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The PDZ (Postsynaptic density protein-95/Discs large/Zonula Occludens-1 (1))
protein domain family is one of the most common protein-protein interaction modules
in mammalian cells, with paralogs present in several hundred human proteins (2).
PDZ domains are found in most cell types, but neuronal proteins for example are
particularly rich in these domains (3). The general function of PDZ domains is to
bring proteins together within the appropriate cellular compartment, thereby
facilitating scaffolding, signalling and trafficking events. The many functions of PDZ
domains under normal physiological as well as pathological conditions have been
reviewed recently (3,4). In this review we focus on the molecular details of how PDZ

domains bind their protein ligands and their potential as drug targets in this context.

Structural details of binding

PDZ domains consist of roughly 90 amino acid residues, which fold into a globular
shape with a BpPapPapf topology (Fig. 1). The first and last B-strand form part of a
larger B-sheet and the C- and N-termini usually connect to other structural units in
multi-domain modular enzymes and other proteins (2,3). The binding of PDZ
domains to proteins mediates various events, including the formation of protein
networks and the immobilization of enzymes at correct intracellular locations. PDZ
domains generally bind the C-terminus of target proteins in a shallow pocket between
the B2 strand and the a2 helix (Fig. 1) (5,6). In doing so the C-terminal residues of the
ligand form an extended anti-parallel 3-sheet with 32 and 33 of the PDZ domain. The
C-terminal carboxylate group binds to the backbone of a conserved loop in the PDZ
domain, called the carboxylate-binding loop. It is sometimes denoted the GLGF loop

due to a well-conserved motif in the sequence responsible for this binding. If the



carboxylate is replaced with an amide the affinity will drop by two orders of
magnitude, showing the importance of a carboxylate in the C-terminus of the ligand
(7). The backbone hydrogen bonds of the extended p-sheet and those of the
carboxylate are conserved features of the canonical PDZ-ligand binding (i.e., binding
of a C-terminal peptide ligand) and are not believed to add much specificity to the
interaction. However, different amino acids could in principle favour certain
conformations over others and in this way modulate the affinity. The interactions of
the side-chains of the protein ligand with the PDZ domain add further binding energy,
in particular those at positions 0 and -2 (counting from the C-terminal, see Fig. 1). It
is common to have a hydrophobic side-chain such as Val at position 0 (8) that fits into
a hydrophobic pocket in the PDZ domain. However, the contribution to binding from
the C-terminal side-chains varies considerably among different PDZ-ligand
interactions and will contribute specificity to the binding (8-11).

In addition to the canonical interaction, PDZ domains also bind internal motifs such
as a P-finger in neuronal nitric oxide synthase (7,12-14). In this case a sharp turn
between the strands allows binding without a carboxylate, and the first strand of the
B-finger will bind in a similar manner as that of the canonical PDZ-ligand interaction.
An internal motif of Dishevelled PDZ was identified by peptide phage display, where
an aspartate side chain could replace the carboxylate group, demonstrating that many

sequences are potential PDZ ligands. (15).

Specificity and promiscuity
It has been noted that PDZ domains are typically promiscuous with respect to their
binding to the amino acid sequence of a given C-terminal ligand, as demonstrated

with designed peptide libraries (10). An early classification based on specificity



divided PDZ domains into three main classes (I, II and III). However, analysis of all
PDZ domains in mouse suggested that such classification is somewhat superficial and
that PDZ domains display a broad and overlapping range of specificities (8).
Nevertheless, PDZ domains typically require a hydrophobic residue at the C-terminal
position of the ligand, which fits into a hydrophobic pocket. Further, a polar residue
that hydrogen bonds to a conserved residue(s) in the PDZ domain(s) is often found at
position -2 of the ligand. Within these constraints, virtually any amino acid side-chain
at positions -1 and -3 would give comparable affinity, on the order of low uM to 0.1

mM.

