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a Unité de Pharmacologie cellulaire et moléculaire, Université catholique de Louvain, avenue E. Mounier 73, B-1200 Brussels,

Belgium
b Structure et Fonction des Membranes Biologiques, Université Libre de Bruxelles, Boulevard du Triomphe CP 206/2, B-1050
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Abstract
d-Alanyl – d-alanine ligase is an enzyme which catalyzes the dimerization of d-alanine,
and, as such, has an essential role in bacterial cell wall biosynthesis. It has been shown
that inhibition of d-alanyl – d-alanine ligase prevents bacterial growth. d-Alanyl –
d-alanine ligase represents therefore a viable antimicrobial target. The 3D structure of
this enzyme complexed with a phosphinophosphate inhibitor has been reported, which
allows for structure-based design studies. Four softwares (LUDI, MCSS, Autodock, and
Glide) developed either for fragment or full-molecule docking were compared and scored
for their ability to position in the active site four prototypic ligands: two inhibitors, i.e. a
phosphinophosphate derivative and d-cycloserine, d-alanine and d-alanyl – d-alanine.
Best performances were obtained with Glide and MCSS. A short series of novel
derivatives based on a 2-phenylbenzoxazole scaffold was designed de novo on the basis of
computational data. The best compound was found to fully inhibit the d-alanyl –
d-alanine ligase of E. faecalis with an IC50 of 400 mM.

1 Introduction

Emergence of bacterial isolates resistant to most current
antibiotics has created an urgent need for the discovery of
new agents directed against unexploited bacterial targets
[1]. Among the enzymes involved in peptidoglycan synthe-
sis, d-alanyl – d-alanine (d-Ala-d-Ala) ligase (EC 6.3.2.4),
which catalyzes the dimerization of d-alanine (d-Ala) be-
fore its incorporation in late peptidoglycan precursors [2,
3], emerges as an interesting target, since bacteria with a
mutated, inactive protein are unable to multiply unless
they use an alternative pathway for cell wall synthesis [4,
5]. The reaction catalyzed by the d-Ala-d-Ala ligase in-
volves the formation of d-alanylphosphate followed by the
nucleophilic attack of this d-alanylphosphate by the de-

protonated nucleophilic amine of a second d-Ala to gener-
ate d-alanyl – d-alanine (d-Ala-d-Ala) with the release of
a phosphate group [3, 6, 7]. The enzyme is strongly inhibit-
ed by phosphinophosphate [8], which mimics the tetrahe-
dral intermediate of the reaction, and weakly by d-cyclo-
serine [9].

Knowledge of the protein at the molecular level could
assist the rational design of novel agents as also suggested
for many other potential microbial targets (see [10, 11] for
recent examples). The structure of E. coli d-Ala-d-Ala li-
gase complexed with a phosphinophosphate inhibitor has
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been resolved to 2.3 � by X-ray crystallography [7]. The
active site contains two distinct d-Ala binding sites. The
N-terminal site is a high-affinity site with strict substrate
specificity whereas the C-terminal site is a lower affinity
site showing lower substrate specificity [9].

The development of synthetic inhibitors has recently re-
gained interest, and new ligands have been identified [12].
Most of them were discovered by screening of chemical
banks [13 – 16] with one active compound (3-chloro-2,2-di-
methyl-N-[4(trifluoromethyl) phenyl]propanamide) subse-
quently shown by X-ray crystallography to bind in a pock-
et adjacent to the substrate binding site [13]. Of interest,
structural knowledge of the enzyme binding pocket was
helpful in most of the cases to guide the screening. Thus,
inhibitors of kinases were suggested as potential inhibitors
of ligases, based on structural alignments of the ATP bind-
ing site of d-alanyl – d-alanine ligase [15]. A cyclopropyl-
based amino acid inhibitor (2-(2-amino-2-carboxy-ethyl)-
1-phenyl-cyclopropanecarboxylic acid) was designed by de
novo structure-based molecular modeling [17]. Recently
also, virtual screening of about 2000 compounds in the Es-
cherichia coli enzyme using the computational tool Auto-
Dock allowed to identify 3 potent inhibitors, two of which
also show a modest antibacterial activity [16].

However the potency of all ligands discovered thus far
remains low, and only a few of them were evaluated for
their antibacterial potency against living bacteria, making
difficult to apprehend their potential interest as leads for
the search of new antibacterial agents [12]. Identification
of new scaffolds that could form the base of a new series
of inhibitors is desirable. Moreover, a throughout assess-
ment of the performance of the commonly used docking
method on this target would be valuable for identifying
new compounds, as well as improving existing ones.

