fluorine nuclei as sensitive NMR probes into the
protein using 19F-labelled amino acids or its precursors. Given
the presence of tryptophans inside of the central pocket, we
aimed to use PrOF NMR for detection of binders to this pocket.

To this end, all four tryptophans of LecA were simulta-
neously metabolically labeled at position 5 on the indole rings
with fluorine and assignment was previously done by site-
directed mutagenesis.[31] Compounds 1, 2 or 8 were added to
the labeled protein and PrOF NMR spectra were recorded and
compared to those of the protein in absence of ligands (see
Figure 3D). Trp42 is located in the carbohydrate binding site
and its resonance was therefore affected by all tested ligands as
observed by line broadening and chemical shift perturbation

(CSP(1)=0.13 ppm, CSP(2)=0.14 ppm and CSP(8)=0.14 ppm re-
spectively). The signals for Trp2 and Trp84 were not affected in
any case while the signal intensity of the tryptophan located in
the central pocket, Trp33, was shifted in presence of 1 (CSP(1)=

0.08 ppm), 2 (CSP(2)=0.06 ppm) and 8 (CSP(8)=0.07 ppm) (Fig-
ure S2), supporting a contact of the arylether moieties with the
central pocket of LecA.

To analyze the interaction of ligands with the central pocket
at atomic resolution, we crystallized and analyzed LecA in
complex with 1. The resulting structure was determined at
1.53 Å resolution in space group P212121 (Figure 1A, Table S3).
The asymmetric unit consisted of a homotetramer of LecA, in
agreement with previously reported LecA structures. One Ca2+

-ion and one molecule of 1 could be located in each monomer,
although the completeness of electron density of the ligand
beyond the triazole ring varies among the four sites (Figure 4A).
The galactoside moiety of 1 interacts with LecA in the same
manner as previously reported, with hydrogen bonds to
residues His50, Gln53, Asp100, Thr104, Asn107 and Asn108, and

Figure 3. Analysis of synthetic inhibitor 1 interacting with LecA using (A) a competitive binding assay based on fluorescence polarization for all nine
compounds including azide S6 and controls methyl α-d-galactoside and para-nitrophenyl β-d-galactopyranoside, (B) isothermal titration calorimetry
sensorgram (top panel) obtained by titration of 1 to LecA with integration of peaks and fit (bottom panel), (C) surface plasmon resonance using multi-cycle
kinetic studies (data shown for 1), top: sensorgram, bottom: affinity analysis, and (D) 19F-protein-observed fluorine (PrOF) NMR demonstrates the impact of
binding of 1 on the NMR resonances of Trp.
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Table 1. Analysis of LecA inhibitors S6 and 1–9 in direct binding (ITC, SPR) and competitive binding (FP) biophysical assays.

Structure Name ITC FP SPR
KD ΔH � T ΔS n IC50 KD
[μM] [kJ/mol] [kJ/mol] [μM] [μM]

S6 4.8�0.3 � 48.9�1.6 18.6�0.5 0.9�0.0 50.3�5.4 6.7�0.3

1 9.4�4.3 � 46.2�3.5 17.3�1.5 1.0�0.1 49.0�4.5 10.3�1.3

2 6.3�0.3 � 50.3�1.1 20.7�0.3 1.0�0.1 60.7�2.5 6.0�0.2

3 8.3�0.3 � 41.0�1.1 12.0�0.4 1.0�0.1 43.3�3.2 6.9�0.4

4 8.6�2.2 � 43.9�2.6 14.9�0.8 1.0�0.0 41.7�3.3 7.2�0.2

5 6.7�2.4 � 46.3�3.0 16.6�1.0 0.8�0.1 39.3�2.6 6.7�0.3

6 6.8�0.9 � 45.1 �1.7 15.6�0.6 0.8�0.1 60.7�6.8 7.7�0.4

7 8.6�0.6 � 43.5�2.0 14.6�0.7 1.0�0.2 58.3�4.0 7.8�0.4

8 7.6�1.7 � 38.7�2.8 9.4�0.8 1.1�0.1 67.7�4.5 6.4�0.2

9 8.8�0.7 � 41.4�0.6 12.2�0.1 0.9�0.1 75.3�3.4 9.8�0.3

FP-data for controls: IC50 Me-α-d-Gal=196�7.8 μM; IC50 pNPG=103�6.1 μM.

Figure 4. Crystal structure of LecA in complex with 1. (A) The overall structure with 1 bound in all four monomers. (B) Binding pose of ligand 1 in site A with
electron density displayed for the ligand. (C) Superposition of ligand conformations from all 4 binding sites. Ligand in site A is shown as sticks, whilst the
others are shown as lines. (D) superposition of LecA structure in complex with 1 (protomer A) and structure in complex with peptide-based divalent ligand
(PDB: 4CP9) reported by Winssinger et al.[29] 1 is shown in white, thick stick and the visible part of the peptide-based ligand reported by Winssinger et al.[29] in
pink line.
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coordination with the calcium ion.[27] The aglycon forms CH-π
interaction with His50 (Figure 4B) in the same way as previously
reported for aromatic galactosides and LecA.[21,32] However,
superposition of the ligand in all four sites showed that the
position of the phenyl ring varied slightly (Figure 4C).