Given that mammalian genomes encode hundreds of proteins that often contain
several PDZ domains, how can specificity be achieved within the cellular context?
There is currently no clear answer to this question, but there are a number of
suggestions. One explanation is that the combination of residues in the binding site
affords enough specific interactions to achieve the necessary selectivity (16), for
example through peptide positions -1 and -3 (17). In PSD-95 PDZ3 the Tyr-5 clearly
influences the affinity (11) and it is possible and even likely that other residues in the
protein ligand could interact with surfaces on the PDZ domain outside of its ligand-
binding pocket (18,19). Other factors that might fine-tune the specificity include
intradomain allostery and arrangement of PDZ domains into supramodular structures,
both of which are discussed in more detail below. In addition, some ligands become
available for binding upon activation by, for example, phosphorylation. This is
exemplified by phosphorylation of stargazin, an auxiliary subunit of AMPA-type
glutamate receptors, which releases the C-terminus from the membrane and allows its

binding to PSD-95 (20). However, phosphorylation is a highly versatile regulator of



PDZ-peptide ligand interaction. Notably, phosphorylation of a Thr within the
stargazin PDZ binding motif has the opposite effect, disrupting its ability to bind
PSD-95 (21). The regulation of PDZ-ligand interactions by phosphorylation has been

discussed in more detail by Lee and Zheng 2010 (22).

However, if all potential cellular ligands were competing for binding to all potential
PDZ domains it is unlikely that these mechanisms are sufficient to explain cellular
selectivity, thus, compartmentalization is probably a major factor (10,23). For
example, within a certain cellular compartment such as the synapse only those PDZ
domains and ligands relevant for the scaffolding and signalling would be expressed.
Competition for ligands would be reduced and the observed optimized selectivity (8)

1s sufficient to maintain cellular functions.

Binding of lipids by PDZ domains.

While the most common interactions mediated by PDZ domains are those with short
C-terminal stretches of the target protein, binding to alternative ligands appears to be
possible. For example, it is known that some PDZ domains are capable of binding
phosphatidylinositol lipids (24). In analogy to the protein-protein interactions
mediated by PDZ domains, PDZ-lipid interactions might provide a mechanism for
sensing phosphoinositide signalling and regulate the localization of PDZ proteins
within membranes (25). The mechanisms of binding and selectivity of PDZ domain

and phosphoinositol ligands are generally poorly understood.

In the case of the second PDZ domain from PTP-BL, a splice variant containing a five

amino acid insertion at the end of B2 undergoes a minor change in conformation that



decreases the affinity of the PDZ domain for its peptide ligand (26). Interestingly,
such a modification positively affects the binding to phosphatidylinositol ligands (27).
However, no direct competition experiments have been conducted on PTP-BL PDZ2
and the direct relationships between its lipid and peptide binding awaits further

investigation.

One of the most vivid depictions for the mechanism of phosphatidylinositol ligand
recognition by PDZ domains has been recently provided for PDZ2 of polychaetoid
(28). Zimmermann and co-workers used a combination of modelling, mutagenesis,
surface plasmon resonance and localization studies to show that this PDZ domain
interacts with phosphatidylinositol phosphates with an apparent affinity in the
micromolar range, comparable to PDZ-peptide interactions. Interestingly, the affinity
of the interaction increases about 6-fold when the lipid binding experiments are
performed in the presence of a peptide ligand of the same PDZ domain. These data
indicate that the lipid and peptide binding pockets in PDZ domains are likely to be
distinct and may act co-operatively to fine-tune the recognition of the different
partners (28). Another lipid-binding PDZ protein is syntenin-1. This protein has two
tandem PDZ domains that regulate its plasma membrane localization. Interestingly,
the membrane interaction is modulated by phosphorylation of an N-terminal
extension as well as by electrostatic interactions through a C-terminal extension of the

PDZ tandem (29).

However, by and large, the relationship between the peptide and lipid binding of PDZ

domains is still an open question. The structural and biochemical aspects of PDZ-lipid



interactions and the consequences for peptide interactions have been recently

reviewed in more detail (30,31).