In this work, we have compared 4 drug-design programs,
namely LUDI [18], MCSS [19], Autodock [20] and Glide
[www.schrodinger.com] [21], which have been developed
and/or dedicated for either fragment-based design or full-
molecule docking. We have evaluated their capacity (a) to
retrieve the positioning of the phosphinophosphate inhibi-
tor, which was crystallized with the enzyme, and (b) to po-
sition the d-Ala substrate, the d-cycloserine inhibitor, and
the reaction product d-Ala-d-Ala, which is also suscepti-
ble to act as an inhibitor [9]. The results were then used to
assist in the design of new ligands for d-Ala-d-Ala ligase
as well as to improve our understanding of the characteris-
tics of the ligand-binding site interactions in this particular
charged and polar active site. Along this line, as a proof of
concept, a novel inhibitor was de novo designed, synthe-
sized and evaluated for its capacity to inhibit the target en-
zyme and to impair the bacterial growth of reference bac-
terial strains.

2 Materials and Methods

2.1 Complex Preparation

The X-ray structure of d-Ala-d-Ala ligase complexed to
phosphinophosphate, ADP and two Mg2þ ions (PDB
code: 2DLN, [7]) was used as the target structure to en-
deavor the docking studies. The X-ray water and phosphi-
nophosphate molecules were removed from the active site.

Concerning the ADP/ATP molecule also present in the
active site, a difference was introduced between the dock-
ing of phosphinophosphate (see Fig. 1) and the docking of
the other ligands, d-cycloserine, d-Ala substrate and the d-
Ala-d-Ala reaction product. Indeed the phosphinophos-
phate inhibitor which is a phosphinic acid derivative is
phosphorylated by ATP in the active site and is thus bound
in the presence of two Mg2þ ions and ADP. For phosphi-
nophosphate, ADP and the two Mg2þ ions were therefore
kept in the active site pocket. However, for the d-cycloser-
ine inhibitor, the d-ala substrate and the d-Ala-d-Ala
product, ATP and not ADP should be present in the active
site. To build an ATP molecule in the active site, the Pro-
tein Data Bank was screened to find all the entries involv-
ing at least one ATP molecule. Fourteen ATP structures
were superimposed on the crystal ADP molecule in the
binding site. The ATP molecule with a root-mean-square
deviation (RMSD) lower than 0.5 �. and featuring the
smallest number of overlaps (4 pairs) with protein atoms
was kept. Minimization performed with the Protein Prepa-
ration module in the Schrodinger software (www.schrodin-
ger.com) produces very small atomic displacements as in-
dicated by a root-mean-square deviation of 0.2 �.

2.2 Ligand Preparation

The ligand input files were prepared according to the fol-
lowing procedure. The initial structure of the three ligands,
d-Ala, d-cycloserine, and d-Ala-d-Ala, was generated us-
ing Corina [22]. Two initial 3D structures of phosphino-
phosphate were used: one was extracted from the PDB co-
ordinate file of the protein complex and the other generat-
ed with Corina.

For Autodock, partial charges were generated using
MOPAC and the MNDO Hamiltonian. For MCSS, the
partial charges were adapted from the CHARMM19
force-field [23]. For Glide the ligand partial charges were
ascribed using the OPLS force-field.

2.3 Docking and Scoring

2.3.1 LUDI

LUDI is a fragment-based docking program, which was
originally conceived in a de novo perspective where novel
molecules are assembled from molecular fragments (Ac-
celrys Inc, [18]). LUDI docking algorithm is completely
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based on geometric operations. Interaction sites which are
discrete vectors and positions in space suitable respective-
ly for forming hydrogen bonds or for filling a hydrophobic
pocket are first determined and molecular fragments are
subsequently fitted onto those interaction sites. A maxi-

mum of 6 different ligand atoms prone to match interac-
tion sites is considered. In this work the binding site was
defined as a sphere with a radius of 12 � centered on the
position of the central CH2 carbon of the crystal phosphi-
nophosphate molecule. The maximum number of pose
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Figure 1. Top: X-ray position of the phosphinophosphate inhibitor in the active site of the d-Ala-d-Ala ligase. Phosphinophosphate
is depicted as ball-and-sticks and interacting residues are represented as thick lines. Oxygens, nitrogens, carbons, phosphorus and hy-
drogens are colored in red, blue, cyan, ochre and white respectively. The two circles encompass the regions corresponding to the low-
affinity (top circle) and high-affinity sites (bottom circle) of the two d-Ala substrates. Bottom: Representation of the chemical struc-
ture of four ligands of the d-Ala-d-Ala ligase binding site. Left: the phosphinophosphate inhibitor with the functional sites or phar-
macophoric points: A for hydrogen bond acceptor, D for hydrogen bond donor and L for lipophilic sites. Right: the four ligands,
phosphinophosphate, the d-Ala substrate, the d-Ala-d-Ala reaction product and the d-cycloserine inhibitor with a schematic descrip-
tion of their equivalent atoms in phosphinophosphate (see text and Table 1).
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searches for each fragment was fixed at a value of 5000.
The docked fragments were then evaluated with the
LUDI empirical scoring function [24].

