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Disrupting the interaction between the PDZ protein, PSD-95, and its target ligands (such as the glutamate
NMDA receptor or the serotonin 5-HT2A receptor) was found to reduce hyperalgesia in various models of
neuropathic pain. Here, we set out to identify lead molecules which would interact with PSD-95, and
hence, would potentially display analgesic activity. We describe the virtual screening of the Asinex
and Cambridge databases which together contain almost one million molecules. Using three successive
docking filters and visual inspection, we identified three structural classes of molecules and synthesized
a potential lead compound from each class. The binding of the molecules with the PDZ domains of PSD-95
was assessed by 1H–15N HSQC NMR experiments. The analgesic activity of the best ligand, quinoline 2,
was evaluated in vivo in a model of neuropathic pain and showed promising results.

� 2013 Published by Elsevier Ltd.
Since their discovery two decades ago, about 267 PDZ domains Virtual screening provides a valuable alternative to high-

(Post-synaptic density-95 PSD-95, Disc large Dlg, Zonula occludens
ZO-1) have been identified in the human genome. PDZ domains
regulate multiple biological processes such as transporter and ionic
channel activity and membrane-bound receptor-operated signal-
ling. These domains consist of 100 amino acid residues usually
composed of 6 b-strands (bA to bF), and two a-helices (aA and
aB) (Fig. 1). PDZ-mediated protein–protein interactions (PPIs)
involve the binding of the extreme C-terminus of target proteins
(PDZ ligand) to a hydrophobic groove between aB and bB, delimited
by the GLGF loop of the PDZ domain.1

Several PDZ proteins have been associated with pathological
states (cancer, cystic fibrosis, schizophrenia, Parkinson’s and
Alzheimer’s diseases, chronic inflammatory and neuropathic pain)
and the therapeutic usefulness of inhibiting PDZ-mediated PPIs has
been clearly demonstrated by using interfering peptides.2

The PSD-95 protein contains three PDZ domains and has been
identified as a major partner of various membrane receptors
including the glutamate NMDA and the serotonin 5-HT2A recep-
tors.3 Disrupting the interaction between PSD-95 and its target
proteins was found to reduce hyperalgesia in various models of
neuropathic pain.4–6 Thus, identification of PSD-95 ligands could
potentially lead to the development of a novel class of analgesics.
throughput screening (HTS) by bioassays,7 which is a useful but
expensive and time-consuming method to identify new lead com-
pounds. In the past decade, structure-based design methods for
virtual ligand screening have been successful in lead discovery
due to the increased structural information on drug target, the
availability of large commercial databases, advancements in com-
putational power, and improvements in the efficiency of docking
algorithms.8–10

In the present study, we report the docking-based screening of
the Asinex and Cambridge databases to identify lead molecules
which could potentially interact with the PDZ1 or PDZ2 domains
of the PSD-95 protein.

We selected the high-resolution structure of the PDZ1 domain
of PSD-95 complexed with cypin (PDB 2KA9) as the starting point
of our computational approach. The docking was performed on the
active site using the docking module in MOE (Molecular Operating
Environment).11 We developed a protocol for the docking-based
screening and searched the Asinex and Cambridge commercial dat-
abases (respectively 514,957 and 432,000 molecules)12,13 using
three successive hierarchical docking filters (Fig. 2).

(I) The Alpha Triangle method12 was used to identify molecules
with good affinity towards the target protein. Here the poses
are generated by superimposition of ligand atom triplets and
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Figure 2. Docking-based screening protocol.

Figure 1. 3D representation of PSD-95 PDZ1 (PDB 2KA9). Helices in red, strands in
yellow, loops in green.
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triplets of receptor site points. The receptor site points were
alpha sphere centres which represent locations of tight
packing. A random conformation was selected at each itera-
tion; a random triplet of ligand atoms and a random triplet
of alpha sphere centres were used to determine the pose.
At the end of this step, molecules were sorted on the basis
of their interaction energy and the top 10% (around 94,000
molecules) was kept.

