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Protein scaffolds as essential backbones for organization of supramolecular signalling complexes are a recurrent theme in
several model systems. Scaffold proteins preferentially employ linear peptide binding motifs for recruiting their interaction
partners. PDZ domains are one of the more commonly encountered peptide binding domains in several proteins including
those involved in scaffolding functions. This domain is known for its promiscuity both in terms of ligand selection, mode of
interaction with its ligands as well as its association with other protein interaction domains. PDZ domains are subject to
several means of regulations by virtue of their functional diversity. Additionally, the PDZ domains are refractive to the
effect of mutations and maintain their three-dimensional architecture under extreme mutational load. The biochemical and
biophysical basis for this selectivity as well as promiscuity has been investigated and reviewed extensively. The present
review focuses on the plasticity inherent in PDZ domains and its implications for modular organization as well as evolution
of cellular signalling pathways in higher eukaryotes.
Keywords. Ligand selectivity; multiple sequence alignment; PDZ domain; PSD-95; scaffold proteins; supramolecular
signalling complexes

1. Introduction
The exponential increase in cellular complexity associated
with the evolution of higher eukaryotes from their
prokaryotic ancestors is often achieved at a relatively low
cost to the organism by the appearance of functionally
redundant protein networks. At the core of such redundant
protein networks are protein–protein interaction domains
that allow these networks to be organized in a modular
fashion, making them both robust as well as highly
responsive to the various signalling cascades (Kuriyan and
Cowburn 1997; Pawson and Nash 2003; Kelil et al. 2016).
By deﬁnition, these domains are required to be highly conserved, functionally independent from the proteins that
harbor them and behave as independent genetic elements
within their respective domains (Doolittle 1995; Huttlin
et al. 2017). They are also required to identify a core
structural motif in their interacting partners in a manner that
is both speciﬁc as well as promiscuous. Such modular protein interaction domains are essential building blocks of
protein networks that participate in establishment of cell
polarity, coordination of intracellular signalling events and
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directing speciﬁcity of signalling proteins (Bakal and Davies
2000; Patil et al. 2010; Good et al. 2011). Protein interaction
motifs that recognize relatively short peptide sequences
containing a core sequence motif are encountered frequently
in this context. Protein interaction motifs such as the Srchomology SH2 and SH3 domains, the phosphotyrosine
binding (PTB), WW, Eps-15 homology (EH) and the PDZ
domain that bind short peptide sequences are predicted to
participate in a substantial fraction of all known cellular
processes (Pawson 1995; Zucconi et al. 2000; Castagnoli
et al. 2004; Luck et al. 2011). Members of the same domain
family often recognize distinct binding partners based on the
nature of the sequence ﬂanking the core recognition motif
(Wang et al. 2010; Luck et al. 2012). The structural classiﬁcation of proteins (SCOP) identiﬁed over 1700 domain
superfamilies, several of which function as dedicated protein–protein interaction domains (Andreeva et al. 2008).
The PDZ domains are prevalent in almost all of the biological species, they occur in bacteria, plants and humans
(Ponting 1997; Jeleń et al. 2003; Nourry et al. 2003;
Iwanczyk et al. 2007; Gardiner et al. 2011; Kley et al. 2011;
Deng et al. 2014). PDZ and PDZ-like domains are found
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364 times in the human genome alone and more than 400
different PDZ domains are known to exist in humans or in
mice (Kurakin et al. 2007). However, there are some discrepancies with regard to the number of the PDZ domains
identiﬁed, with some studies placing the number at 267 (te
Velthuis et al. 2011), and others placing it at 364 (Letunic
et al. 2012). These inconsistencies can be attributed to the
manner in which the analysis was conducted; sequence
based studies estimated a higher number; whereas structure
based studies estimated a lower number of PDZ domains.
PDZ domains often occur in multiple copies within the same
protein as well as in combination with other protein interaction domains (ﬁgure 1). More importantly, PDZ domains
are the second most promiscuous of all protein–protein
interaction domains found in animals, next only to the PH
domain (Basu et al. 2008). The high promiscuity combined
with its high frequency of occurrence makes PDZ domain
one of the more important building blocks of cellular protein
networks (Nourry et al. 2003; Dev 2007; Good et al. 2011).
The PDZ domain derives its name from the ﬁrst three proteins reported to harbor this domain, postsynaptic density
protein 95 (PSD-95), the Drosophila tumour suppressor
Discs large, and the mammalian tight junction protein zonaoccludins-1 (ZO-1) (Kennedy 1995; Ponting et al. 1997).
The domain is approximately 90 residues long and identiﬁes
a region of sequence homology among a diverse set of
interacting partners; the motif (–X-[S/T]-X-[L/V]-COOH)
being the most commonly recognized consensus (Giallourakis et al. 2006). Most PDZ domains recognize motifs at
the C-terminal end of their target proteins (Songyang et al.
1997); however, some PDZ domains can also bind internal
motifs in their interacting partners; lipids and other PDZ
domains (Hung and Sheng 2002; Nourry et al. 2003; van
Ham and Hendriks 2003; Dev 2004; Jemth and Gianni 2007;
Chang et al. 2011;Sheng et al. 2012; Ivarsson et al. 2013).
Several proteins involved in the formation of cell junctions
as well as those responsible for the formation of synaptic
scaffolds in neurons contain PDZ domain (ﬁgure 2) (Bhat
et al. 1999; Bilder and Perrimon 2000; Roh and Margolis
2003; Kim and Sheng 2004; Ludford-Menting et al. 2005;
Adachi et al. 2009; Feng and Zhang 2009; Mañes et al.
2010). A few PDZ-domain-containing proteins have been
recently implicated in synaptic development (Jepson et al.