2.3.2 Autodock

Autodock is an example of a program making use of an al-
gorithm based on the optimization of an objective function
[20]. Autodock combines a positional, orientational and
conformational search engine with a grid-based method of
energy evaluation. We used the genetic algorithm in Auto-
dock to perform the global search, completed with a local
search, as it has been shown that it gives efficient sam-
pling.

Twenty independent runs were performed starting from
randomly generated initial conformations of the ligand.
The binding zone was defined as a parallelepiped whose
center corresponds to the central CH2 carbon of the crystal
phosphinophosphate molecule. Its longer side was 40 �.
The grid spacing was set to 0.375 �. The population size
was 50 and the maximum number of generations was
27000. The rate of crossover was 80% and the maximum
number of individuals that automatically survive was 1.
The mutation rate was fixed to 2%.

The docked poses were evaluated with the Autodock
force-field scoring function.

2.3.3 MCSS

MCSS identifies high affinity binding sites of small frag-
ments on a molecular surface, and can be used for de novo
design, fragment screening or lead optimization [19]. It po-
sitions several hundreds copies of one single fragment in
the region of the receptor to be searched. In this study, for
each ligand, 500 replicas were randomly distributed in a
sphere of 12 � centered on the position of CH2 atom of
the phosphinophosphate molecule in the crystal structure.
The initial positioning considers a minimal distance of
1.2 � between the atoms of the ligand and of the protein
to avoid steric clashes in the procedure. The copies were
subjected to an energy minimization combining algorithms
of steepest descent and conjugated gradients using 800
steps of steepest descent followed by 20 cycles of conjugat-
ed gradients in the force-field of the protein. Interactions
between the copies are omitted. A hybrid force-field,
CHARMM22 for the receptor [25] and CHARMM19 for
the ligands [23] was used and a distance-dependent dielec-
tric of 4r was also employed. Positions of the replicas were
compared after the steepest descent minimization and af-
ter each conjugated gradient cycle to eliminate replicas
with a RMSD of 0.2 � or less converging to a common
minimum. Replicas with interaction energy with the pro-
tein above a cutoff of 500 kcal/mol were discarded. The
whole procedure was repeated 20 times with a new ensem-
ble of 500 replicas and minima converging to positions al-
ready obtained in previous cycles were eliminated.

The scoring of the MCSS minima was performed as de-
scribed [26, 27]. This is a MM-PBSA based scoring [28]
that sums contributions from the change in internal energy
of the fragment on binding, the van der Waals interaction
between the ligand and the protein, a nonpolar solvation
term proportional to the loss in solvent-accessible surface
area of both the protein and the ligand, and an electrostat-
ic contribution to binding which includes the electrostatic
interaction between the ligand and the protein, and the de-
solvation cost for each molecular partner.

2.3.4 Glide

The Glide (grid-based ligand docking with energetics,
[www.schrodinger.com, [21]] algorithm approximates a
systematic search of positions, orientations, and conforma-
tions of the ligand in the receptor binding site using a ser-
ies of hierarchical filters. The shape and properties of the
receptor are represented on a grid by several different sets
of force-fields that provide progressively more accurate
scoring of the ligand pose. The fields are computed prior
to docking.

In the present work, the protein structure was prepared
using the Protein Preparation Wizard in the Schrçdinger
software graphical user interface Maestro. The binding re-
gion was defined by a 25 ��25 ��25 � enclosed box
centered on the central position of the CH2 carbon of the
crystal phosphinophosphate molecule. Glide uses also a
bounding box in which the ligand center must lie. This box
length was set up to 12 �. We used the default settings of
Glide version 4.5 for the remaining parameters.

Glide XP docking protocol and scoring function were
used to dock and score the poses of the different ligands.

2.4 Evaluation of Docking Results

Docking algorithms are generally evaluated by calculating
the RMSD between the predicted pose of a given ligand-
target complex and the experimental structure of the same
complex, as determined by X-ray crystallography or
NMR. In our case, we had only the high resolution struc-
ture of d-Ala–d-Ala ligase with the inhibitor phosphino-
phosphate. There are however, enough chemical and struc-
tural similarities between the four ligands to conjecture
their pose in the active site of the enzyme. To uphold this
one should recall that the X-ray structure of phosphino-
phosphate in complex with the enzyme was used to estab-
lish the catalytic mechanism of the enzyme corroborating
its similarities with the substrate d-Ala and the reaction
product d-Ala-d-Ala [7]. For the small ligand d-cycloser-
ine, no experimental structure is available either. Howev-
er, despite a few differences in their donor/acceptor capa-
bilities (see Fig. 1) d-cycloserine is generally considered as
a strong structural analogue of d-Ala. Indeed in addition
to its inhibitory role towards d-Ala-d-Ala ligase d-cyclo-
serine also inhibits in a competitive manner d-alanine
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racemase which catalyzes the conversion of l-alanine into
d-alanine [9]. Moreover, in fragment-based drug design
approaches, the underlying assumption is that interesting
fragments will interact with the target in a similar way ei-
ther as small ligands or as part of a larger, higher affinity
molecule. We therefore evaluated the performance of the
fragment docking algorithms LUDI and MCSS by their
ability to place key hydrogen bond donor/acceptor atoms
or lipophilic groups of the small ligands d-Ala and d-cyclo-
serine superposed to the equivalent atoms in the larger li-
gand phosphinophosphate. For sake of consistency, the
same procedure was adopted for the larger ligand d-Ala-
d-Ala. The list of atoms of the ligand used for judging cor-
rect placing, together with their equivalent atoms in phos-
phinophosphate (template atoms) is given in Table 1.

