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Abstract

PDZ domains are important interaction modules in many intracellular pathways and abnormal

activations of many of those pathways lead to diseases, including several types of cancer. The

domains are characterized by the ability to recognize the extreme COOH-terminus of target

proteins, such as G protein-coupled receptors and ion channels. Because PDZ protein-protein

interaction is a key factor in the function of cellular pathways and signal transmission in those

pathways, developing small-molecule inhibitors to compete with PDZ targets is very attractive in

dissecting molecular mechanisms and formulating pharmaceutical agents. Moreover, there is a

growing interest in developing small-molecule drugs to block signaling within cells. The

modulation of PDZ-involved interactions in cells might be an approach to target the G protein-

coupled receptors and ion channels, which are among the most important classes of drug targets in

the pharmaceutical industry today. Here, we review recent progress in the development of small-

molecule PDZ inhibitors, and especially focus on two PDZ domain-containing target proteins,

postsynaptic density 95 and dishevelled.

Introduction

PDZ [postsynaptic density 95 (PSD-95), disc large (Dlg), and zonula occludens 1 (ZO-1)

homology] domains are protein-protein interaction modules that are found in bacteria, yeast,

plants, and animals.1 They exist in single or multiple copies and in combination with other

interaction modules, such as SH2, SH3, PTB, and WW domains. Most PDZ proteins are

scaffold proteins, and only a few of them have catalytic functions.2,3 PDZ domains are ~90

residues long and are folded into a compact globular structure comprising six β-strands (βA

~ βF) flanked by two α-helices (αA and αB).4 PDZ domains recognize the extreme C-

terminal and/or internal sequence of their target proteins.5 The C-terminal region of target

proteins forms an additional β-strand in the groove between the βB-strand and the αB-helix

structure of the PDZ domain, and the ligand carboxylate is hydrogen-bonded with the

backbone amide of the first loop region of the PDZ domain.6 These interactions play a

critical role in many cellular and biological processes, such as cell-cell junctions, signaling

pathways, and subcellular membrane trafficking.3,7,8 Several studies have provided solid
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evidence that PDZ domains are involved in human congenital diseases and in regulating

aspects of cytoarchitecture in mice.9,10 The development of a modulator for targeting PDZ

protein-protein interactions in complex diseases will therefore give a promising opportunity

to understand and to control many cellular and biological processes that lead to cancers and

other disorders.11

Another reason that PDZ domain are drawing more attention is because PDZ domain

proteins can recognize important drug targets, including G protein-coupled receptors

(GPCRs) and ion channels inside cells.12,13 For example, PICK1, which is one of the well-

characterized PDZ-containing proteins, interacts with several subtypes and subunits of the

glutamate (Glu) receptor family, a well known GPCR protein. This GPCR protein has a key

role in a number of neurological disorders, such as stroke. GPCR drugs accounted for ~30%

of the small-molecule drugs on the market 5 years ago.14 Most of them focus on outside-in

signaling by targeting GPCRs. However, these drugs vary in effectiveness due to well-

recognized off-target effects. Recent efforts to develop GPCR drugs have extended to block

signaling inside cells by targeting downstream components in cellular pathways.15 Several

small-molecule inhibitors for targeting downstream signaling have been tested in clinical

trials and look promising.15 Thus, blocking the interaction between the PDZ domain and the

C-terminal region of GPCRs specifically might be a way to develop new therapeutics.11

Several groups have begun the search for novel antagonists that target PDZ protein-protein

interactions.16–27 Recent studies have shown a bright future for therapeutic use of PDZ

protein-protein interaction antagonism. There are many excellent reviews of the structure

basis and bioactivities of PDZ domain,3,10,11 and in this review, will recent progress in

antagonist development for the PDZ domain.

Most recent progress in antagonist development for PDZ domains have been focused on two

important PDZ-containing proteins, postsynaptic density-95(PSD-95) and dishevelld(Dvl).

The former couples N-methyl d-aspartate (NMDA) receptor activity to the production of

nitric oxide and then mediates NMDA receptor-dependent excitotoxicity and the latter

interacting with Frizzled(Fz) protein is critical for transmitting the Wnt signal downward

into cell.28,29,41 Since these two important PDZ protein-protein interactions are involved in

the several diseases including several type of cancers, the identification of small-molecule

inhibitors for blocking these interactions provides a potential therapeutic approach to cure

them.

Antagonists of PSD-95 PDZ/NMDA and PSD-95/nNOS interaction

The N-methyl d-aspartate (NMDA) receptor, one of the major excitatory neurotransmitters

in mammalian central nervous systems, plays an essential role in the normal physiology of

neurons. Overstimulation of NMDA causes glutamate-induced excitotoxicity, including

stroke, brain trauma, and epilepsy.9 Many treatments of glutamate-induced excitotoxicity by

NMDA receptor inhibitors have been tested. However, most of them failed in clinical trials

due to adverse effects.38–40 Thus, the search for alternative approaches to mediate NMDA

receptors has become quite active in recent years. One potential approach is to block

downstream excitotoxic signaling instead of inhibiting NMDA receptors.9 The most
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attractive target is the interaction between NMDA receptors and PSD-95, a target protein

downstream of the NMDA receptor signaling pathways.