2014; Zhu et al. 2016). In most instances, deregulation of
such proteins results in oncogenic transformation via the
modulation of cell polarity (Roh and Margolis 2003; James
and Roberts 2016; Vaquero et al. 2017). A genome wide
screen of 684 cancer cell lines by Rothenberg and coworkers
lead to the identiﬁcation of a glioblastoma resulting from a
splicing mutation that speciﬁcally results in the loss of PDZ
domain from Par3 (Rothenberg et al. 2010). Loss of DLG1, a
PDZ domain protein in the neurons, results in defective
glutamate neurotransmission leading to neurological disorders such as schizophrenia (Xia et al. 2000; Willatt et al.

2005). Disruption of PDZ-domain-containing postsynaptic
density proteins such as PSD-95 and SHANK (SH3 and
multiple ankyrin repeat domains protein) is known to be
associated with autism spectrum disorders (Zeng et al. 2016a;
Monteiro and Feng 2017). Further, there are reports supporting the role of PDZ proteins in neuronal remodelling via
the regulation of microtubule dynamics (Sweet et al. 2011;
Chen et al. 2014). Not all PDZ-domain-containing proteins
are cytosolic or membrane bound; a few including the Special
AT-rich binding protein (SATB1) are nuclear, whereas others
like Defective Proventriculus (Dve), Yes Associated Protein
(YAP), and Dishevelled (Dvl) shuttle in and out of the
nucleus, and are involved in gene regulation (Nakagoshi
et al. 1998; Yagi et al. 1999; Nagahata et al. 2003; Itoh et al.
2005; Galande et al. 2007; Purbey et al. 2008; Oka and Sudol
2009; Zhang et al. 2009). The importance of PDZ domain
proteins is evident from the fact that over 20 human diseases
can be attributed to mutations in either the PDZ domain itself
or its interacting partners (Hildebrand and Soriano 1999;
Khan and Lafon 2014; Verpy et al. 2000; Facciuto et al.
2012; Li et al. 2017). Even more strikingly, 92.7% of all PDZ
containing proteins were found to be essential in the nematode Caenorhabditis elegans (te Velthuis et al. 2011). The
expansion in this protein family closely correlates with the
increase in the complexity of life forms and has led some
workers to suggest that evolution and expansion of PDZ
proteins and novel PDZ–peptide interactions is the driving
force behind the development of multicellular forms of life
(Kim et al. 2012b; Murray and Zaidel-Bar 2014).
In a study aimed at identifying the sequence signatures of
PDZ lineages, Sakarya and colleagues analyzed 58 PDZ
domains spread across bilateria, and found that six common
amino acid residues occupy the positions: 15, 19, 20, 25, 26
and 28, and are sufﬁcient to classify 96% of the PDZ
domains; four of these ‘classifying positions’, 15, 25, 26 and
28 were found to be in immediate contact with the amino
acid residues -1 and -3 of the ligand (Sakarya et al. 2010).
This indicates that the coevolution of the highly ﬂexible
regions of the PDZ–ligand interaction might be the key
mechanism governing the inherent specialization associated
with the PDZ domain.

2. Interaction prediction and classiﬁcation of PDZ
domains
The C terminal residue, often called the zeroth residue or
P0 and the residue at -2 (P-2) position in the target ligand
dictate the binding afﬁnities in most instances, and as such
formed the basis for an early system of classifying PDZ
domains. Class I PDZ domains bind to C-terminal motifs
with the sequence of [Ser/Thr-X-U-COOH]. Class II PDZs
bind to the sequence of [U-X-U-COOH], while class III
PDZs prefer the sequence of [Asp/Glu-X-U-COOH], where
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Figure 1. PDZ domains across multiple protein families: Schematic representation of functional domains in various PDZ-domaincontaining proteins. PDZ domains are depicted here as purple rectangles. Other domains are indicated: SH3, Src homology 3 domain; Ank,
ankyrin repeats; GK, guanylate kinase-like domain; L27, domain initially found in LIN2 and LIN7; WW, domain with two conserved Trp
(W) residues; SAM, sterile a-motif; CaM kinase, calmodulin-dependent kinase (CaMK)-like domain; PTB, phosphotyrosine-binding
domain; NO, nitric oxide; FABD, FAD-binding domain; DIX, present in Dishevelled and Axin; DEP, found in Dishevelled, Egl-10 and
Pleckstrin; RapGAP, RapGTPase-activating protein; RGS, Regulator of G-protein signalling; DH, Dbl homology domain; PH, Plekstrin
homology domain; FERM, F for 4.1 protein, E for ezrin, R for radixin and M for moesin domain; PTP, Protein Tyrosine Phosphatase
domain; RA, RAS association domain; FHA, forkhead-associated domain; DIL, dilute domain; ZF, Zinc Finger domain; C2, Calcium
binding motif. Proteins: INAD; Inactivation no after potential D; PSD-95, postsynaptic density protein 95; PSD-93, postsynaptic density
protein 93; SAP102, synapse-associated protein 102; SAP97, synapse-associated protein 97; Dlg, discs large; S-SCAM, synaptic
scaffolding molecule; ZO-1/2, zona occludens protein 1/2; GRIP1, glutamate-receptor-interacting protein 1; SHANK1, SH3 and ankyrin
repeat-containing protein 1; CASK, calcium/calmodulin-dependent serine protein kinase; LIN7, lin7 homologue; LIN10, lin10 homologue;
nNOS, neuronal nitric oxide synthase; SPAR, spine-associated Rap-speciﬁc GTPase-activating protein; PTPH1, Protein Tyrosine
Phosphatase H1; FAP-1, Fas-associated phosphatase-1; RIM1, Regulating synaptic membrane exocytosis protein 1; PICK1, protein
interacting with C-kinase 1.
