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Abstract

PDZ domains, which belong to protein-protein interaction networks, are critical for
regulating important biological processes such as scaffolding, trafficking and
signaling cascades. Interfering with PDZ-mediated interactions could affect these
numerous biological processes. Thus, PDZ domains have emerged as promising
targets to decipher biological phenomena and potentially treat cancer and
neurological diseases. In this minireview, we focus on the discovery and design of
small molecule inhibitors to modulate PDZ domains. These compounds interfere
with endogenous protein partners from the PDZ domain by binding at the protein-
protein interface. While peptides or peptidomimetic ligands were described to

modulate PDZ domains, the focus of this review is on small organic compounds.

Keywords: PDZ domain, PDZ inhibitors, rational design, screening, molecular

modeling.



1. Introduction

Post-synaptic density protein 95/Drosophila disc large tumor suppressor/Zonula
occludens 1 (PDZ) proteins are a family of proteins that contain at least one PDZ
domain. The binding of protein partners to PDZ domains mediates various
processes, such as the formation of protein networks, the immobilization of these
proteins in the correct cellular compartment and the ability of promoting scaffolding,
trafficking and signaling events [1-4].

The PDZ domain is a common structural domain of approximately 90 amino acids
found in signaling proteins of many organisms. The global structure is conserved
and usually consists of 5-6 B-strands and 2 a-helixes. In general, PDZ domains have a
shallow binding site located between one B-strand and one a-helix that recognizes
the C-terminus (terminal carboxylate and last residues) of their protein partners (Fig.
1).

C-terminal residues from a protein partner form an additional antiparallel 3-sheet by
interacting with residues of the PDZ domain through hydrogen bonds with
backbone atoms. In addition, the C-terminal carboxylate group from the protein
partner interacts with the backbone of a conserved loop in the PDZ domain through
a canonically conserved hydrogen bond network [2].

More precisely, PDZ domains typically require a hydrophobic residue at the C-
terminal position of their protein partner, and this residue fits into a small
hydrophobic pocket near the carboxylate binding loop. Typical hydrophobic residues
are valine, leucine and isoleucine. By convention, P0 refers to the C-terminal residue
of the peptide, and P-n refers to the nth amino acid of the peptide starting from its C-
terminal end. PDZ domains have been classified according to their specificity for
PDZ ligands. Consensus sequences were built to define these groups [5]. Briefly,

“class 1”7 PDZ domains recognize C-terminal sequences with either a serine or



threonine at the -2 position. Similarly, “class 2” PDZ domains bind to C-terminal
sequences with a large hydrophobic or aromatic residue at the -2 position. Finally,
the consensus sequence recognized by “class 3” PDZ domains includes a negatively
charged residue at the -2 position. Other positions, such as -1 and -3, have fewer
constraints regarding the nature of the residue sidechain. Due to these small
constraints, many peptides can bind different PDZ domains [6], so achieving high
specificity is expected to be challenging.

It is also known that some PDZ domains are able to bind to lipids. For instance,
synteninl can interact with phosphatidylinositol phosphates with an affinity in the

micromolar range [7].

2. PDZ domains as potential drug targets

PDZ domains, which are critical for regulating important biological processes, have
emerged as promising targets to treat cancer and neurological diseases [8-10,1,11-13].
Early inhibitors of PDZ domains consisted of using short amino acid sequences
representing the key C-terminal residues from endogenous partners. Later, modified
peptides, including thioketone and non-natural residues, were reported as biological
tools to study PDZ domains [14,15]. Bivalent peptides were also shown to exhibit
high affinity for PDZ domains by simultaneously interacting with multiple PDZ
domains from the same protein [16]. In addition, TAT-derived bivalent peptides,
which contain cell permeability tags, were also developed as efficient probes [16].
Despite their potential high affinities, peptides may suffer from protein degradation
by proteases and cell permeability issues. Thus, an appealing alternative strategy is
to develop small molecule inhibitors for oral administration that bypass these issues.