The PSD-95 protein contains three non-identical PDZ domains, an SH3 domain, and an

inactive guanyl kinase (GK) domain (Figure 1). Of the three PDZ domains of PSD-95, the

second (PDZ2) was extensively investigated.39,41–47 PDZ2 binds to the COOH-terminus of

NMDA receptor NR2 subunits as well as the internal sequence of neuronal nitric oxide

synthase (nNOS).42,46 This binding couples NMDA receptor activity to the production of

nitric oxide, which plays important roles in the central nervous system as a messenger

molecule.48 The effect of blocking PSD-95/NMDA (or nNOS) protein-protein interaction on

ischemic brain damage in rats was investigated using a Tat peptide consisting of the nine

COOH terminal residues of the NR2B subunit, Tat-NR2B9c.43 Remarkably, the antagonist

of NMDA receptor/PSD-95 interaction suppressed excitotoxicity and ischemic brain damage

in rats effectively without affecting NMDA receptor activity.43 Very recently, Cui et al.42

conducted the proteomic analysis of the interactions of neuronal signaling proteins with

human PDZ domains (> 6,500 interactions) using an ELISA-based assay. They found that

the Tat-NR2B9c peptide binds specifically to PSD-95 family members (PSD-95, PSD-93,

SAP97, and SAP102) and Tax interaction protein 1 (TIP1). As they suppressed the Tat-

NR2B9c-binding proteins in primary murine neuron culture by RNA interference, notably,

only neurons lacking PSD-95 or nNOS, but not other PDZ domains, exhibited reduced

excitotoxic vulnerability. The results suggested that PSD-95 inhibition might be a target for

treatment for stroke. A phase I clinical trial is ongoing for a drug based on the Tat-NR2B9c

peptide by Arbor Vita Corporation and NoNO Inc.42 Besides the PDZ2 domain, other PDZ

domains (PDZ1 and PDZ3) in PSD-95 were also studied.23,49 Spaller et al.21,26 designed

and investigated monovalent linear and cyclic peptides to target the first and third PDZ

domains of PSD-95. However, the role of those domains in disease remains unclear.50

Non-peptide inhibitors for the PSD-95 PDZ2 domain were also identified by separating the

effective components from traditional Chinese medicine preparations used in stroke therapy,

such as extracting flavonoids from Scutellaria baicalensis extracts.44 Four flavonoid-family

natural products, baicalin, norwogonoside, oroxylin A-glucuronide, and wogonoside, were

found to bind to PDZ2, as shown by the nuclear magnetic resonance heteronuclear single

quantum correlation technique. Their binding motif was distinct from that of the NR2B-

PDZ2 binding complex. It was characterized by minimal chemical shift changes in the

GLGL-loop, which are involved in key binding interactions in the PSD-95 PDZ2/NR2B

peptide complex. The lack of key binding interactions directly resulted in weak binding

affinity (Kd ~10 mM) for these extracts. However, this binding motif is very helpful in

identifying new leads for developing drugs to target NMDA receptor signaling pathways.

Antagonists of Dishevelled/Frizzled interaction

Dishevelled (Dvl) proteins, consisting of ~700 amino acid residues, are a key component in

Wnt signaling pathways, which are involved in embryo development and in malignant

diseases.28,29 At least three such pathways, including Wnt/β-catenin, Wnt/planar-cell

polarity, and Wnt/Ca2+ pathways, have been identified.28 Three homologues, Dvl1, Dvl2,

and Dvl3, were identified in mammalian systems. The Dvl protein contains three highly
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conserved domains: an N-terminal DIX domain that binds to Axin, a central PDZ domain

that is involved in protein-protein interactions, and a C-terminal DEP domain that functions

in membrane relocation and protein-protein interactions (Figure 1).30–32

In Wnt/β-catenin signaling, Wnt ligands bind to the co-receptors of LRP5/6 and Frizzled

(Fz), a 7-transmembrane domain protein, and activate the phosphoprotein Dvl. The activated

Dvl protein relays the Wnt signals to the downstream components. Although the mechanism

involving Dvl remains unclear, the GSK-3–dependent phosphorylation of β-catenin is

suppressed. The β-catenin accumulates and enters the nucleus to activate the Wnt target

gene. Although the role of Dvl in Wnt pathway is not completely understood yet, we

demonstrated that the protein-protein interaction between the membrane-bound Fz receptor

and the Dvl protein in the cytoplasm plays a key role in conveying Wnt signals downward.31