(II) Triangle Matcher method14 generated poses by aligning
ligand triplets of atoms on triplets of alpha spheres in a more
systematic way than in the Alpha Triangle method. As for
step 1, the top 10% (9400 molecules) was kept.

(III) A conformational analysis for the 9400 molecules was car-
ried out and all output molecules were kept as input for this
step. In the forcefield-based refinement of protein–ligand
complex, the energy minimization of the system was carried
out using the conventional molecular mechanics setup. At
the end of this step the molecules were examined for poses
and binding energy. The top 10% (940 molecules) were visu-
ally inspected (Step IV) and classified on the basis of their
chemical structures.
We hence identified five classes of molecules: indoles, nucleo-
tides, quinolines, N-acyl hydrazones and carbohydrates derivatives
linked to a phenyl group with polar substituents. Since we have
previously described indole derivatives as potential PDZ inhibi-
tors15,16 and because nucleotides interact with too many biological
targets, we focused our attention on the other three classes.

We defined a lead compound from each class which satisfied
three criteria: (i) the best docking pose should show interactions
with the GLGF loop of the PDZ domain, (ii) molecules should
be obtained from commercially available and affordable starting
material with easy synthesis, and (iii) they must be easily function-
alizable on various positions. In the quinoline family, we chose
molecule 2 which has similar substituents as indole 1 (Fig. 3), pre-
viously reported to interact with the PDZ1 domain of PSD-95. The
best choice in the carbohydrate-linked-to-phenyl-ring class was
the glucose analogue 3. In the N-acyl hydrazones family, we se-
lected triol 4 which displayed the best docking energy. The three
potential ligands 2–4 displayed interactions with the GLGF loop
of PSD-95 PDZ1 (Fig. 3, Table 1).

Quinoline 2 was prepared from aniline 5, ethyl glyoxylate and
propanal using the method described by Shimizu et al.17 The best
results for the cyclization were obtained with Yterbium triflate as
a Lewis acid with 20% yield. Saponification of compound 6 gave
the desired quinoline 2 in 35% yield (Scheme 1, steps a and b).
The glucosylamine derivative 3 was obtained in 50% yield, from
D-glucose 8 by reaction with the commercially available 4-amino
benzoic acid 7 (Scheme 1, step c), using the method described by
Satorelli et al.18

The N-acyl hydrazone 4 was prepared in two steps (Scheme 1,
steps d and e) from the commercially available ethyl 4-hydroxy-
benzoate 9, in 33% yield.19

Compounds 2–4 were evaluated for their interactions with the
PDZ1 and PDZ2 domains of PSD-95.15N-labelled PDZ proteins were
produced and purified after subcloning and expression in Esherichi-
a coli BL21 (see Supplementary data). 1H–15N heteronuclear single-
quantum coherence (HSQC) NMR experiments were recorded in
the absence and presence of compounds 2–4.16

Ligand-induced chemical shift perturbations (CSP) in the
1H–15N HSQC of the PDZ domains verified the presence of binding
and identified the amino acids whose chemical environments were
affected by the bound compound, hence, locating its binding
site(s). The reference spectra of free PDZ domains in the buffer
and temperature condition used here were assigned during the
course of this work and compared to literature.20

Unfortunately neither compounds 3 nor 4 had any effect on the
NMR spectra of the PDZ domains and only quinoline 2 displayed
some binding ability (Fig. 4A). While weak CSP were observed on
the spectrum of PSD-95 PDZ1 (see Supplementary data), stronger
CSP were observed on the PSD-95 PDZ2 spectrum (Gly18, Ser20,
Ile21, Gly23, Lys 53, Ala47, Glu3, Ala96, Asn63 and Asn27,
Fig. 4B). These residues are located in the peptide binding groove,
hence suggesting that quinoline 2 is binding in the same region as
the natural peptide ligands.