However, targeting PDZ domains may be very challenging because this requires

tackling the general problem of protein-protein interactions (PPIs). It has been shown



that modulating PPIs using small organic compounds is difficult due to the nature of
the interface [17]. In general, such interfaces are large and flat with several small
adjacent subpockets and are not expected to be easily druggable [18,19]. Several
screening studies concluded, as expected, that PDZ domains are mainly undruggable
targets to be modulated by small organic molecules and even fragments [20,21].
Indeed, the screening of fragment-like compounds is considered a powerful tool to
assess the druggability of a given target [21]. These disappointing results are not
truly surprising from a structural point of view; the nature of the PDZ domain
binding pocket appears to be shallow with only a few putative interacting hotspots.
Despite the fact that PDZ domains are poorly suited for the development of small
organic probes, different studies were reported in which inhibitor compounds were
discovered. The ultimate goals are to develop probes to decipher PDZ-related
biology and potential therapeutic drugs that target PDZ domains. However, most
compounds exhibited inhibition in the 10 micromolar range, despite intensive
structure—activity relationship (SAR) studies where close analogs are synthesized
and tested. These compounds were discovered using either a screening-based
strategy, molecular modeling experiment or a combination of both approaches.
Currently reported PDZ inhibitors are quickly reviewed below, and their 2D
structures are depicted in Fig. 2.

Fujii et al. reported the first cell-permeable irreversible inhibitor targeting a PDZ
domain (MAGI3-PDZ2) in 2003 [22]. The designed compound was a potent inhibitor
of the interaction between PTEN and MAGI3, presenting an original covalent mode
of action. Docking studies using the DOCK tool [23] suggested that the indole-3-
carbinol moiety could mimic the hydrophobic end of the partner while preorienting
chemical groups toward crucial residues from the MAGI3-PDZ2 domain. It should
be noted that this compound was covalently bound to the MAGI3-PDZ2 domain

through the histidine residue H372. Starting from this covalent binder [22], Fujii et al.
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reported a reversible version of their indole-containing inhibitor for the same PDZ
domain [24]. As previously described, DOCK software guided the rational design of
new compounds to mimic the four C-terminal residues of the protein partner. This
ligand was able to displace the reference peptide probe in a concentration-dependent
manner. However, the affinity of the compound for MAGI3-PDZ was relatively
weak, as a competition was observed with concentrations in the 100 uM range. In
another study, the same compound was able to disrupt the interaction between the
Frizzed-7 Wnt receptor and the PDZ domain of Dishevelled [25], leading to the
downregulation of the canonical Wnt signaling and suppression of tumor cell
growth. According to this study, the compound was among the first nonpeptide
inhibitors to show therapeutic efficacy through the disruption of a PDZ PPL Finally,
this indole core was also used to target the PDZ domain of NHERF1 [26]. Similar to
the study from Fujii et al., the DOCK tool was employed to suggest putative
inhibitors designed around the indole moiety [23]. In contrast to previous work, an
additional carboxylate group was incorporated at the end of the flexible aliphatic
sidechain of the compound to mimic the aspartic residue from the reference partner.
In 2013, Vogrig et al. published small compounds able to disrupt the PSD-95-
PDZ1/5-HT2A receptor interaction leading to an antihyperalgesic activity [27]. These
inhibitors were discovered using a structure-based approach that combined
molecular modeling and NMR. A series of indole analogues were synthesized on the
basis of docking studies using AutoDock Vina software [28]. Their ability to bind to
the first PDZ domain (PDZ1) of the PSD-95 protein was then assessed using NMR
experiments. The best compound exhibited a moderate ICs, value of 190 uM.

PDZ inhibitors, which were able to disrupt the PSD-95-PDZ2/GIluN2B PPI, were
discovered using a rational “click chemistry” strategy [29]. The aim was to mimic the

TAV/SAV tripeptide PSD-95 ligand using triazole-containing compounds that were



easily synthesized from reactive azide and alkyne moieties. The triazole heterocycle
was chosen because it was previously reported as a potential amide bioisostere while
being more rigid and not recognized by protein peptidases. One triazole-containing
compound inhibited the PSD-95-PDZ2/GluN2B interaction with an affinity similar
to that measured for the SAV tripeptide. ITC experiments concluded that the
compound had a low affinity for the PSD-95-PDZ2 domain (K4 value in the 600 uM
range). Finally, molecular docking simulations using the Glide tool [30] suggested
that the triazole-containing compound interacts with the PDZ2 domain in a similar
way as the TAV tripeptide.