Mechanisms of binding

When a single PDZ domain binds to a peptide corresponding to a cellular ligand, the
observed kinetics follow a simple two-state reaction, at least when the ligand (or PDZ
domain) is present at concentrations below 100 uM. It is therefore likely that under
cellular conditions the PDZ domain is present either in its ground state or in its ligand
bound state, without the presence of any low energy intermediates (Fig. 2). The
magnitude of the rate constants for binding is in the order of 1-100 s™' (dissociation
rate constant, ko) and around 10’ M™'s™ (association rate constant, ke, at 25 °C. We
can extrapolate association and dissociation rate constants at the physiological
temperature (37 °C) from experiments at lower temperatures (32,33) to be in the order
of 10° M's™ and 200-1000 s, for ke, and kg, respectively. Such rate constants are
probably optimal for signalling modules like PDZ domains, where a fast response to
an external stimulus may be desirable. The rate constants for the interaction between
nNOS PDZ (via its B-finger) and PSD-95 PDZ2 were measured as 1 x 10’ M™'s™ and
8 s at 37 °C (C.N.C. and P.I., unpublished data), where the lower ko, probably
reflects conformational changes during this non-canonical type of binding (see
below). It is also clear that PDZ domains generally modulate their affinity by changes
in ko (34), that is, through short-range interactions like hydrogen bonds or
hydrophobic interactions rather than long-range charge-charge interactions or
conformational equilibria. Furthermore, these short-range interactions form after the
major energetic barrier for the binding reaction is overcome, as shown by mutagenesis

of peptide ligand side-chains (14,34). However, further studies are needed to



understand the structural details of the initial events of the binding reaction. Several
computational studies have also looked at PDZ-ligand interactions, for example ref.
(35), where they observe initial binding for the C-terminal peptide residue. Given the
wealth of detailed experimental data, the PDZ domain will most likely serve as a
model system for the development of computational predictions of protein-ligand
interactions, which will also benefit drug design related to PDZ proteins (discussed

below).

In experiments where the peptide ligand concentration was increased to several
hundred uM, the observed binding kinetics suggested a change in the rate-limiting
step, from the bimolecular encounter event to a conformational change, in accordance
with the induced fit mechanism (32,33). These experiments were however questioned
by NMR experiments, in which the intermediate could not be detected by "N
relaxation dispersion (36). NMR is a high-resolution technique, but with low
sensitivity and at equilibrium the concentration of the proposed intermediate will be
low for all concentrations of peptide ligand. It may therefore be below the detection
limit of the NMR experiment under the given conditions. In contrast, fluorescence
and Forster resonance energy transfer (FRET) are sensitive to very small changes in
structure, although give little information about the actual structure itself. Therefore,
the conflicting results may be explained by differences in the experimental techniques
used. Nonetheless, any structural rearrangements resulting from peptide binding to
PDZ domains would be minor, as observed for SAP97 PDZ2 where numerous

structures exist with and without ligand(36-40).



One example of small but significant structural re-arrangements upon ligand binding
is that of PDZ2 of syntenin (41). Interestingly, the changes observed by X-ray
crystallography were ligand dependent, indicating a possibility for plasticity within
the PDZ ligand-binding pocket. Another example is the conformational change in
Par-6 PDZ induced by binding of Cdc42 (42), which results in a 10-fold increase in
affinity towards a peptide ligand. In both of these examples, the a2 helix experiences
a small structural transition, which was also found in NMR experiments with PTP-BL
PDZ2 (33). Thus, the position of this helix may be a common way for PDZ domains
to modulate the affinity, allosterically as for Par-6 or through direct interactions upon

binding of peptide ligand.

An alternative mechanism by which PDZ domains act as allosteric switches is
represented by quality control proteases. Controlled proteolysis is a complex reaction
underlying many molecular processes. High Temperature Requirement A (HTRA)
proteases are a class of proteases mediating ATP-independent quality control (43).
HTRA proteins are characterized by a conserved architecture consisting of a funnel-
shaped trimer of protease domains, forming a core with protruding PDZ domains (44).
Here the PDZ domain plays a critical role both in substrate recognition and in
allosteric activation. The first detailed mechanism of HTRA activation was elucidated
for bacterial DegS (45). In this case the PDZ domain inhibits DegS activity by
directly capturing a loop of the protein. Stress signals (C terminal peptides of dis-
localized proteins) bind to the PDZ domain and induce a conformational change

through displacement of the captured loop, ultimately leading to protease activation.