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Figure 2. PDZ-domain-containing proteins at mammalian excitatory synapse: Schematic depiction of the various PDZ-domaincontaining proteins at the excitatory synapse. The blue balls with lines underneath represent the synaptic membrane with a typical lipid
bilayer structure. Domain structure of scaffold proteins PSD95 (postsynaptic density protein 95), SAP97 (synapse-associated protein 97),
GRIP (glutamate-receptor-interacting protein) and SHANK (SH3 and ankyrin repeat-containing protein) are shown, other proteins are
depicted by colored ovals. PDZ domains in scaffold proteins are denoted by purple rectangles whereas PDZ domains in other PSD proteins
are denoted by purple circles. Connecting solid black lines indicate speciﬁc interactions with speciﬁc domains of the scaffold proteins;
dashed lines also indicate the same. Speciﬁc protein–protein interactions are indicated by the overlap of proteins. Kinks indicate
palmitoylation of PSD-95, SAP97 and GRIP. Domains: Ank, Ankyrin repeats; SAM, sterile a-motif; EVH, Ena/Vasp homology domain;
GK, guanylate kinase-like domain; SH3, Src homology 3 domain. Proteins: AF6, Afadin6; AKAP, A-kinase anchor protein; AMPAR,
AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) receptor; Ca Ch, Ca2? channel; CASK, calcium/calmodulin-dependent
serine protein kinase; CRIPT, cysteine-rich PDZ-binding protein; Eph, ligand for EphR; EphR, ephrin receptor; ErbB, EGF-related peptide
receptor; GKAP, guanylate kinase-associated protein; GRASP, GRIP-associated protein; K Ch, potassium channel; KIF5, Kinesin related
protein 5; JNK, c-Jun N-terminal kinase; KIF5, Kinesin related protein 5; LIN7, lin7 homologue; LIN10, lin10 homologue; MAP1a,
microtubule-associated protein 1A; mGluR, metabotropic glutamate receptor; NMDAR, NMDA (N-methyl-D-aspartate) receptor; nNOS,
neuronal nitric oxide synthase; PICK1, protein interacting with Protein kinase C(PKC); PKA, Protein Kinase A; PLC, Phospholipase C;
PP2B, Phosphoprotein Phosphatase 2A (Calcineurin); Pyk2, Protein Tyrosine kinase 2; Rab4, Ras related protein 4 (associated with
endosomes); Sec1, Syntaxin binding protein1 (involved in exocytosis of neurotransmitters in synaptic vesicles (SV)); SPAR, spineassociated RapGAP; SRC and Fyn, Protein Tyrosine kinases; SynGAP, Synaptic Ras GTPase-activating protein; TUBB2A, Tubulin beta
2A.
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U is any hydrophobic residue and X is any amino acid
(Songyang et al. 1997; Stricker et al. 1997; Nourry et al.
2003). However, according to the ﬁndings of Tonikian and
colleagues, most PDZ domains achieve binding speciﬁcity
through the recognition of multiple features in the last
seven residues present at the C-terminal of the ligand
peptide; these patterns were found to be conserved across
worm and human (Tonikian et al. 2008). Prokaryotic PDZ
domains, on the other hand, are known to bind ligands
having an YXF motif at their C-terminal, where ‘X’ represents any amino acid (Walsh et al. 2003; Wilken et al.
2004). However, the aforementioned classiﬁcation for
metazoan PDZs does not appear to be complete or universally accepted (Vaccaro and Dente 2002; Münz et al.
2012). The inherent promiscuity of the PDZ domain
implies that several ligands do not fall into any of the
aforementioned categories. In fact, characterization of
binding selectivity by training multi- domain selectivity
model for 157 mouse PDZ domains with respect to 217
peptides led Stifﬂer and coworkers to suggest that PDZ
domains cannot be classiﬁed into distinct classes but rather
lie along a continuum (Stifﬂer et al. 2006, 2007). Any
attempts at classiﬁcation are further compounded by the
fact that, residues in addition to the three residues at the
C-terminal of the ligand dictate binding speciﬁcities in
several cases (Daniels et al. 1998; Bezprozvanny and
Maximov 2001; Gerek and Ozkan 2010). Additional
selection speciﬁcities, depending on up to the -8 position
of the peptide ligand were identiﬁed by Songyang and
coworkers, which led them to propose new classes of PDZdomain-containing proteins (Songyang et al. 1997). Others
have attempted to use the dissociation constants of the
terminal four residues in the target ligand to its respective
PDZ domain to deduce a selectivity pattern in PDZ
domains (Wiedemann et al. 2004). Technological advances
in the study of peptide binding speciﬁcities such as highthroughput strategies that compliment traditional strategies
such as microarray and phage display libraries has meant
that new binding speciﬁcities are being continuously discovered (Garrido-Urbani et al. 2016; Moore et al. 2016;
Ivarsson et al. 2014). High-throughput phage display
libraries in combination with next generation sequencing
technology have dramatically improved the resolution and
coverage of the binding proﬁles (Tonikian et al.
2007, 2008; Turner et al. 2016). This in turn has enabled
the construction of speciﬁcity maps for several PDZ
domains across multiple proteomes.
At the same time, the sheer number of PDZ domains
spread across eukaryotic and eubacterial genomes
(Sakarya et al. 2010; Letunic et al. 2012; Finn et al.
2016), means that experimental methods of discovering
domain speciﬁcity are both highly labor intensive and
expensive. These methods are also exposed to human
error and in some instances, are simply unfeasible. The
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availability of large datasets has allowed for the deduction
of a relation between binding site identity and speciﬁcity.