The visible triazole rings in site A, B and D are surprisingly
found in different positions and do not form productive
contacts with the protein or water molecules (Figure 4B, C and
Figure S4), which is in contrast to the previously reported
divalent ligand with the similar phenyl aglycon and triazole
design (Figure 1C),[29] where the triazole ring interacted with the
side chains of His50, Tyr36 and Asp47 through a water bridge.
Superposition of LecA in complex with 1 and that in complex
with the peptide-based divalent ligand reported by Winssinger
et al.[29] shows that the triazole ring oriented differently among
the two ligands (Figure 4D). However, the conformation of our
ligand 1 in protomer A is supporting our working hypothesis,
where the terminal phenyl ring reaches the targeted central
pocket. This data for the shortest derivative 1 also shows that
an extension of the linker as implemented in molecules 2–6
could enable a better interaction with this pocket, which is
consistently supported by our SPR and FP data for the extended
molecules 3–5.

Conclusions

We identified a central pocket localized between two mono-
mers of the bacterial lectin LecA as a new target site for
additional pharmacophores introduced into galactose-based
inhibitors. Inhibitors were designed to bind simultaneously to
the carbohydrate binding site and the central pocket. The nine
synthesized inhibitors were analyzed for their interaction with
LecA in the complementary biophysical assays such as ITC, SPR
and a competitive binding assay. All compounds bound to LecA
in the low micromolar range. Protein NMR data supported the
interaction between the phenoxyacetate moiety with the
central pocket as deduced from the CSP on the central pocket
localized Trp33. Finally, the crystal structure of 1 in complex
with LecA revealed that the additional aromatic moiety is
oriented towards the central pocket. This is further supported
by the increased affinity and binding enthalpy for the extended
derivative 2 and the slight increase in binding affinity for the
longer spacer containing compounds 3–5 suggests their
interaction with the central pocket.

One fundamental question is raised by the fact that such a
galactose-based inhibitor targeting the central pocket may
block the single central pocket between two C2-symmetry
related galactose binding sites and prevent efficient binding of
a second copy of the ligand bound to the other galactose site.
This question may be solved by future bivalent galactosides
carrying an appropriately positioned single pharmacophore
addressing the central pocket.

Experimental Section
In silico crystal structure analysis: Twenty three crystallographic
structures were retrieved from the Protein Data Bank[30] (PDB)
(Table S1) and checked for the presence of the cavity termed here
as central pocket. Cavity detection was performed using VolSite.[33]

VolSite detects the shape and pharmacophore properties e.g. H-
Bond donor/acceptor, hydrophobic and aromatic points of protein
cavities and gives details about its buriedness, volume and a drug-
ability score. The central pocket cavity was detected in 25 out of
the 31 dimers that are available as crystallographic structures on
PDB (Table S2).

Docking of 1and molecular dynamics simulation: We used two
crystal structures for docking. The structure of Winssinger’s divalent
LecA ligand (PDB code: 4cp9) co-crystallized with LecA contains
parts of the ligand 1 and was used to guide the docking of the
whole ligand 1. It was further redocked on a LecA dimer structure
with the central pocket in a more open conformation (PDB code:
4lke). Hydrogens were added to the protein structures using
PROTOSS.[34] A 3D model of 1 carrying the phenoxy acetate side
chain was prepared using CORINA.[35–37] Compound 1 was docked
with the placed fragments method from Surflex.[38]

The selected docked conformation for the complex was parameterized
according to the General Amber Force Field 2 (GAFF2)[39] using
Ambertools 16.[40] RESP charges were fitted from the electrostatic
potential and optimized at the HF/6-31G* level of theory by using
Gaussian 09.[41] The protein was prepared according to the ff14SB
forcefield,[42] using tleap. Ions (K+, Cl� and Ca2+) were used to
neutralize the complex. PBradii was set to mbondi3. The system was
solvated with TIP3P[43] by using water molecules in an octahedral box,
under periodic boundary conditions, with a distance of 12.0 Å
between the protein and each face of the box. The systems were
minimized in three steps by using the steepest descent, followed by a
conjugate gradient after 2000 cycles: (i) position restraints for all heavy
atoms of the complex (weight of 10 kcal/mol-Å2) (ii) position restraints
for the atoms of the backbone of LecA, (weight of 10 kcal/mol-Å2); (iii)
weak position restraints for the backbone atoms (weight of 5 kcal/
mol-Å2). After minimization, the system equilibration was performed
on the solvent/ions in three steps: (i) the system was gradually heated
from 30 to 100 K for 50 ps under the NVT ensemble with weak
position restraints for the heavy atoms of LecA, by using a weight of
5 kcal/mol-Å2; (ii) heating from 100 to 298.15 K for 250 ps under the
NPT ensemble with weak position restraints for the heavy atoms of
the protein using a weight of 5 kcal/mol-Å2; (iii) MD under the NPT
ensemble at constant temperature of 298.15 K for 1 ns with very weak
position restraints for the protein heavy atoms, using a weight of
0.1 kcal/mol-Å2.