Sparse energetic networks



Is it only the binding pocket that determines binding affinity and specificity? It has
been suggested that residues distal from the first interaction sphere in PDZ domains
could modulate the binding via intradomain allostery (46-50). The word allostery is
classically used for multi-subunit proteins where binding of one molecule, for
example CO, in haemoglobin, promotes a structural change that modulates the
affinity of another molecule at another site (O). The intradomain energetic cross-talk
observed for PDZ domains is perhaps more appropriately denoted as "plastic binding"
rather than allostery and could, for example, work through the interactions of side-
chains in sparse networks. These interactions may not require conformational
transitions, but could rely entirely on changes in side-chain dynamics (51,52). The
functional role of such energetic connectivity between amino acid residues has been
under debate since Lockless and Ranganathan predicted a sparse energetic network in
PDZ domains, based on multiple sequence alignment and statistical coupling analysis
(50,53). The PDZ domain family served as a good model system since a large number
of sequences from the many hundreds of mammalian homologs were available in the
sequence database.. Overlapping or even distinct networks have thereafter been
predicted by various computational methods, for example rotamerically induced
perturbation (54), perturbation response scanning (55), lattice models (56), molecular

dynamics simulations (49) or NMR-constrained molecular dynamics (57) (Fig. 3).

There is experimental evidence for sparse networks in PDZ domains. Lee and co-
workers used NMR relaxation methods to demonstrate that certain residues in PTP-
BL PDZ2 display changes in dynamics upon ligand binding (Fig. 3) or mutagenesis
(46,47). In a later work they conclude that dynamics of the PDZ fold might be a

conserved feature, which affects function (58). Indeed, modulation of intrinsic
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dynamics upon ligand binding is one plausible mechanism to explain sparse energetic
networks. Small but significant changes in chemical shifts upon peptide binding for
residues distal from the binding pocket were found for other PDZ domains as well,

such as SAP97 PDZ2 (19) and AF-6 PDZ (59).

In another approach, double mutant cycles (60) were constructed to probe for
energetic connectivity between two side-chain residues either within the PDZ domain
(61) or between residues of the PDZ and those in a cognate peptide ligand (48).
Initially no particular network was observed using double mutant cycles with the
conserved His372 residue within the PSD-95 PDZ3 domain, but rather a dependence
on distance, which questioned the experimental part of the initial paper on sparse
networks (50). However, by investigating energetic coupling to residues in the peptide
ligand distinct patterns of energetic connectivity in PSD-95 PDZ3 as well as in PTP-
BL PDZ2 were found (48). These patterns were neither distance dependent nor
conserved for the two PDZ domains. They were also different from the co-evolved set
of residues, although some residues are common. Moreover, distinct energetic
networks can be associated with different peptide residues as observed in the double
mutant cycle; for example, for PSD-95 PDZ3, the side-chain at position O in the
peptide is associated with a network that is distinct from the network associated with
position -2. Further, the networks identified in PTP-BL PDZ2 and PSD-95 PDZ3 are
distinct from each other. While the precision is high in these experiments there is
always a risk that the mutation itself affects any pre-existing energetic network.
However, the distinct spatial patterns of the networks suggest that they are not a
product of the experimental approach. Importantly, three out of the four energetic

networks identified by Gianni et al. (48) had mainly positive coupling energies,
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AAAGc. This means that the first mutation (in the PDZ) decreases the effect of the
second mutation (in the peptide) and suggests that the overall arrangement of amino

acid side-chains is optimized for binding of a particular ligand side-chain.

We conclude that sparse energetic networks have been predicted and experimentally
verified in PDZ domains. Experimental and predicted networks share some common
structural regions, but do not always agree (Fig. 3). Such discrepancies may be due to
the experimental or computational approach used to find the networks. Nevertheless,
these networks may fine-tune the specificity of PDZ domains for their target protein
ligands (48), possibly through changes in side-chain dynamics (58). Ultimately, more
data, preferably derived from a cellular context, will be necessary to verify the

functional significance of these sparse networks.