2.5 Bacterial Strains

The Enterococcus faecalis JH2-2 genomic DNA was ex-
tracted to amplify the ddl gene. Escherichia coli XL1-Blue
or DH5a was used for cloning the amplified fragment and
E. coli LMG194 served to produce the recombinant en-
zyme.

Escherichia coli ATCC 25922, Staphylococcus aureus
ATCC 25923, and Enterococcus faecalis 29212 were used
for microbiological evaluation.

2.6 Purification d-Ala – d-Ala Ligase

2.6.1 Construction of expression vector for Ddl ligase of
Enterococcus faecalis:

Enterococcus faecalis JH2-2 total DNA [30] was extracted
as described [31]. The ddl gene was amplified by PCR us-
ing the pfx polymerase (Invitrogen, Carlsbad, CA) and a
pair of primers including a NcoI (5’-CGGGATC-
CATGGCTAAGATTATTTTGTTGTATGGCGGCA-
GAAG-3’) and an EcoRI (5’-CGAATTCTGCAGTT-
TAAAACGATTCAAAGCTAAC-3’) restriction sites
(underlined).

The sequence of the PCR fragment was completely
checked on both strains after cloning into the pGEM-T
Easy plasmid (Promega). The ddl gene was then subcloned
into the expression pBAD/Myc-His-A vector (Invitrogen)
under the control of the l-arabinose inducible promoter

[32] between the NcoI and EcoRI restriction sites. The re-
sulting plasmid encoding a protein with a C-terminal 6-His
tag served to transform the E. coli LMG194 expression
strain (Invitrogen, [33]).

2.6.2 Overproduction and Purification of the Ddl-His6

Enzyme

Transformed bacteria were inoculated in minimal medium
(RM media, Invitrogen, [34]) containing 0.2% glucose and
100 mg/mL ampicillin and grown at 37 8C until an OD600 of
0.4. At this point, 2% l-arabinose was added to the culture
for overnight growth at 25 8C under shaking. All subse-
quent steps were performed at 48. Bacteria were harvested
by centrifugation, resuspended in a 20-fold smaller volume
of buffer A (50 mM Hepes pH 8.0, 5 mM MgCl2, 10 mM
imidazole, 10% glycerol), and lysed by 2 successive passag-
es in a French Press operating at 1000 psi (SLM Aminoco).
Cellular debris were removed by centrifugation (30 min,
18000 g). Ten mL of supernatant were incubated during
90 min with 5 mL of HisLink resin (Promega) under gentle
agitation. Resin was pelleted by sedimentation, placed in a
column and washed with 30 mL of buffer A. Ten mL of
His-tagged protein were eluted by 10 mL of buffer B
(50 mM Hepes pH 8.0, 5 mM MgCl2, 300 mM NaCl,
500 mM imidazole, 10% glycerol). Elutate was dialyzed
twice (for 2 h and overnight) against a 13.3-fold higher vol-
ume of buffer C (50 mM Hepes pH 7.2, 150 mM KCl,
5 mM MgCl2, 5 mM GSH and 20% glycerol). The His-tag-
ged protein purity was checked by SDS-polyacrylamide
gel electrophoresis (Novex Tris-Glycine Gels 14%, Invi-
trogen; [35]): a single band at ca. 42 kDa was observed af-
ter Coomassie Blue staining. The purified protein concen-
tration was measured by the method of Bradford using bo-
vine serum albumin as standard (Quick Start Bradford
Protein Assay, BioRad) and determined to be 2.24 mg/
mL, with 48 mg obtained from 1 L of induced culture.
Pure fractions were stored in buffer C at �80 8C.