The temperature was set to at 300 K using the Langevin dynamics
with a collision frequency of 2 ps� 1. The pressure was kept constant
using the Monte Carlo barostat with a relaxation time of 2 ps.
SHAKE[44] was used to control bonds length involving hydrogen
atoms. The production runs, under the NPT ensemble, consisted in
one replica of ~240 ns and three independent replicas of 30 ns
each, to verify the influence of sampling on ligand 1 conformations.

Visualization and hydrogen bond calculations for the trajectories
were done using VMD.[45] Hydrophobic contacts were calculated
using the cpptraj module available with AmberTools with the
native contacts routine using a distance cutoff of 5 Å and a filter
selection on non-polar amino acids. The short trajectories and the
long MD yelled similar results regarding the mentioned analyzes.
Images were rendered using VMD and UCSF-Chimera.[46]

Recombinant expression and purification of LecA: LecA expression
and purification was performed as previously described.[20] The
expression strain E. coli BL21(DE3) carrying the pET25pa1l[47] plasmid
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was grown in 4 L LB containing ampicillin (100 μg/mL) at 37°C and
180 rpm until an OD600�0.5 was reached. For induction of protein
expression IPTG (0.25 mM) was added, and the culture was grown for
additional 4 h at 30°C. Bacterial cells were harvested by centrifugation
(3000 g, 10 min, 4°C) and the cell pellet was resuspended in TBS/Ca2+

-buffer (1 mM CaCl2, 150 mM NaCl, 20 mM TRIS, 2.5 mM KCl, pH=7.4)
and PMSF (1 mM) and lysozyme (0.4 mg/mL) were added. Cell lysis
was performed by 5 cycles in a homogenizer (M-110P, Microfluidics,
USA), debris was removed by centrifugation (60 min, 10000 g, 4°C),
and LecA from the supernatant was purified on a galactosylated
Sepharose CL-6B column using an Äkta start chromatography device.
After washing with TBS/Ca2+-buffer, bound LecA was eluted with
100 mM d-galactose in buffer and then dialyzed against fresh TBS/
Ca2+-buffer every day for 7 days to remove galactose. Protein
concentration was determined by UV spectroscopy (ɛ=

27960 M� 1cm� 1, molecular weight 12893 gmol� 1, ExPASy ProtParam).
LecA used for ITC was dialyzed against ddH2O for 7 days and
lyophilized afterwards prior to dissolving in the ITC buffer.

Fluorescence polarization assay: This assay was performed in
analogy to Joachim et al.[20] using SulfoCy5Gal, an adapted Cy5
dye.[25] 10 μL of a solution containing SulfoCy5Gal (20 nM) and LecA
(40 μM) in TBS/Ca2+-buffer were added to 10 μL of inhibitor in the
same buffer at concentrations from 2000–15.6 μM and containing
2% DMSO in a black 384-well plate (cat no 781900, Greiner Bio-
One, Germany) in technical triplicates. Methyl α-d-galactopyrano-
side and 4-nitrophenyl β-d-galactopyranoside were included as
positive controls. The plate was sealed (EASYseal, cat no 676001,
Greiner Bio-One), centrifuged (1500×g, 1 min, 25 °C) and incubated
in a dark chamber under shaking conditions for 16 h at r.t. The foil
was removed and the fluorescence intensity was measured with a
PheraStar FS microplate reader (BMG Labtech GmbH, Germany) at
ex. 590 nm and em. 675 nm. Data were analyzed using MARS Data
Analysis Software (BMG Labtech GmbH, Germany) after subtracting
blank values (LecA in TBS/Ca2+-buffer with 1% DMSO) from the
samples. Fluorescence polarization was calculated and the data
were fitted according to the four-parameter variable slope model.
This experiment was independently repeated three times and data
were averaged and visualized using GraphPad PRISM version 5.