Functional and structural effects of PDZ domain extensions

A PDZ domain extension can be described as a structural element immediately before
or after the canonical PDZ fold. In terms of structural characteristics, these structural
elements could range from o-helices or f-strands to disordered regions. PDZ
extensions are common and it is estimated that over 40% of PDZ domains contain
extensions in the N and/or C terminus (62,63). As discussed above, the question of
how binding specificity is achieved in the PDZ family has challenged the field and the
recent discovery that PDZ extensions are very common may help explain how PDZ
domains recognize different C-terminal ligands. Apart from stabilizing the overall
fold, PDZ extensions modulate function by increasing the interface for ligand binding

and/or through dynamic responses. The focus of this section is to describe how some
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PDZ extensions influence binding affinity for PDZ domains, with emphasis on recent
experimental data.

One of the most studied PDZ domains, PSD95 PDZ3, has the typical PDZ fold but
contains an additional a-helix, a3 at its C-terminus (5), which carries a putative
phosphorylation site (64). Phosphorylation of the helix leads to its displacement from
the canonical part of the PDZ domain. The absence of this helix does not appear to
change the overall structure of PSD-95 PDZ3, but its thermodynamic stability is much
reduced. In addition, the affinity towards C-terminal peptides is reduced (ca. 20-fold)
when the a3 is deleted (65). Isothermal titration calorimetric (ITC) experiments
showed that entropy is the main contributing factor to the binding free energy
between PSD-95 PDZ3 with a deleted a3 helix and the peptide ligand (65). Further,
analysis by NMR showed that this entropy change is due to a dynamic response of the
methyl side-chains of the PDZ domain on interaction with the ligand. Our on-going
work on the same system shows that the peptide undergoes structural transitions from
the unbound to the bound conformations with most of the peptide residues making
contact with the protein, including the a3 helix (Chi et al., unpublished). Thus, a
combination of a dynamic response and direct interactions to the ligand seem to drive

the binding of PSD-95 PDZ3 binding to peptide ligands.

Another well-characterized C-terminal extension is found in PDZ2 of NHERFI,
which harbours two helices at its C-terminus, a3 and o4. Bhattacharya et al. (62) used
NMR and found resonance shifts in the HQSC spectrum for the NHERF1 PDZ2 wild
type in comparison to a variant where the two helices were deleted. The a3 and 04
helices are located far away from the binding pocket, but their deletion drastically

reduces the affinity to the ligand, the C-terminal domain of CFTR as well as the
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stability of the PDZ2 domain of NHERF1. This was interpreted as an intramolecular

interaction between the core PDZ domain and the a3/04 helices.

A third example is the MAGI PDZI, where Charbonnier and co-workers (66)
determined the structure of MAGI PDZI1 in complex with the ligand, the C-terminal
domain of the E6 protein from human papilloma virus by NMR. They showed that the
C-terminal extension of MAGI PDZ1, which is highly dynamic and unstructured in
solution in the free state, becomes more structured upon interaction with the E6
peptide. In particular they found that residues S113, L114 and V115, in the C-
terminal extension, were making intermolecular interactions with the E6 peptide.
Mutations introduced at these positions drastically lower the affinity between MAGI
PDZ1 and the E6 peptide (66). Other extensions play no obvious functional role; for
example, removal of the a3 in the C-terminal extension has no effect on the binding
affinity of PDZ3 of ZO-1 to a Cx45 peptide (67), while the flanking SH3 domain has
a profound effect as described in the next section. For a more detailed discussion on

PDZ extensions, see ref. (63).

PDZ as a modular domain - implications for binding

It is clear that PDZs often exist as concatemers of two or more domains in a single
protein and are also closely associated with non-PDZ type domains such as SH3. How
important are adjacent domains for the function of PDZ domains? In some cases it is
clear that tandem PDZ domains work as one functional unit, for example the GRIP
PDZ1-2 and PDZ4-5 tandems, where one needs the other to fold (68), and the
harmonin NPDZ1 domain where the N-domain of harmonin promotes the proper

folding of PDZ1 (69). Flanking PDZ domains are also important as they have
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different specificities. For example, in PSD-95, PDZ1, 2 and 3 may bind two or three
different proteins simultaneously, e.g., the NMDA receptor, nNOS and CRIPT,

respectively (3).