The anti-hyperalgesic effect of quinoline 2 was evaluated on
chronic constriction nerve injury-induced (CCI) neuropathic pain
in rats. This model consists in a unilateral peripheral mononeurop-
athy induced by four loose ligatures of the sciatic nerve.21 Intrathe-
cal (i.t.) injections of quinoline 2 at 12.3, 24.5 and 122.6 ng/rat
induced a dose-dependent anti-hyperalgesic effect in CCI rats.
The highest dose abolished mechanical hyperalgesia 15 min after
injection (Fig. 5a). This anti-hyperalgesic effect was similar to that
induced by an interfering peptide corresponding to the 10
C-terminal amino acids of the 5-HT2A receptor (TAT-2A peptide,
100 ng/rat, Fig. 5b), which disrupts interactions between the
receptor and its PDZ partners.4



Figure 4. (A) Overlay plot of 1H–15N HSQC spectra of free PSD-95 PDZ2 (black) and in the presence of compound 2 (red) (protein/ligand 1:10). (B) Chemical shift perturbation

(CSP) of PSD-95 PDZ2 resulting from compound 2. Dd (ppm) =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDHÞ2 þ ð0:15DNÞ2
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Scheme 1. Synthesis of compounds 2–4. Reagents and conditions: (a) Yb(OTf)3, ethyl glyoxylate, propanal, CHCl3, O2, 90 �C, 16 h, 20%. (b) NaOH, MeOH/H2O, 70 �C, 12 h, 35%.
(c) D-Glucose 8, EtOH, rt, 12 h, 50%. (d) Hydrazine, EtOH, reflux, 48 h, 50%. (e) 2,3-Dihydroxybenzaldehyde, EtOH, AcOH, reflux, 24 h, 66%.
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Figure 3. Indole 1 and the best docked poses for the top ranked molecules: quinoline 2, glycosylamine 3, N-acyl hydrazone 4.

Table 1
Docking of compounds 2–4 into PSD-95 PDZ1

Compounds Interaction energy (kcal/mol) Amino acid interactions
(H-Bonds)

Amino acid interactions
(other interactions)

2 �7.52 Leu17, Gly18, Phe19, Ile21 Leu17, Gly18, Phe19, Ile21, His72, Leu79
3 �8.52 Gly18, Phe19, Ile21, Leu79 Gly18, Phe19, Ile21, His72, Val76, Leu79
4 �7.32 Ile21, Leu79 Gly16, Leu17, Gly18, Phe19, Ser20, Ile21, Leu79

Energy of interaction (in kcal/mol). Localization of amino acids showing interactions with compounds 2–4 (from docking). Numbering uses the generic system 18Gly-19-

Leu-20Gly-21Phe for the PDZ domain.
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Figure 5. Anti-hyperalgesic effect of quinoline 2 in CCI rats (n = 8–18 rats per dose).
(a) CCI rats were i.t. injected with the indicated dose of quinoline 2. (b) CCI rats
were i.t. injected with either quinoline 2 (122.6 ng/rat), or TAT-2A (100 ng/rat) or
vehicle (20% DMSO 10 ll/rat). The vocalisation thresholds to paw pressure (Randall
and Selitto test22) were measured up to 120 min after injection. ⁄P <0.05, ⁄⁄P <0.01,
⁄⁄⁄P <0.001 compared with values measured before drug or vehicle injection (Pre-
treatment values).
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We have performed a docking-based screening of the Asinex
and Cambridge databases to identify new lead compounds able
to interact with the PSD-95 protein. We identified in silico three
classes of molecules, quinoline, N-acyl hydrazone and substituted
carbohydrate. One molecule of each class was synthesized and
evaluated for interactions with two PDZ domains of PSD-95
(PDZ1 and PDZ2) using 1H–15N HSQC NMR experiments which al-
lowed us to identify quinoline 2 as the best ligand of the PDZ do-
mains of PSD-95. We also showed that this compound displayed
a significant anti-hyperalgesic activity in neuropathic rats (CCI),
similar to that induced by a natural peptide ligand of PSD-95
PDZ domains. Quinoline 2 will be used as a lead compound for fur-
ther optimisation in order to develop anti-hyperalgesic agents.
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