The underlying principle not only allows the domains to
select for permissive amino acids but also to reject nonpermissive one. In principle therefore, given a representative set of domain binding speciﬁcities, a large set of the
family interaction space can be inferred.
Although statistical methods have been used extensively,
machine-learning algorithms are also being employed by
some groups towards predicting binding site speciﬁcities for
PDZ domains (Sain and Mohanty 2016; Taherzadeh et al.
2016; Botlani and Varma 2017). A statistical model using the
primary sequence of the PDZ domain and the ligands was
used by Chen and coworkers to predict PDZ–peptide interactions (Chen et al. 2008). Similar methods have been used
by others to both predict PDZ–ligand interactions as well as to
classify them (Schillinger et al. 2009; Rosenfeld et al. 2016;
Niv and Weinstein 2005). Machine learning methods have the
advantage of being both fast and accurate. These methods are
however, constrained by the large amount of experimental
data needed to train the algorithms. This should not be a
limitation for PDZ–ligand interaction predictions for long; as
such several groups working in the ﬁeld are continually
generating datasets. Prediction of binding afﬁnities on the
basis of ab initio free energy calculations are an attractive
alternative, however these require extensive computational
resources that are still beyond the reach of most laboratories
(Sirin et al. 2016). Of late, quantum mechanics (QM) based
schemes for the estimation of protein–ligand afﬁnities are
being developed (Ehrlich et al. 2017).
While the universal applicability and in some cases utility
of these attempts is perhaps a matter of debate, it is clear that
the physiological relevance of PDZ–ligand interactions cannot
be easily captured by a limited number of variables. While a
common scheme of classiﬁcation might make book keeping
easier, it may yet elude a universally acceptable deﬁnition.

3. Structure of PDZ domains
Conservation at the level of primary sequence is rather
limited in case of the PDZ domains; high-throughput phage
display based studies revealed that the average sequence
identity between the human PDZ domains is less than 30%,
and that only a few residues are conserved among all PDZ
domains (Ernst et al. 2010; Ho and Agard 2010). However,
the structural core is fairly conserved. Individual PDZ
domains may still display additional structural features that
have a bearing on structure function relations of the PDZ
protein. The structural core of the PDZ domain is fairly
robust and relatively refractive to the effect of mutagenesis
(Ernst et al. 2010). While functional robustness under
high mutational pressure seems to be a general feature of
peptide binding domains, it is most clearly evident in
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PDZ-domain-containing proteins. Mutations in the peptidebinding domain often result in alteration rather than a loss
of function allowing for rapid evolution of novel interaction networks (Tonikian et al. 2008; Kim et al. 2012a).
This has allowed PDZ domains to be used extensively as a
model system to investigate the evolution of functional
domains in proteins (Reynolds et al. 2011; Kim et al.
2012a; McLaughlin Jr et al. 2012; Pincus et al. 2017).
The canonical PDZ domain as seen in several structures
reported in the literature so far consists of a core of bsandwich containing six b-strands and two a-helices. The
interacting ligand binds in a hydrophobic cleft made by a bstrand, an a-helix and a loop. The loop contains the conserved GLGF motif that is crucial for the hydrogen bond
coordination of the terminal carboxylate (COO–) group
during the PDZ domain–ligand–peptide interaction. The
ligand binds to the PDZ domain as an anti-parallel extension
of the b-sheet domain. The prototype metazoan PDZ domain
has a secondary structure arrangement of b1-b2-b3-a1-b4b5-a2-b6 (ﬁgure 3A) (Harris and Lim 2001; Ernst et al.
2014). Although the metazoan PDZ family members have a
highly conserved secondary structure, some members display additional secondary structural elements such as: bstrands, loops, a-helices, or differences in lengths of these
elements. For example, the third PDZ domain of PSD-95/
SAP90 contains an extra a-helix at its C-terminus (a3) (Petit
et al. 2009). The bacterial PDZ domains have an alternate,
b2-b3-a1-b4-b5-a2-b6-b1, structure organization (Ponting
1997). They are also circularly permuted as opposed to the
metazoan PDZ domains. An alternate arrangement of secondary structural elements, b3-a1-b4-b5-a2-b6-b1 is found
in the bacterial RseP, which it curiously shares with the
human protein GRASP55 (ﬁgure 3B) (Inaba et al. 2008).
The N- and the C-terminal regions of the PDZ domain are
often in close spatial proximity, which possibly facilitates
their insertion into existing protein scaffolds without causing
major disruptions in the three-dimensional architecture
(Harris and Lim 2001).
Most ligands interact with the PDZ domain via their
C-terminal residues. The most often encountered binding
mode is one where the terminal residue of the ligand (P0)
makes contact with a hydrophobic pocket on the PDZ
domain. The third last residue (P-2) makes a hydrogen bond
with a Histidine in the PDZ domain (Harris et al. 2003).
Electron acceptors such as serine and threonine are therefore
preferred at this position. This interaction also contributes to
the pH dependence of PDZ–ligand interactions as the Histidine gets protonated at a pH below 7 (Chi et al. 2006). In
case of PSD-95 PDZ3 interaction, the terminal carboxylate
group makes contact with a conserved Arginine at the end of
b1 (Doyle et al. 1996). Non-canonical binding has been
observed in some crystal structures. In structures of syntenin-1-PDZ1, tamalin PDZ as well as those of human
GRASP and PDLIM proteins, the peptides were found to be

bound perpendicular to the PDZ domain (Shepherd et al.
2010; Spellmon et al. 2017). In this binding mode only the
terminal (P0) makes contact with the PDZ domain. In some
cases, the P-2 residue makes contacts outside the PDZ
domain itself. The authors mentioned that these crystal
structures might represent an intermediate state, in the twostate binding mechanism but do not rule out the possibility
that in some of these instances, the ‘perpendicular’ binding
mode might have been induced by the crystal packing
considerations (Elkins et al. 2010).