Similarly to the extra structural motifs, flanking domains could also affect binding
specificity through allosteric effects or by blocking access to the binding pocket.
PDZ1 of PTP-BL interacts with its adjacent domain (PDZ2) and influences the
binding specificity of the PDZ2 domain (70). The binding interface between PDZ1
and PDZ2 (at al/p1 in PDZ2) is located opposite to the peptide-binding groove. The
observed allosteric effect may be transmitted via the energetically connected residues
that were identified by double-mutant cycles (48), since this network stretches from

the ligand side-chains towards the a.1/B1 surface.

Another well-studied example is the PDZI1-2 tandem of PSD-95. A short linker
connects the two PDZ domains and the tandem is thus a well-defined structural unit
(71). Moreover, it displays some very interesting dynamic features. Whereas the
unbound (apo) PDZ1-2 tandem is essentially rigid, the interdomain motion increases
upon binding of peptide as judged by the correlation times for molecular tumbling
(72). Intriguingly, this is true even for a bivalent ligand (73), which intuitively should
restrict inter-domain dynamics. Such increased dynamics in the ligand-bound state
might increase the affinity of the complex by decreasing the entropic penalty on
binding. However, in terms of binding to peptide ligands this tandem PDZ appears to
function as the sum of the respective PDZ-ligand interaction, or only slightly better
(74). Tt is thus unclear how the observed increase in dynamics would influence

function. In another study the effect of all three PDZ domains of SAP97 on the
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binding kinetics was assessed with the C-terminal domain of the human
papillomavirus E6 protein as ligand (19). Similarly to the PSD-95 PDZ1-2 tandem,
the combined effect of the three domains is relatively well described by the sum of the
individual domains, but with an apparent association rate constant somewhat lower
than expected for the SAP97 PDZ1-2 tandem and somewhat higher for the SAP97
PDZ2-3 tandem. The data were consistent with a small angle X-ray scattering (SAXS)
model of the three connected PDZ domains (75), which showed that a protein ligand

may experience restricted access to one or both of PDZ1-2 of SAP97.

What is the influence of non-PDZ protein domains flanking the PDZ domains?
Recent data support the concept of a supramodule as the functional unit of some PDZ
domains. Pan et al. (67) and Nomme et al. (76) demonstrated that, in the scaffolding
protein ZO-1, the flanking SH3 domain (Fig. 1) improves binding of PDZ3 to its
ligands, Cx45 or JAM-A, respectively. Deletion of the SH3-GK resulted in decreased
binding affinity by one order of magnitude to the Cx45 peptide, while binding to
JAM-A could not be detected in NMR experiments, showing the importance of the
adjacent SH3 in the supramodule. Residues in the o2 helix, in the B2/B3 loop of
PDZ3, and in the linker region between PDZ3 and SH3 make direct interaction to

F519 from B1, W557 from B3, and N576 preceding oA in SH3.

It is clear that neighbouring domains may influence the PDZ-ligand interaction. Thus,
future experiments on such supramodules and on full-length PDZ proteins are
necessary to understand in more detail how PDZ domains interact with their protein
ligands in the context of the cell. In this respect the nature of the ligand should also be

considered, while a short peptide may have full access to the binding groove, the
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natural protein ligand may not. A comprehensive review on PDZ supramodules is

available (3).

Interestingly, the potential of PDZ domains interacting with each other has only
recently been systematically investigated. Chang et al. performed a study of almost all
mouse PDZ domains and systematically probed all possible PDZ-PDZ interactions
(77). Previously it has been demonstrated that for example PDZ6 of GRIP1 and PDZ1
and PDZ2 of NHERFI1 dimerize in a back-to-back fashion, leaving the peptide-
binding groove available for canonical interaction (78,79). Chang et al. (77)
demonstrated that the prevalence of such PDZ-PDZ interactions is highly frequent
with 30% of mammalian PDZ domains engaging in such interactions. The functional

consequences of these findings will be the subject of future studies.