2.7 Enzymatic Assay and Inhibition Studies

The activity of the His-tagged Ddl ligase (Ddl-His6) was
determined by measuring the quantity of d-Ala-d-Ala pro-
duced from d-Ala using d-[14C]Ala. Assay mixtures con-
sisted of an assay buffer (20 mM Tris-HCl pH 7.4, 10 mM
MgCl2, 10 mM KCl, 5 mM ATP, ca. 0.03 mg/mL enzyme
and 10 mM d-[1 – 14C]Ala; Moravek Biochemicals, Brea,
USA; diluted by cold d-Ala to a final specific activity of
0.0016 mCi/assay). Benzoxazoles were dissolved in 100%
DMSO and d-cycloserine (Sigma-Aldrich, St Louis, MO,
USA), used as a positive control, was dissolved in the as-
say buffer. They were preincubated for 5 min with the en-
zyme in the assay mixture before addition of ATP and d-
[14C]Ala (in all cases, the final concentration of DMSO
was adjusted to 10%; 0.005 % Triton X-114 was added in
selected cases as a means to ensure that aggregation, be-
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Table 1. Atoms used to measure the RMSD between the ligand
and their equivalent atoms in the phosphinophosphate inhibitor
(see Section 2 for details).

Ligand Ligand atoms Equivalent atoms

d-Ala NH, C1, O1 NH, C1, O1
d-Ala-d-Ala NH, C1, O1, C2, O2 NH, C1, O1, C2, O2
Phosphinophosphate NH, C1, O1, C2, O2 NH, C1, O1, C2, O2
d-Cycloserine NH, C1, O1 NH, C1, O1
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yond what could be seen by naked eye, could not influence
the results [16]). After 30 min incubation at 308, the reac-
tion was stopped by 5 min boiling and 10 min centrifuga-
tion at 14500 g (Eppendorf Centrifuge). Two mL of the su-
pernatant were spotted onto a 0.1-mm microcrystalline
cellulose thin-layer chromatography plate (Polygram Cel
400; Macherey-Nagel, D�ren, Germany). The compounds
were separated in butanol-glacial acetic acid-water
(12 :3 :5 vol/vol/vol) and dried at room temperature. Spots
were identified by comparison with standards separated in
the same conditions and revealed by staining plates with
0.25% ninhydrin in acetone and drying at 120 8C for 3 min.
Bands associated to substrates and products were cut and
the radioactivity was counted by liquid scintillation.

2.8 MICs Determination

MICs were determined by microdilution method in cation-
adjusted Muller-Hinton broth (Becton-Dickinson, NJ,
USA), following the recommendations of the US Clinical
and Laboratory Standards Institute (CLSI), with a final
concentration of 5% DMSO (this concentration was pro-
ven not to impair bacterial growth).

2.9 Chemistry

Compounds IT8, IT15, IT16 and IT21 were synthesized by
standard chemistry, as reported by us [36]. IT7 and IT12
[37], and IT10 and IT11 [38] were synthesized according to
published methods. The methodology used for the charac-
terization of these compounds is described in the support-
ing information.

3 Results

3.1 General Performance of Docking

Each of the 4 prototypic ligands (i.e. substrate d-Ala and
product d-Ala-d-Ala of the reaction, and the best two
known inhibitors d-cycloserine and phosphinophosphate)
was docked into the enzyme active site using the four dif-
ferent programs. Their performance, in terms of docking
accuracy, has been evaluated by comparing the top ranked
pose, which is defined as the docking solution that is

ranked first in terms of energy, to their equivalent portion
in the phosphinophosphate X-ray structure (see Materials
and Methods Section, Table 1 and Fig. 1). Prediction accu-
racy was measured by the Root Mean Square Deviation
(RMSD) between the coordinates of ligand atoms and
those of the matching pharmacophore points (Table 2).
Usually a prediction is considered as successful if the
RMSD value is lower than or equal to 2 � [39]. For low
molecular weight ligands, i.e. d-Ala and d-cycloserine,
MCSS outperformed the other docking programs. For
larger ligands, d-Ala-d-Ala and phosphinophosphate,
Glide was identified as the most accurate program. Both
Glide and MCSS produced RMSD values lower than 2 �
for three out of the four ligands. For the small ligands d-
Ala and d-cycloserine, the prediction with LUDI was
found correct for d-Ala but less accurate for d-cycloserine
(see Table 2).

Docking performance was also assessed by considering
the top 10-ranked poses and selecting out those with the
pose having the lowest RMSD as compared to its equiva-
lent portion in the phosphinophosphate X-ray structure
(Table 3). Both Glide and MCSS found a best pose with a
RMSD inferior or equal to 1 � for all ligands. Autodock
performs also quite well, with all best poses at an RMSD
smaller than 2 �. LUDI generates only one pose; there-
fore the top (Table 2) and best (Table 3) poses are equiva-
lent.