Promiscuity or degeneracy in ligand binding while
allowing the PDZ domain to sample a larger ligand space
may also lead to unproductive interactions that would
effectively titrate ligand binding sites away from bonaﬁde
binding partners. Speciﬁcity of ligand binding could be
achieved by using the remainder of the PDZ domain in
PDZ–ligand interactions. This is precisely what Songyang
and colleagues found when they analyzed binding speciﬁcities from nine PDZ domains using an oriented peptide
library. Additional selection speciﬁcities emerged and these
involved residues up -8 position of the peptide ligand in
addition to the canonical 0 and -2 positions (Songyang
et al. 1997). A similar situation emerged when computer
aided design of PSD–95 PDZ3 interaction hinted at every
residue in the peptide ligand contributing to binding speciﬁcity (Reina et al. 2002). Residues outside the core PDZ
domain itself may also contribute towards speciﬁcity. These
are usually achieved by employing long-range interaction
from residues that are a part of the poorly conserved structural motifs speciﬁc to the domain.
Stifﬂer and others found that majority of sequence variations found in the PDZ family of proteins are neutral with
respect to peptide binding (Stifﬂer et al. 2006, 2007). The
binding speciﬁcity is therefore determined by the composition of the binding site itself. Single amino acid changes
within the PDZ domain can result in alteration in binding
speciﬁcities. The dependence of ligand speciﬁcities on
individual residues while the overall chemistry and the
structure of the PDZ domain remain unaltered provides clues
for the rapid spread of PDZ domain during evolution. Within
the binding site, Tonikian and others found that even residues that were not in direct contact with the ligand determined ligand binding speciﬁcities (Tonikian et al. 2008).
This indicates that in addition to direct interactions, cooperative and long-range interactions may play a substantial
role in determining speciﬁcity of PDZ domains.
PDZ domain–ligand interaction has been studied by several techniques, the details of which have been discussed
elsewhere (Ivarsson et al. 2014; Pascoe et al. 2015). However, in keeping with its role as a part of dynamic systems
that must respond rapidly to environmental changes, PDZ
domains display moderate to low afﬁnity for their ligands in
general (Novak et al. 2002; Fuentes et al. 2004; Gianni et al.
2006; Bhattacharya et al. 2013; Morra et al. 2014; Lu et al.
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Figure 3. (A) Sequence alignment and secondary structural elements of canonical metazoan PDZ domains: Amino acid sequences from
the PDZ domains of AFADIN, CASK, Dvl, ERBIN, InaD, and GRIP were aligned using ClustalW and the graphic output generated using
ESPript 2.2 (http://prodes.toulouse.inra.fr/ESPript/ESPript/). The structure of AFADIN was used in this alignment. The secondary
structure elements of AFADIN have been depicted on top of the sequences, and every tenth amino acid residue is marked with a dot ().
Notice the poor conservation at the level of the primary amino acid sequence. (B) Sequence alignment and secondary structural elements of
non-canonical PDZ domains: The amino acid sequence of Bacterial RseP protease was aligned to the PDZ domain of the human GRASP55
protein in the manner described above. The structure of RseP was used to assign secondary structural elements. The secondary structural
elements are well conserved in spite of the poor conservation at the level of the primary sequence. In both panels A and B, the conserved
residues have been depicted in red and outlined in blue; residues identical across all the PDZ domains compared here, have been depicted in
white and highlighted in red. The amino acid residues marked with a black border box depict the conserved GLGF motif that is required for
the PDZ domain–ligand interaction. The secondary structural elements have been indicated at the top; the a-helices have been marked as
coils, and the b-strands have been depicted by arrows.

2016;). A common caveat in such studies is that they are
performed using peptides and not full-length proteins. Since
the ligands are likely to make contacts outside the PDZ
itself, such studies are likely to underreport the binding
afﬁnities of PDZ-ligand pairs. However, surface plasmon
resonance (SPR) experiments yielded a binding afﬁnity of
0.12 lM for interaction between PSD-95 and nNOS PDZ in
agreement with relatively weak interactions mediated by
PDZ domains (Tochio et al. 2000). It is therefore possible
that binding afﬁnities determined using peptide ligands

are a relatively accurate representation of PDZ–ligand
interactions. Nevertheless, these results must be interpreted
with caution as binding afﬁnities are often inﬂuenced by
residues outside the canonical ligand binding domains
(Tonikian et al. 2008). A case in point being the interaction
between the PDZ1 of MAGI-1 and the E6 oncoproteins from
the human papillomavirus (HPV) whose KD was calculated
as 3.0±0.1 lM (Fournane et al. 2011). Comparison of data
using the same MAGI-1 PDZ1 batch revealed a reproducibility of nearly 10% in the KD (Fournane et al. 2011). In
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contrast, comparison of data using different batches of
MAGI-1 PDZ1 batches revealed a reproducibility of nearly
30% in the KD values (Fournane et al. 2011). The same
study identiﬁed that the K499 residue at the C-terminal of
PDZ1 of MAGI-1 to be a determinant of the binding
speciﬁcity (Fournane et al. 2011). The authors attributed the
high variability in SPR data to the uncertainty in the estimation of the PDZ1 concentration, made unavoidable by the
low UV absorption properties of MAGI-1 PDZ1 (Fournane
et al. 2011).
According to a conservative estimate up to 40% of the
PDZ proteins have structured extensions at their termini
(Wang et al. 2010; Ye and Zhang 2013). These structures
were thought to play only a supporting structural role.