In 2010, Thorsen et al. reported an organic compound (FSC231) able to bind to the
PDZ domain from PICK1 [9]. The inhibitor was identified using a fluorescent
polarization assay by screening approximately 44,000 compounds. This inhibitor
exhibited an affinity similar to that measured for peptide ligands (C-terminal end
from endogenous protein partners) in the 10 uM range. The AutoDock tool [31-33]
was employed to predict the binding mode of the compound within the PDZ binding
site. Molecular dynamics simulations were performed with the AMBER package [34]
to refine the predicted binding mode. During subsequent SAR studies around
FSC231, Bach et al. managed to slightly improve the K; value by replacing chlorine
atom in the meta position with a trifluoromethyl group [35].

More potent chemical inhibitors targeting the PDZ domain from PICK1 were
recently published [36]. These inhibitors were able to modulate the amyloid beta-
mediated synaptic dysfunction by interfering with the PICK1-PDZ/GluA2 PPI. Such
potent compounds in the submicromolar range are interesting for the biological
study of memory mechanisms and may be used as potential treatments for
neurodegenerative disorders. An integrated strategy involving high-throughput
screening, structure-based drug design, and biochemical and cellular assays was

used to discover potent small molecule PICK1-PDZ inhibitors. This structure-based
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strategy relied on determining the protein-ligand structure wusing X-ray
crystallography, followed by intensive SAR studies to increase the potency of the
series. The X-ray crystallography experiments were more difficult than expected
because conventional methods and conditions failed to produce any cocrystal
structures. A new approach called the “lock and chop” method was developed to
tackle this issue [37]. Analysis of the X-ray crystal structure of the complex (PDB ID:
6AR4) revealed that the chemical compound was located in the expected binding
pocket and was able to tightly interact with a phenylalanine sidechain that was not
targeted by the endogenous peptide. The most potent compound from the series
exhibited an approximately 200-fold better potency than that from the C-terminal of
the GluA2 partner. Selectivities with respect to other reference PDZ domains were
also measured for this series of compounds. This remarkable integrated study
reported the highest affinity for small molecule inhibitors of the PDZ domain known
to date, with an ICs, value of 70 nM. The X-ray crystal structure, deposited in the
protein databank (PDB ID: 6AR4), corresponds to a compound from the series with
an ICs, value of 600 nM. Unfortunately, these compounds were unable to cross the
blood brain barrier, preventing any potential use as drug candidates. However, they
can still be used as chemical probes in biology studies due to their high potency.

NMR spectroscopy-based screening allowed the detection of weakly binding
inhibitors for the PDZ domain from AF6, which is an essential component of cell
junctions [38]. A dissociation constant (Ky) value of 100 uM, which is in the same
range as last residues from the endogenous EphB2 partner, was obtained with one
analog designed around the rhodanine core. More intensive SAR studies around the
same core were published several years later [39]. The design of new compounds
was guided by molecular modeling using the 3D structure of the PDZ domain of
interest. The new derivatives were again evaluated using an NMR-based approach.

The best compound, a mixture of diastereoisomers, exhibited a 5 uM affinity for AF6-
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PDZ. Molecular docking using the MOE package (http:/ / www.chemcomp.com) was
performed to identify the most likely active stereoisomer from the diastereoisomer
mixture.

Dishevelled (Dvl) is an essential protein in the Wnt signaling pathway that relies on
its PDZ domain for transduction of downstream signals [11]. Interestingly, a known
sulindac drug was shown to inhibit the canonical Wnt signaling pathway by binding
to the PDZ domain of Dvl [40]. NMR experiments enabled the determination of the
“sulindac / PDZ domain” complex and concluded that sulindac is located within the
peptide binding pocket of the PDZ domain. Finally, a K; value of 10 uM was
measured for sulindac in a competitive assay with a reference peptide. Additional
chemical compounds, which bind to the Dvl-PDZ domain in the low micromolar
range affinity, were discovered using a protocol involving both molecular modeling
and NMR spectroscopy [11]. In silico experiments employed a structure-based
pharmacophore search using the Unity module from Sybyl [41] to identify small
organic compounds that could mimic the binding mode of the Dapper protein
partner within the PDZ domain. Then, the FlexX docking tool [42] was used to
confirm the ability of selected compounds to act as potential PDZ domain binders.
NMR spectroscopy was used as an experimental method to validate (or not) the
selected compounds. A benzoic acid molecule, which displayed the most significant
chemical shift perturbations, exhibited a 10 uM Ky value. Finally, in vivo studies
confirmed its ability to reduce the growth rate of prostate cancer cell lines. A similar
strategy was used in another study to target the PSD95-PDZ domain [43]. The
binding of the best identified fragment (quinoline-2,7-dicarboxylic acid) was
confirmed using NMR experiments.