Numerical measures such as RMSD need careful inter-
pretation and make difficult to draw conclusions of gener-
al applicability [40]. The RMSD measures were then sup-
plemented here by interaction-based measures and visual
inspection of the docking poses. The interactions formed
between the ligands and the protein atoms were analyzed
to help interpreting the RMSD values of the best poses.
Table 1 in supplementary material lists the interactions
formed between the ligands and the amino acid residues in
the binding pocket. The latter was divided in two different
regions corresponding to the high- and low d-Ala affinity
sites (see Fig. 1). The interactions made by the pharmaco-
phoric sites of the phosphinophosphate shared with each
ligand in the crystal structure are also listed for sake of
comparison. These results confirm the conclusions based
on the RMSD values, namely that Glide and MCSS are
successful in reproducing a ligand pose forming a fairly
large number of expected interactions with the target
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Table 2. RMSD measures between the top-ranked pose for the four ligands generated by the four different docking programs. Two
values are given for the phosphinophosphate. The value on the left corresponds to that obtained for the initial X-ray structure and
that on the right for a 3D initial structure generated by Corina (see Sec. 2). See Table 1 for the list of atoms used to compute the
RMSD.

Top pose RMSD / � d-Ala d-Ala-d-Ala Phosphinophosphate d-Cycloserine

LUDI 1.26 n/a n/a 3.14
MCSS 0.72 2.26 1.77 – 2.02 1.31
Autodock 1.61 3.30 0.86 – 1.6 3.26
Glide 1.88 0.52 0.92 – 0.70 2.72
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binding site. This is particularly striking when one looks at
the best pose in terms of RMSD and interactions. Howev-
er, the exclusive analysis of results based on interactions
suggests that the best poses predicted by Autodock are
also in good agreement with those observed in the crystal
structure of phosphinophosphate.

3.2 Rational Design of Inhibitors

Based on the results obtained so far, we studied the bind-
ing of small ligands to the d-Ala-d-Ala ligase binding site
using MCSS method. The choice of the small ligands was
guided by the different physical categories of interactions
encountered in enzyme-ligand complexes and also by the
type of interactions detected in our analysis heretofore.
Ten different fragments were selected. They are chemical
fragments of larger organic molecules with different char-
acter such as charged, polar, aromatic, hydrophobic and
aliphatic groups. The propane molecule was used as a pure
aliphatic group, benzene, oxazole, pyrizadine and 5-methyl
imidazole as aromatic groups. Methylammonium and pro-
pylguanidium ion were chosen as positively charged
groups and acetate as a negatively charged group. In addi-
tion ethanol, cyclopentanone and barbituric acid were also
studied. They contain at least one polar chemical function.
The pharmacophore points used in this process are shown
in Figure 1.

The positions adopted by methylammonium could be
subdivided in two groups, one of which is located slightly
below the D pharmacophore point matching the NHþ

3 of
the phosphinophosphate inhibitor and interacts with
Glu15 and Glu68. For propylguanidium ion there is a large
dispersion of the positions in the binding site. The binding
energy is more favorable for geometries with the guanidi-
um group located at the bottom of the active site so as to
make salt bridges with Glu15, Glu 68 and the ATP mole-
cule. The positions occupied by the acetate group can also
be clustered in 2 groups, one of which matches the A2 and
A3 pharmacophore points corresponding to the carboxylic
group of the phosphinophosphate inhibitor. Barbituric
acid also displays a dispersion of the positions. Those cor-
responding to the most favorable energy form two hydro-
gen bonds with Arg255 and Leu252. Cyclopentanone com-
pound positions preferentially in a lateral pocket whose
entrance is located next to the CH3 side chain of the C-ter-

minal portion of phosphinophosphate (see Fig. 1). Its car-
bonyl group hydrogen bonds with Lys215. The positions of
propane sample 3 privileged sites. The first corresponds to
the L2 pharmacophoric site. The second to the lateral
pocket next to the second CH3 side chain group of phos-
phinophosphate in the crystal structure and the third su-
perposes to the L1 pharmacophoric site. The ethanol mol-
ecule also samples three different sites: the most energeti-
cally favorable site is found in the lateral pocket and the
geometries feature a hydrogen bond with Lys215. The dif-
ferent positions occupied by benzene, oxazole and pyrida-
zine aromatic nuclei cover the whole binding region of the
phosphinophosphate inhibitor. In one of the positions, ox-
azole forms hydrogen bonds with Tyr216 and Arg255.

Our docking studies suggest that an inhibitor candidate
should interact with polar groups (Glu15, Glu68, Arg255
and possibly Ser281). This could be achieved via hydrogen
bonds or salt bridges, but the corresponding inhibitor
would be far too polar to cross biological membranes. The
charge-charge interactions could, however, be replaced by
charge-dipole or charge-quadrupole interactions. The lat-
ter could be brought by an aromatic moiety, which would
also allow decreasing the flexibility of the ligand (and,
thereby, the corresponding entropy penalty), and the de-
solvation energy [41]. An aromatic moiety in the ligand
could be stabilized by aromatic-aromatic interactions with
Tyr210 and/or Tyr216, and could also increase the affinity
towards the active site. This could help in rationally re-
stricting the chemical space of molecules when, for in-
stance, screening databases of ligands. To avoid reproduc-
ing too strongly charged or polar ligands, we decided to
opt for aromatic fragments such as benzene and oxazole to
build a scaffold molecule that allowed favorable interac-
tions with the main residues of the binding site.