However, it is being increasingly realized that they are also
involved in ligand binding. A series of studies have
reported that many PDZ–ligand interactions involve the
participation of amino acid residues located in these
extensions (Zeng et al. 2016b; Li et al. 2017). These
extension sequences, in conjunction with the core PDZ
domain give rise to an integral structural cum functional
unit known as a PDZ supramodule. Correspondingly, the
PDZ domain–ligand interaction frequently entails the
interaction of the PDZ-domain-binding sequences of the
ligand proteins with the extension sequences beyond
canonical C-terminal tail peptides. The PDZ supramodules
not only provide the requisite binding speciﬁcities and
afﬁnities required for the physiological functions of PDZ
ligands, they also take over the role of regulatory switches
in the PDZ–ligand interactions (Ye and Zhang 2013; Li
et al. 2017). Wang et al. proposed that the role of the PDZ
domain extensions can be classiﬁed into four groups: (1)
modulation of target binding afﬁnity, (2) generation of
binding sites for macro-molecular protein assembly, (3)
enabling structural integration of multi-domain modules,
and (4) enlargement of the target ligand-binding pocket
(Wang et al. 2010).
The archetype PDZ containing protein PSD-95 is the most
abundant scaffold protein in the post-synaptic density and
has a large repertoire of interacting partners (Kennedy and
Mastro 2017; Vallejo et al. 2017). The third PDZ domain of
PSD-95 contains an extra helical extension. While this helix
is spatially distinct from the binding groove, truncation of
this helix resulted in 21-fold decrease in binding afﬁnity for
the ligand (Petit et al. 2009). Calorimetric experiments
revealed this reduction in ligand binding to be entirely
entropy driven. The extended helix compensates for conformational entropy resulting from enhanced side chain
ﬂexibility upon its truncation (Gerek and Ozkan 2011). A
similar scenario is observed in case of metazoan partition
defective protein Par-6 that interacts with Rho GTPase
Cdc42 through its CRIB motif (Gerek and Ozkan 2011). The
CRIB motif combined with the PDZ domain forms an
extended PDZ domain, which has its extension at the

N-terminal. The extension that is unstructured assumes a
b-sheet when the CRIB motif binds to Cdc42. These structural changes are thought to restrict the ﬂexibility of the core
PDZ motif, which is highly dynamic in the absence of
Cdc42, thereby reducing the entropic cost of ligand binding.
In other instances, the structural extensions provide binding
sites for multi-protein assemblies. The N-terminal extension
in PDZ of nNOS forms a heterodimer with either the second
PDZ of PSD-95 in neurons or the single PDZ domain of
a1-syntrophin in muscles (Christopherson et al. 1999;
Tochio et al. 2000; Wang et al. 2000). In some instances,
these extensions also provide structural stability to the PDZ
containing protein. The extended nNOS PDZ domain is
more stable than the truncated domain under denaturing
conditions (Christopherson et al. 1999).
An interesting, and often asked question in case of the
PDZ–ligand interactions is: where are the structural perturbations located, within the domain itself, or the ligand? Do
these interactions conform to lock and key or induced ﬁt
mechanism? A number of experimental and computational
methods seem to favor the induced ﬁt model. Binding of
PTP-BL PDZ2 as analyzed by continuous ﬂow ﬂuorimetry
showed that observed rate constant of binding (kobs) values
deviate from linearity at high observed rate constants
(Gianni et al. 2006). This results in hyperbolic relations
between the rate constants and the concentration of interacting partners, effectively reﬂecting a change in kinetics
from a second order to a ﬁrst order event. This behavior
points to a conformational change in either the peptide or the
PDZ domain. While the kinetic experiments cannot differentiate between conformation changes in the PDZ domain or
those in the peptide, computational simulations seem to
indicate that ﬂuctuations in the PDZ structure are likely to be
related to the selectivity for the peptide ligand. Molecular
dynamic simulations performed by Basdevant and others
demonstrated a high degree of variability in the association
of ﬂuctuations in the peptide residues to those in the residues
constituting the PDZ domain (Basdevant et al. 2006). These
authors proposed that complex-speciﬁc dynamical or entropic responses might drive selective recognition of peptides
by PDZ domain proteins. At the same time, PDZ domains
such as those present in Dvl2 are able to interact with
multiple ligands. Munz and others compared the conformational ﬂexibility across four different PDZ domains
spanning the gamut of binding speciﬁcities (Münz et al.
2012). They concluded that conformational ﬂexibility in
Dvl2-PDZ allows it to visit conformational spaces that can
accommodate its varied ligands. Erbin-PDZ on the other
hand is relatively more speciﬁc with respect to its ligand
binding and has a rigid ligand-binding domain with very
little structural variability. An interesting case in this study
was that of InaD PDZ1 domain that showed two distinct
conformations. InaD PDZ1 has been shown to interact with
NorpA as well as to the unconventional myosin NinaC. It
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appears that InaD PDZ1 employs two different conformations
to interact with NinaC and NorpA (Münz et al. 2012). This
would indicate that conformational ﬂexibility in PDZ
domains is not a free for all. While it allows the PDZ domains
to sample more than one ligand, it also prevents them from
making a larger number of non-speciﬁc contacts.

4. PDZ domains as scaffolds for signalling complexes
An important necessity of being a multicellular organism is
the ability to compartmentalize and isolate biochemical
processes from each other. The spatio-temporal organization
of molecules within the cellular compartments is so critical
that even a minor disruption of this organization leads to
catastrophic consequences for the survival of the cells
(Harris et al. 2016; Ting et al. 2012; Tomasetti et al. 2017).
The complexity of this task becomes apparent when one
considers the multitude of signalling pathways that are
known to operate in the cell and the fact that several of them
share common components. A typical mammalian cell
contains a billion protein molecules and approximately 10%
of these are involved in signal transduction (Good et al.