Another study focused on the Dvl protein identified small molecules that perturb the

Dvl-PDZ/CXXC5 PPI [44]. Inhibition of this interaction may have potential interest



in bone anabolic osteoporosis therapy by enhancing osteoblast differentiation [44].
More than 50 analogs were synthesized to explore the chemical space around the hit
while also trying to increase the microsomal stability and optimize the
physicochemical properties. Binding modes of representative compounds from the
series were predicted using molecular docking with DOCKER from the Discovery
Studio package [45]. The best compound, which exhibited a Dvl-PDZ binding affinity
of 8 uM, successfully rescued bone loss in an ovariectomized mouse model. These
authors also reported additional studies that focused on the same Dvl protein and
employed various computational approaches to identify other PDZ inhibitors [46,47].
For example, in the work reported by Ma et al. [47], X-ray crystal structures of Dvl-
PDZ bound to an organic compound and snapshots from molecular dynamics
simulations of the Dvl-PDZ/peptide complex guided the creation of pharmacophore
models. These models combined with a virtual screening of a large chemical library
allowed the identification of compounds that could mimic the binding mode of
reference molecules. Fluorescence spectroscopy and NMR experiments confirmed
the binding of several compounds at the Dvl-PDZ/CXXC5 interface, and the best
compound had a K4 value of 22 uM.

Using a combination of NMR, quantitative structure-activity relationship (QSAR)
and structure-based pharmacophore filtering, Shan et al. identified and optimized
inhibitors for the Dvl-PDZ domain [48]. This series of compounds essentially consists
of merging a benzoic acid moiety with two protein residues. The best compound
from the series exhibited a K; value of 1.5 uM in the fluorescence polarization assay.
Potential binding modes were predicted using the Glide docking tool [30] and
matched those from endogenous partners.

Hori et al. reported new inhibitors for the Dvl-PDZ domain using the
“NMR/Docking Performance Index” (NMR-DPI) protocol, which relies on both

NMR and molecular docking experiments [49]. Several reference inhibitors were
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investigated with GOLD as the docking engine [50,51] to select the best scoring
scheme using different scoring functions (ChemScore, GoldScore and ChemPLP) and
with and without consensus scoring. The best scoring protocol was then employed
for virtual screening with a focused library (approximately 5K compounds). In total,
13 compounds were selected to be experimentally tested, and several of them
showed partial proliferation inhibition activity against a triple-negative breast cancer
cell line.

Saupe et al. reported in 2011 a study about the Shank3-PDZ domain [10]. The
ChemBioNet library was first screened using a fluorescence polarization assay, and
one natural product-like scaffold (cyclopentyl-tetrahydroquinoline-carboxylates)
emerged as a PDZ inhibitor. SAR studies around this core were performed to
optimize its potency. The best compound analog exhibited a K; value in the 10 uM
range, and the binding of the compound within the PDZ domain was confirmed by
NMR experiments. Then, X-ray crystallography studies were used to determine the
structure of Shank3-PDZ/inhibitor complex (PDB ID: 305N) and to confirm its
ability to mimic the C-terminal end of the protein partner.

Kegelman et al. disclosed one chemical inhibitor, which targets the first PDZ domain
of syntenin (Synt-PDZ1), using an integrated strategy involving an NMR-based
screening of fragment-like compounds, SAR studies and molecular modeling [13].
More precisely, approximately 5K fragments were initially evaluated using an NMR-
based screening. Two nonoverlapping fragments were identified, and a structure-
based linking strategy was employed to merge them. Ultimately, a combination of
molecular docking studies using GOLD software [50,51] and SAR studies produced a
fused compound that exhibited a dissociation constant (Ky) of 21 yM for Synt-PDZ1.
From a biological point of view, glioblastoma multiform (GBM) is one of the most
aggressive cancers and is associated with short survival times and poor response to

radiotherapy because of its invasive properties. It has been shown that syntenin is
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overexpressed in this kind of cancer. Both genetic and pharmacological strategies to
modulate syntenin reduced invasion gains in GBM cells following radiation. Finally,
intraperitoneal administration of the developed inhibitor improved the survival of
brain tumor-bearing mice.