PDZ domains as drug targets

Since PDZ domains are instrumental in numerous important biological processes as
scaffolding proteins that regulate signal transduction and as mediators of trafficking
membrane proteins, they have obvious potential as drug targets. Thus, several PDZ
domain proteins have been suggested as putative drug targets, primarily for
neurological diseases, for example PSD-95 (80), PICK1 (81) and Shank3 (82), and to
cancers, for example AF6 (83), MAGI3 (84), NHERF1 (85), MINT1 (86), SAP97

(19), Dvl1 (87) and GIPC (88).

Inhibition of intracellular protein-protein interactions provides a more subtle approach

to perturb signalling pathways than targeting for example integral membrane proteins
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directly, where the entire signalling cascade down-stream of the receptor is affected.
Thus, inhibitors of protein-protein interaction are believed to mediate their biological
effects with increased meticulousness, thereby potentially providing an efficient and
safe profile. However, targeting protein-protein interactions has been perceived
difficult, due to the generally large and flat protein-surfaces involved in such

interactions (89).

Similar to other protein-protein interactions, those of PDZ domains have appeared
difficult to target with small molecules. The primary reason is the nature of the PDZ
domain binding pocket, which is relatively elongated and shallow (90,91). PDZ
domains therefore represent a veritable challenge for developing drug-like small
molecule inhibitors, and seem best suited for peptide-like structures. This is
exemplified by screening studies, which have failed to provide small molecule hits:
Screening a library of 100,000 compounds against the MINT1 PDZ domain led only
to false positives (86), and NMR screening of 11,759 fragment-like compounds
against PSD-95, a method also used to evaluate the druggability of the studied targets,
did not provide any hits (91). In the cases where small molecule inhibitors have been
identified, either by screening (81-83,92) or by rational design (84,85,93-98), the
affinities did not surpass the low uM range, even after subsequent structure-activity
relationship (SAR) studies, where small modifications are made to the inhibitors and

evaluated (82,83,96,97,99) (Fig. 4).

A principally different strategy has been to use the natural C-terminal peptide ligand

of the PDZ domain of interest as a template for development of inhibitors. Although

peptides have generally not been considered optimal drug candidates, this perception
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is changing and an increasing number of peptide drugs are now emerging. The
clinically most advanced PDZ domain inhibitor is a 20-mer peptide, Tat-NR2B9c¢ (or
NA-1), which consists of an 11-mer Tat sequence that facilitates blood-brain barrier
permeability combined with the nine C-terminal amino acids from the GIuN2B
subunit of the NMDA receptor ascertaining binding to the PDZ1 and PDZ2 domains,
respectively, of PSD-95 (80,100). NA-1 has recently been investigated in a phase II
clinical trials for the treatment of cerebral ischemia, however, NA-1 only binds with
low affinity towards PSD-95 [K; = 4 uM against PSD-95 PDZ2 (101)], which might
impede further development or clinical potential. This problem of low affinity of PDZ
inhibitors was recently addressed by dimeric inhibitors, which exploit that PDZ1 and
PDZ2 of PSD-95 exist as tandem domains (3). Thus, by covalently linking two
peptide ligands (low puM affinity) with a monodisperse polyethylene glycol (PEG)
linker of optimal length, a 145-fold increase in affinity towards PSD-95 PDZ1-2 (K; =
10 nM) relative to the respective monomeric peptide ligand was achieved, along with
increased in vitro stability in blood plasma (102). In subsequent studies, the PEG
linker was modified to enable direct attachment of a Tat sequence to the linker, and
the resulting "Tat-N-dimer” demonstrated unprecedented affinity towards the PDZ
tandem (K; = 4.6 nM) (Fig. 4), as well as enhanced neuroprotective properties
compared to Tat-NR2B9c in a mouse model of ischemic brain damage (73). Two
other types of dimeric inhibitors targeting PSD-95 have been developed using similar
principles to those described above, and in both cases 3-20 fold affinity improvement
against PDZ1-2 was observed relative to the respective monomeric ligands [EDsy =