2011). While cellular compartmentalization in the form of
organelles is an efﬁcient mechanism, a relatively new concept is the use of scaffold proteins to assemble functionally
interacting proteins into protein complexes. The ﬁrst of the
scaffold proteins were discovered about two decades ago,
however, their biology is by far least understood of several
known protein families. By deﬁnition, these proteins often
do not have any enzymatic activity of their own and harbor
one or more protein–protein interaction domains (Good et al.
2011). Scaffold proteins have been known to play an
important role in several pathways. The study of scaffold
proteins is complicated by the fact that in the absence of
speciﬁc enzymatic activities it is often difﬁcult to have a
direct measure of protein activity. Overexpression of the
scaffold proteins themselves results in a dominant negative
phenotype due to sequestration of the signalling molecules
by the over expressed scaffold (Levchenko et al. 2000). An
intriguing example is the N-terminal PDZ-like domain of the
transcription factor SATB1, which is known to be its protein
interaction interface. Overexpression of this N-terminal
domain of SATB1 exerts a dominant negative effect over
multitude of genes regulated by SATB1; this is thought to be
brought about by the sequestration of SATB1 interacting
partners (Notani et al. 2011). Nevertheless, these proteins
have emerged as an exciting area of research due to the fact
that they provide a means to manipulate and in some
instances modify signalling cascades by perturbing a single
protein (Park et al. 2003).
Most scaffold proteins function by physically assembling
the relevant molecular components thereby bringing them in
physical proximity to each other. In this simplest of
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scenarios, the tethering of enzymes and their ligands
increases their effective concentrations. The resultant
increase in effective concentration is as large as 108 M (Lin
and Weiss 2001). In addition, the scaffold may also participate in orienting the interacting partners in an optimum
conformation by restricting translational motion (Saha and
Deshaies 2008; Langeberg and Scott 2015). The presence of
the scaffold therefore provides an entropic compensation
thus enhancing the ﬂux through the signalling cascade.
However, the estimates of entropic penalty, both experimental and theoretical, vary widely (Finkelstein and Janin
1989; Yu et al. 2001; Good et al. 2011) and are only being
explored systematically in the recent past. For several other
proteins, however, entropic compensation does not fully
account for the efﬁciency of signalling cascades (Du et al.
2016). In addition, a simple tethering scenario could also
result in a reduction of signal ampliﬁcation contrary to
experimental evidence in several systems (Locasale et al.
2007), thus forcing the investigators to look elsewhere.
More subtle mechanisms that invoke allosteric interaction
between scaffold proteins and their interacting partners could
provide an explanation in such a scenario. Scaffold proteins
are also known to exert allosteric control over their interacting partners, thereby actively modulating the signalling
events. This has turned out to be the case in several
instances. Biochemical and structural studies of scaffold
proteins reveal that these proteins often utilize allosteric
mechanisms to compensate for the tradeoffs of tethering
(Good et al. 2011; Hu et al. 2015). Allosteric mechanisms
have been shown to operate in case of the MAP kinase
pathway as well as the yeast mating response signalling
cascade (Bhattacharyya et al. 2006; Locasale et al. 2007;
Witzel et al. 2012; Weijman et al. 2017). Allosteric interactions are usually observed in the context of multiple
interacting partners like those observed at the excitatory
synapses where proteins such as PSD95, SHANK, and GRIP
assemble together through heterotypic interactions to give
rise to a scaffold which is important for proper synapse
function (ﬁgure 2). Nonetheless, allostery has also been
observed in case of homotypic interactions; a case in point
being that of the third PDZ domain from PSD-95/SAP90
(PDZ3) (Petit et al. 2009). Along with the ﬂy photoreceptor
protein InaD, PSD-95 has been investigated so extensively
that it may be considered a model system for investigating
the paradigm of scaffold proteins in the context of cell-cell
communication. PSD-95 is present at cell-cell junctions and
is involved in assembling protein complexes that enable the
cell to respond to external stimuli. PSD-95 is able to bind to
neuronal receptors, interact with other scaffold proteins as
well as make contact with the actin cytoskeleton (ﬁgure 2).
By organizing the downstream effector proteins such as the
neuronal nitric oxide synthase it determines the output of
synaptic activation. In addition to their scaffolding functions
it also participates in regulatory aspects of signal
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transduction. PSD-95 modulates the stimulus-induced
recruitment of effector molecules such as a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors to the neuronal synapse. Ligand binding by the third
PDZ domain in case of PSD-95 is allosterically regulated by
a distal alpha helix that is dispensable for maintaining the
PDZ structure itself. Using NMR relaxation techniques, Petit
and colleagues showed that distal modulation of binding
functions is effected via a delocalized conformational
entropy mechanism (Petit et al. 2009). Using statistical
coupling analysis (SCA), Ranganathan and colleagues
demonstrated that the helix is coupled to the active site by a
sector of physically contiguous and conserved amino acids
(McLaughlin Jr et al. 2012; Reynolds et al. 2011). Bhattacharya and colleagues have also shown that ligand induced
changes in conjugation with sequence variation in the PDZ
binding site determine ligand selectivity and binding afﬁnity.
Their studies using NMR revealed that a novel C-terminal
HLG subdomain stabilizes the PDZ1 and PDZ2 domains of
NHERF1, through long-range electrostatic and hydrophobic
interactions (Bhattacharya et al. 2013).
Similarly, InaD is a scaffold protein that is responsible for
organizing the components of the phototransduction cascade
in Drosophila. In addition to compartmentalization of the
entire phototransduction apparatus into a single microvillus,
InaD is responsible for binding and assembling together
protein kinase C (PKC), phospholipase C (PLC), and the
transient receptor potential (TRP) channels into a signalling
complex (Honkanen et al. 2017). The role of InaD in the
G-protein coupled photoreceptor pathway was ﬁrst discovered as a result of a genetic screen. A single mutant allele,
InaD215, was shown to cause dominant negative phenotype
on photoreceptor deactivation (Shieh and Niemeyer 1995).