Isothermal titration calorimetry (ITC): Galactoside (1.0 or 1.5 mM)
in TBS/Ca2+-buffer was titrated into a stirred (700 rpm) LecA
solution (75–232 μM) dissolved in the same buffer using a MicroCal
iTC200 (Malvern, United Kingdom) instrument at 25 °C. The reference
power was set to 5 μcal s� 1, the filter period to 5 s, and 20–39
injections (0.5–2 μL per injection) with an injection duration of 1 s
were performed per experiment with a spacing of 240 s between
each injection. For some titrations (in case of compounds 2 (1x), 4
(2x) and 8 (2x)), the syringe was refilled after the first titration
ended, and the experiment was continued with the same sample
cell contents to reach saturation, and the resulting files were
merged using the MicroCal Concat ITC software. The first injection
of each experiment was discarded, and the data were analyzed
with the MicroCal Origin software using the one-site binding model.
Individual titrations are depicted in Figure S1.

Protein-observed 19F (PrOF) NMR: Labelled 5FW-LecA for PrOF NMR
studies was produced recombinantly as reported previously.[31] NMR
experiments were conducted on a Bruker AscendTM700 (AvanceIII
HD) spectrometer equipped with a 5 mm TCI700 CryoProbe in 3 mm
tubes (Norell S-3-800-7). PrOF NMR was recorded using 200 μM 5FW-
LecA in 20 mM Tris-HCl pH 7.8 with 150 mM NaCl, 10% D2O and
100 μM TFA at 310 K. Changes in the spectra in presence of DMSO
and upon addition of 3 mM ligand were processed and referenced to
trifluoroacetic acid (TFA) as internal reference at � 75.6 ppm. We
considered only changes in chemical shift perturbation (CSP) upon
ligand addition being two-fold greater than standard deviation (2x std.
dev., 0.03 ppm) of the fluorine resonance.

Surface plasmon resonance (SPR): All experiments were performed
on a BIACORE X100 at 25 °C. For activation and immobilization of
LecA, buffer A (10 mM phosphate buffer+2.7 mM KCl, 137 mM
NaCl, 0.05% Tween 20+100 μM CaCl2) was used as a running
buffer. A CM5 BIACORE chip was activated by 3 injections of 1 :1
NHS/EDC mixture (contact time=540 s, flow rate=10 μL/min) on
channel 1 and 2, followed by injections of LecA (100 μg/mL in
10 mM sodium acetate buffer pH 4.5) on channel 2 only until the
final binding response reached 2939 RU. Compounds were
dissolved in DMSO to the final concentration of 100 mM and
subsequently diluted to 5 mM in buffer A. The compounds were
then prepared to the required analytic concentrations (0.2–200 μM)
in buffer A supplemented with 5% DMSO. For multi-cycle kinetic
analysis of the compounds, buffer A supplemented with 5% DMSO
was used as a running buffer. The compounds were analyzed by
injections of multiple concentrations on the immobilized LecA
(contact time=30 s, dissociation time=60 s, flow rate 30 μL/min)
and affinity analysis was performed using BIACORE evaluation
software, which plots the binding response at the steady state
against the analyzed concentrations and fits a non-linear curve to
obtain Kd values. Individual experiments are depicted in Figure S3.

X-ray crystallography: Lyophilized LecA was dissolved to saturation
in PBS at pH 7.4, containing 100 μM CaCl2. 1 μL of the protein
solution was mixed with 1 μL of the reservoir solution (20%
PEG6000, 1 M LiCl, 100 mM sodium acetate pH 4.2, 5% DMSO
containing 1 mM of compound 1 and the mixture was deposited
on a siliconized glass circle cover slide (22 mm, Hampton research).
Crystallization was performed by hanging drop vapor diffusion at
19 °C. Protein crystals were cryo-protected in 20% PEG6000, 1 M
LiCl, 100 mM sodium acetate pH 4.2 supplemented with 20%
ethylene glycol and flash frozen in liquid nitrogen. Data collection
was conducted at SOLEIL PROXIMA 1 beamline (Saint Aubin,
France). The recorded data were indexed, integrated and scaled at
SOLEIL using XDS,[48] and merged using AIMLESS.[49] The structure
was solved by molecular replacement in PHASER[50] using 1OKO as
a searching template. The model was improved by manual re-
building in COOT[51] and refinement in REFMAC5.[52] The model of
compound 1 was manually built in AceDRG[53] and manually placed
in the protein model. The final model was validated with
MolProbity,[54] PDB-redo[55] and wwPDB validation server (http://
validate-rcsb-1.wwpdb.org). Structural figures were prepared using
CCP4MG.[56] Data merging, phasing and model re-building and
refinement were performed through CCP4i2[57] graphical interface.

Supporting Information

The supporting information contains the synthesis of LecA
inhibitors and 1H- and 13C-NMR spectra of new compounds, the
tables of X-ray structures used for the analysis and description
of the carbohydrate binding site and the central pocket, ITC
and PrOF NMR raw data, the sensorgrams and affinity analyses
of the SPR data as well as the X-ray structure of compound 1
with focus of each binding center of the LecA tetramer.
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