5.5 uM (71); and K; = 0.81 uM (103)] (Fig. 4).
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Peptidomimetic approaches to develop PDZ domains inhibitors using the C-terminal
peptide ligand as starting point must address the inherent challenges of peptides as
drugs, namely their instability and hydrophilicity. A number of different approaches
have been employed including cyclization of the peptide (104,105), introduction of
unnatural amino acids (88,106) or side-chain-to-backbone modifications (107), and
replacement of specific amide bonds with thioamides (108). These chemical
modifications have in several cases led to ligands with increased protease-stability

and improved affinity (Fig. 4).

Thus, although PDZ domains are obvious and attractive drugs targets, it has proven
demanding to identify drug-like inhibitors. Currently, the conventional peptide ligand
Tat-NR2B9c¢ (NA-1) is the most advanced inhibitor, but it faces challenges, in
particular with regard to affinity. Alternatively, high-affinity and in vivo active
dimeric ligands, such as Tat-N-dimer, have been developed, which have the additional
advantage of increased selectivity by targeting tandem, rather than individual PDZ
domains. In addition, peptidomimetic ligands might also prove attractive for further

development of therapeutic compounds that target PDZ domains.

Conclusions

Future research should focus on resolving the remaining issues regarding the
specificity in PDZ-ligand interactions. In particular, what is the role of PDZ tandems
and supramodules? Are the sparse energetic networks of physiological importance?
These questions must also be addressed within a cellular context to elucidate the

relevance of compartmentalization. The answers to these questions may guide future

20



approaches to design drugs targeting PDZ domains, for example by designing

multivalent inhibitors of both PDZ domains and other neighbouring domains.
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FIGURE LEGENDS

Fig. 1. Structural models of PDZ domains. (A) The NMR structure of SAP97 PDZ2
(pdb file: 2I0L) (37) shows the typical BARappop fold of the PDZ domain, with the
peptide ligand binding as an antiparallel strand to 2. The numbering of peptide
ligand residues starts at the C-terminus (position 0) and then -1, -2 etc. The
evolutionarily conserved His384 hydrogen bonds to the side-chain of Thr-2 in the
peptide ligand. The dashed lines indicate hydrogen bonds between the carboxylate of
the C-terminus and the carboxylate-binding loop in the PDZ domain. (B) Example of
a functional supramodule, that of ZO-1 PDZ3-SH3-GuK (pdb: 3SHW) (67). The

figures were drawn in PyMol (109).

Fig. 2. Energy diagram for PDZ-ligand interactions. An induced fit mechanism
was suggested for the binding of PTP-BL PDZ2 (33) and SAP97 PDZ2 (32) to a
peptide ligand. The two barriers will appear as one for the binding reaction (left
panel) except at very high ligand concentration (right panel) where the first-order

transition, the conformational change, becomes rate limiting for the overall reaction.

Fig. 3. Comparison of selected predicted and experimental sparse networks in
PDZ domains. The different colours depict a selection of experimental and
computationally predicted amino acid networks in two PDZ domains, PTP-BL PDZ2
and PSD-95 PDZ3. Residue numbering starts from 1 for each PDZ and the secondary
structure elements show the location of the network residues. The references are:
Lockless and Ranganathan (50), Liu et al. (56), Gianni et al. (48), Gerek & Ozkan

(55), Fuentes et al. (47), Kong and Karplus (49) and Dhulesia et al. (57).
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Fig. 4. Structures and affinities of selected inhibitors of therapeutically relevant
PDZ domains. Ky or K; values are given below the structures unless otherwise stated.
References: Joshi et al. (83), Fujii et al. (94), Lee et al. (98), Mayasundari et al. (85),
Shan et al. (97), Thorsen et al. (81), Grandy et al. (95), Saupe et al. (82), Bach et al.,
2009 (102), Bach et al., 2011 (108), Bach et al., 2012 (73), Long et al. (71), Sainlos et
al. (103), Hammond et al. (107), Piserchio et al. (105), and Udugamasooriya et al.

(106).
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