The MCSS results describe a pharmacophore mapping
of the binding site that can be used for lead identification.
A visual inspection of the minima with the most favorable
MM-PBSA scoring (see Materials and Methods Section)
from each cluster of these fragments (see Fig. 1 in support-
ing information) prompted us to design a benzoxazole
molecule. This compound was docked into the binding site
using Glide. The three most favorable positions were
found to superpose to the C-terminal portion of the crystal
location of phosphinophosphate and scored to a value of
about �6 kcal/mol. In order to fill the remaining empty
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Table 3. RMSD measures between the best poses for the four ligands generated by the four different docking programs and the X-
ray structure of phosphinophosphate. Two values are given for the phosphinophosphate. The value on the left corresponds to that ob-
tained for the initial X-ray structure and that on the right for a 3D initial structure generated by Corina (see Sec. 2). See Table 1 for
the list of atoms used to compute the RMSD.

Best pose RMSD (�) d-Ala d-Ala-d-Ala Phosphinophosphate d-Cycloserine

LUDI 1.26 n/a n/a 3.14
MCSS 0.72 0.93 0.90 – 2.02 0.93
Autodock 1.61 1.41 0.85 – 1.1 1.21
Glide 0.52 0.42 0.61 – 0.65 1.00
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part of the binding pocket, a phenyl group was added to
the benzoxazole scaffold. A 2-phenyl benzoxazole mole-
cule was then designed. Variations of substituents were
proposed on the benzene ring of the benzoxazole and on
the phenyl ring, some of them suggested by MCSS map-
ping of acetate and methylammonium fragments.

A series of 15 benzoxazoles were produced and tested
first for their capacity to inhibit the purified Ddl at a fixed
concentration of 0.6 mM (i. e. approx. the IC50 of d-cyclo-
serine in the conditions of our assay). This first screening
allowed selecting 5 active molecules, which were used for
determination of their own IC50 and of antimicrobial activ-
ity in comparison with d-cycloserine. Three less active
compounds with closely related structures were also exam-
ined in these studies as controls. Table 4 shows that IT16 is
the most active of the benzoxazoles tested, with an IC50

close to that of d-cycloserine, and MICs against Gram-pos-
itive cocci similar or lower than those of d-cyloserine.
Among the other products, IT21, the nonesterified form of
IT16, had a 8-fold higher IC50 and also higher MICs while
IT15, which lacks the Br substituent, had a detectable anti-
microbial effect but a much higher IC50. IT7, 8 and 12 were
inactive against bacteria despite an inhibitory activity

slightly better than that of IT21. IT10 and IT11, which lack
a carboxylate function, proved ineffective on the enzyme
as well as on bacteria. To rule out a possible role of aggre-
gation of the benzoxazole molecules in the reduction of
enzymatic activity observed at high concentrations, one
compound (IT8) was retested in the presence of 0.005%
Triton X-114 [16]. No difference was seen with the data
obtained in the absence of detergent.

The five active molecules were docked back into the
binding site using Glide. Their scoring values are given in
Table 4. IT16 features a higher scoring value relative to all
the other four molecules in agreement with the experi-
mental data. This may arise from the larger number of salt
bridges and hydrogen bonds interactions that IT16 makes
with the active site residues (Fig. 2). However the ob-
served difference in IC50 between IT16 and IT21 is not
fully picked out by the docking study though IT21 is
predicted to have an affinity slightly lower than IT16.
Both molecules make about the same favorable interac-
tions. Some differences however are observed when dis-
secting the energetic contributions with more favorable
van der Waals and lipophilic interactions for IT16 relative
to IT21.
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Table 4. Inhibitory activity of benzoxazoles towards Ddl and antibacterial activity against E. coli, S. aureus or E. faecalis.

Activity

Compound Substituents IC50

[a](mM)
Scoring
(kcal/mol)

MIC (mg/L) [b]

R1 R2 R3 R4 R5 R6 E. coli
ATCC 25922

S. aureus
ATCC 25923

E. faecalis
ATCC 29212

IT16 Br H COOEt H H CH2NH2 0.432 �11.9 128 32 32
IT15 H H COOEt H H CH2NH2 >3.5 � 256 128 128
IT21 Br H COOH H H CH2NH2 3.241 �10.9 >512 128 64
IT12 H H COOH H H NH2 2.253 �7.5 >512 512 256
IT7 H H COOH H H NO2 2.446 �7.1 >512 >512 >512
IT8 H COOH H H H NO2 1.471 �6.9 >512 >512 >512
IT10 H H H H NH2 H >3.5 – >512 >512 >512
IT11 H H H NH2 H H >3.5 – >512 >512 >512
d-Cycloserine 0.420 32 32 128