Using nuclear magnetic resonance spectroscopy we showed that the Dvl PDZ domain

directely interacted to a conserved sequence (KTXXXW) in Fz, localized two residues after

the seventh transmembrane domain.31,33 We also found that a short Fz7 peptide from the

internal sequence motif attenuated Wnt1-induced β-catenin signaling, implying that the

inhibitors of Dvl PDZ domain block Wnt signaling effectively at the Dvl level. Moreover,

the importance of the Dvl PDZ domain is emphasized by the observation that Dvl protein is

overexpressed in several cancer cells and tissues.34–36 Dvl overexpression is critical to Wnt

signaling activation in these cancer cell lines. Uematsu et al.34 underlined the importance of

the Dvl PDZ domain in malignant pleural mesothelioma, showing that a PDZ domain

deletion mutant (ΔPDZ-Dvl) cells inhibits endogenous Dvl and stabilizes cytosolic β-catenin

in mesothelioma and downregulates the downstream target genes. They also showed that

transfection of ΔPDZ-Dvl inhibits tumorigenicity of mesothelioma cell lines in soft agar and

in athymic mice. In non-small cell lung cancer cell lines, they found that Dvl-3 was

overexpressed in 75% of freshly microdissected cancer samples compared with autologous

matched normal tissues.35 Small interfering RNA designed to inhibit the Dvl protein

reduced β-catenin expression and its TCF-dependent transcriptional activity. The results

confirm that Dvl is a possible therapeutic target for the development of novel molecular

treatments in several cancers.

To date, two successful antagonists targeting Dvl/Fz interaction have been reported.16,37

Shan et al.37 discovered a peptidomimetic compound (NSC668036) that can bind to the Dvl

PDZ domain with a binding affinity of ~237 μM using structure-based virtual ligand

screening and nuclear magnetic resonance experimental tools. The National Cancer Institute

(NCI) three-dimensional small-molecule database that includes the coordinates of more than

250,000 drug-like chemical compounds was virtually screened for the best hits. In Xenopus

embryos, NSC668036 inhibited Wnt3A-induced, but not β-catenin-induced, canonical

Wnt/β-catenin signaling, indicating that the compound may block Wnt signaling at the Dvl

level. Fujii et al.16 reported that FJ9, another interesting non-peptide antagonist targeting

Dvl/Fz interaction, showed potential therapeutic usage. The compound suppressed β-

catenin–dependent tumor cell growth in human cancer cells and in a mouse xenograft

model. Both NSC668036 and FJ9 provide a structural basis for the rational design of high-

affinity inhibitors of the Dvl/Fz7 interaction. Additional studies are in progress to find more

efficient compounds for clinical use.
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Perspective

The development of inhibitors for targeting PDZ protein-protein interaction is now in

progress and the initial successes have been achieved so far are very exciting.16–18,20,25,27

However, there are several challenges to using them for therapeutic treatments.9,11,42 First

of all, due to the diversity of PDZ domains (~500 PDZ domains- in the human genome) and

the fact that many of them have similar binding sites, developing small-molecule inhibitors

targeting specific PDZ/target interactions is – challenging task.1 Further, one commonly

used approach is to use a peptide inhibitor that mimics the binding site of the target protein,

as shown in the example of the antagonist for targeting the PSD-95/NMDA protein-protein

interaction42,43 However, the peptide inhibitor might suffer from bioavailability limitations,

such as metabolic stability and unfavorable physiochemical properties, which could reduce

its therapeutic benefit. To overcome such limitations, modification of peptide inhibitors,

such as β-strand peptidomimetic and cyclic peptides, for PDZ protein-protein interaction

was suggested.22,51 The development of small organic molecules is also a promising

approach. However, structural information about PDZ-ligand complexes is limited, which

may prevent the further optimization of PDZ/target antagonists.27 More thorough

understanding of the structural basis of PDZ domains with distinct binding sites and more

efficient methods to select proper templates to design inhibitors with high specificity are

urgently needed to develop therapeutics targeting PDZ protein-protein interaction.37
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Figure 1.
The schematic structure of dishevelled and PSD-95 proteins.
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Table 1

Antagonists of PDZ protein-protein interactions.

Target Antagonist Phase of development Roles/Functions

PSD-95 PDZ2/NMDA (N-
methyl d-aspartate) or
nNOS

NA-1 Phase I (Ending March
2007)

Treatment of ischemic brain damage; in animal
toxicity studies, NA-1 showed safety and
tolerability after intravenous administration.42

PSD-95 PDZ2/NMDA (N-
methyl d-aspartate) or
nNOS

Flavonoids Lead Flavonoids bind to the PSD-95 PDZ2 domain.44

Dishevelled PDZ/Fz7 Wnt
receptor

Fz7peptide
(GSKTLQSWRRYH)
Dapper peptide
(SGSLKLMTTV)

Biological study In Xenopus embryos, Fz7(or Dapper) peptide
attenuates Wnt3A-induced canonical Wnt
signaling.31

Dishevelled PDZ/Fz7 Wnt
receptor

NSC668036 Biological study HIT In Xenopus embryos, NSC668036 inhibits the
canonical Wnt signaling induced by Wnt3A.37

Dishevelled PDZ/Fz7 Wnt
receptor

FJ9 Lead Induction of apoptosis in human cancer cell lines
and tumor growth inhibition in a mouse
xenograft model.16
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