Finally, we also reported an integrated study by combining proteomic and genetic
techniques with structural biochemistry and molecular modeling, providing a
detailed discovery of small compounds targeting the PDZ domain from GRASP55
[52]. The impacts on germ cell Golgi remodeling and spermatogenesis after
administration of the compound were also studied. First, X-ray crystal structures of
GRASP55 in complex with JAM-C or JAM-B were obtained and revealed that
GRASP55 underwent conformational changes with respect to its free conformation,
with the latter being more open. An in silico protocol involving high-throughput
docking and pharmacophore filtering was performed to identify potential GRASP55-
PDZ inhibitors. A library of 200,000 compounds dedicated to PPIs was used, and
these compounds were docked into the binding site of the closed GRASP55-PDZ
conformation using the Surflex docking tool [53], thereby producing millions of
poses. Pharmacophore filtering, using Unity package from Sybyl [41], was then used
to extract compounds that could mimic the canonical binding mode of the JAM
peptides. Approximately 50 molecules were purchased and tested experimentally
using homogeneous time-resolved fluorescence (HTRF), leading to the identification
of a chemical compound that inhibited the GRASP55-PDZ/JAMs interaction with an
ICs, of 8 uM. Unfortunately, despite intensive efforts, an X-ray crystal structure for
this compound in complex with GRASP55-PDZ was not obtained. In the end, the
biological relevance of the GRASP55-PDZ/JAM-C interaction in spermatogenesis
was validated using both genetic ablation of the encoding GRASP55 gene and
disruption of this PPI using a small organic compound. Treatment of mice with the

inhibitor induced premature release of spermatids and germ cell loss, and thus, this
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inhibitor has potential to be used as male contraception.

3. Conclusion

There is growing interest in the development of compounds able to modulate PPIs,
as they control a large number of physiological events and are involved in many
diseases [54,55]. However, PPIs are considered challenging targets for the
development of chemical probes or drugs. PDZ domains belong to PPI networks,
and therefore are essentially considered poor druggable targets. This is confirmed by
the screening of large compound libraries in which no high affinity hits were yet
identified [20]. Despite this classification as being poor druggable targets, dozens of
studies have reported small organic compounds able to disrupt PPIs between PDZ
domains and their endogenous protein partners. Various strategies involving a
combination of experimental screening, biophysical methods, molecular modeling
and organic chemistry were employed to tackle the development of PDZ inhibitors.
However, most nonpeptide compounds reported thus far exhibited moderate affinity
in the 10 uM range. Promisingly, several integrative studies recently reported
submicromolar compounds, enabling future opportunities for the use of PDZ
inhibitors as important tools to decipher biological processes and as potential

therapeutics to treat some cancers and neurological diseases.
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Figure Captions

Figure 1: 3D crystallographic structure of the second PDZ domain of Syntenin
(Synt-PDZ-2). (A) General fold of Synt-PDZ-2. The protein is shown as cartoon
representation and the carboxylate binding loop is highlighted. (B) Structure of
“Synt-PDZ-2 / peptide” complex (PDB ID: 10BY). The PDZ domain and peptide (C-
terminus from Syndecan-4: TNEFYA) are displayed as surface and sticks
representation, respectively. The shallow hydrophobic subpocket, recognizing the

terminal hydrophobic tail from the peptide partner, is highlighted. (C) Detailed view
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of “Synt-PDZ-2/peptide” complex. The PDZ domain and its peptide partner are
displayed as cartoon and sticks representation, respectively. Direct hydrogen bonds
between both entities are represented as black dashed lines. Syntenin residues
involved in hydrogen bonds with the peptide partner are colored in pink. (D) Two-
dimensional interaction diagram between PDZ-2 domain of Syntenin and TNEFYA

peptide partner. 3D structures were generated using Pymol (www.pymol.org) and

MOE (https:/ /www.chemcomp.com) was used to create the 2D interaction diagram.

Figure 2: 2D structures and references of small organic inhibitors discussed in the

minireview.
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