[a] determined in the presence of 10% DMSO for all molecules
[b] geometric dilutions, determined in the presence of 5% DMSO for all molecules
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4 Discussion

Previous reports [42 – 47] have pointed out that the per-
formances of most docking tools are very target-depen-
dent. In the case of d-Ala-d-Ala ligase, the programs that
performed best were Glide and MCSS, with Glide giving
the best results for the top-ranked positioning of larger li-
gands and the best pose for 3 out of 4 ligands, and MCSS
producing best top positionings for smaller ligands and
best pose for d-cycloserine. Even though Autodock per-
formed not as well as Glide and MCSS, it predicted poses
with RMSD values all below 2 � for the four ligands, and
protein-ligand interactions were in fair agreement with the
crystal structure of the protein-phosphinophosphate com-
plex. In agreement with other studies [39, 47] our results
also clearly show the necessity of saving several top-
ranked poses to improve the rate of successful predictions.

The efficiency of Glide was shown in several studies [42,
44 – 47]. Loss of capacity was however observed when fac-
ing hydrophilic binding sites [45]. It was thus important to
verify its performance for docking the highly polar binding
site of d-Ala-d-Ala ligase.

MCSS was originally devised for docking small, mostly
rigid ligands, which is further confirmed by the present

data. In our hands, MCSS also gave good results for the
larger, more flexible ligands phosphinophosphate and d-
Ala-d-Ala. Since MCSS does not perform extensive con-
formational search of the unbound ligand conformation,
its good performance was most likely linked to a favorable
starting conformation of these two ligands. This is shown
for phosphinophosphate, for which two different structures
were used. MCSS produces the best result for the structure
extracted from the crystal complex structure (see Table 3).
For d-Ala-d-Ala, its initial structure was generated in an
extended conformation close to that expected in the com-
plex and the MCSS good performance may have arisen by
accident (see Materials and Methods section). Choosing
an initial structure in a conformation close to that bound
to the enzyme can be particularly helpful when using a
program such as MCSS since its search algorithm is based
on energy minimization. This, in contrast, should not influ-
ence so much the results produced by Autodock or Glide
(see Table 3).

This study has allowed us to rationally design a new
family of Ddl inhibitors. IT16, the best compound, inhibits
the d-Ala-d-Ala ligase with an IC50 of 400 mM. We did not
find however a clear correlation between scoring by Glide
and potency as ligase inhibitor for the different tested
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Figure 2. Docked pose of IT16 in the E. coli d-Ala-d-Ala ligase enzymatic pocket. IT16 is depicted as ball-and-sticks and interacting
residues and ATP are represented as thick lines. The two magnesium ions are depicted as pink spheres. Oxygens, nitrogens, carbons,
phosphorus and hydrogens are colored in red, blue, green, magenta and white respectively.

Full Papers I. Tytgat et al.

www.qcs.wiley-vch.de


compounds. This was also the case in the study of Kovac
et al. [14], who found Ki values ranging from 42 to 218 mM
for inhibitors scored by AutoDock at �16.02 and
�18.34 kcal/mol, respectively and a Ki value of 11 mM for
an inhibitor scored at �8.87 kcal/mol. This further illus-
trates that docking programs are helpful in predicting the
capacity of a molecule to fit in the enzymatic cavity of
Ddl, but are less potent in ranking their binding affinity.

Of interest, the most powerful designed inhibitor IT16
in our series is also the most active on bacterial growth of
Gram-positive bacteria. Correlation is not perfect, howev-
er as IT8, which is only 3 times less potent on ligase than
IT16, is unable to prevent bacterial growth. Among the
families of inhibitors described so far, only a few were test-
ed for their antimicrobial activity [12]. In these studies
also, there was no clear correlation between enzymatic in-
hibition and antimicrobial potency, as illustrated for (i) di-
azenecarboxamides [14], which show IC50 towards Ddl 20
times lower than d-cycloserine but higher MICs, (ii) the
natural compound quercetin [49], which shows lower IC50

and Ki values than apigenin towards the H. pylori enzyme,
but 8 times higher MIC towards the bacterium, or (iii) two
molecules from the NCI database [16] which display simi-
lar MIC towards S. aureus but Ki differing by one order of
magnitude. Beyond intrinsic inhibitory potency, other pa-
rameters, such as the ability of the molecules to reach their
intracellular target are also critical and probably explain
these discrepancies. This will need to be explored in detail,
as differences in target accessibility relate to lack of diffu-
sibility as well as to active efflux or to intracellular degra-
dation of the study compounds.

Although benzoxazoles were already known in the liter-
ature for an antifungal [50, 51] anticancer [52], antihelmin-
tic [53], or even antibiotic [54, 55] activity, there was no
previous indication of their potential target in bacteria.
Our experimental data therefore underline the perfor-
mance of the tools used and also open perspectives for fur-
ther lead optimization.
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