The biochemical basis of this phenotype were clariﬁed by the
work of Tsunode and coworkers, who showed that the InaD
protein contains ﬁve PDZ domains and that mutant alleles of
InaD localize to one of the PDZ domains; for instance the
dominant negative allele InaD215 localizes to the third PDZ
domain of InaD (ﬁgure 1) (Tsunoda et al. 1997). While the
ﬁve PDZ domains in InaD are fairly conserved with respect
to each other, they show enough variability to be able to
interact with a distinct set of interacting partners. Using
biochemical and immune-histochemical methods the group
showed that InaD is responsible for assembling
supramolecular protein complexes that involve both PDZ–
PDZ and PDZ–cytoskeletal interactions. This provides the
structural basis for the phenomenon of quantum bump, where
several hundreds of light- activated ion channels are activated
in response to the activation of a single rhodopsin molecule
(Honkanen et al. 2017; Ranganathan and Ross 1997).
Homotypic PDZ interactions have also been implicated in
organelle tethering. It has been hypothesized that the Golgi
protein GM130 recruits GRASP65, a PDZ-domain-containing membrane protein, to the membrane of the Golgi

complex where GRASP65 mediates tethering of adjacent cis
cisternae via homotypic PDZ interactions (Sengupta et al.
2009). Recently it has been shown that the rewiring and
redistribution of electrostatic interactions is the driver behind
the dynamic allostery of the PDZ domain mediated interactions. Kumawat and Chakrabarty have identiﬁed that in
addition to perturbing most of the residues in the binding site
of the third PDZ domain (PDZ3) of PSD95 [in a2 helix
(K380, E373), b1–b2 loop, and b2 sheet], the ligand also
induces changes in the b2–b3 loop energetics and other
distant residues through long-range electrostatic interactions;
leading to rearrangements in the hydrogen bonding, nonpolar interactions, and salt bridges (Kumawat and Chakrabarty 2017).

5. PDZ domains and the evolution of signalling
pathways
An increase in domain promiscuity is a common trend
observed in phenotypically complex life forms (Basu et al.
2008; Franco 2011; Lees et al. 2016). Promiscuity allows a
protein interaction domain to sample a much larger ligand
space than would be possible otherwise. As such these
domains are capable of generating a large combination of
signalling events as opposed to domains that have rigid
ligand interacting speciﬁcities. Domain promiscuity therefore acts as a reservoir of eukaryotic evolvability, in particular for the evolution of lineage-speciﬁc signalling networks
(Cohen-Gihon et al. 2011; Lai et al. 2015; Clifton and
Jackson 2016). In a signiﬁcant departure from one gene-one
function view of life, it is now being appreciated that protein
functions reside not in the protein themselves but are
encoded by the relationship between proteins. Investigations
into expansion or collapse of protein families provide new
clues to evolution of new life forms, however it is often
insufﬁcient. While the expansion of PDZ-domain-containing
proteins in higher eukaryotes provides circumstantial evidence of their involvement in the evolution of higher
eukaryotes, the exact mechanism remains poorly understood.
A network approach to understanding protein functions as
well as to study the evolution of new traits is pertinent. Of
the several mechanisms that are employed to facilitate evolution of novel phenotypes, rewiring of protein interaction
networks is perhaps the simplest. Rewiring of preexisting
protein interaction networks provides a simple means of
redirecting information ﬂow without the gain or loss of
genes themselves (Lai et al. 2015). However, not all protein–
protein interaction domains are amenable to such changes.
Protein interactions that involve a short linear motif are by
far the most plastic and are therefore more amenable to
network rewiring (Davey et al. 2015). Linear motifs display
a high rate of changes without a concomitant penalty in
terms of protein structure. These changes could result in new
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binding speciﬁcities. On the other hand, sites that undergo
post-translational modiﬁcations such as phosphorylation
may be gained or lost, thereby altering the regulatory
mechanisms. Protein domains such as the PDZ, SH3 and
PTB that interact with linear peptide motifs are therefore
frequently encountered in dynamic protein interaction networks (Keskin et al. 2008). The PDZ domain especially
displays remarkable ﬂexibility in terms of changes in ligand
selection as well as the resistance of its three-dimensional
structure to mutations and, is therefore an ideal candidate for
network rewiring (Kurakin et al. 2007). As a proof of
principle, Park and coworkers rewired the MAP kinase
pathway such that input from the yeast mating type signalling factors is routed to the osmolarity pathway (Park
et al. 2003) using PDZ domains from mammalian proteins
neuronal nitric oxide synthase (nNOS) and syntrophin. Their
experiments demonstrated that primitive tethering scaffolds
generated by recombination of fusion events could in principle generate new signalling circuitry. At the same time
while they could restore signalling using artiﬁcial scaffolds,
the signalling efﬁciency was attenuated in all cases,
demonstrating that simple tethering is insufﬁcient to explain
the mechanism by which scaffold proteins function.
The promiscuity of PDZ domain–ligand interactions
allows for frequent reorganization of PDZ-domain network,
allowing it to sample a much larger interaction landscape.
This in turn increases the likelihood that a protein gains a
suitable sequence that allows it to interact with its partner.
The presence of multiple interactions in the PDZ-binding
motifs allows for degeneracy of binding motifs, enabling
auxiliary mechanisms to minimize cross-reactivity (Ivarsson
2012; Münz et al. 2012). This in turn allows for plasticity in
PDZ protein networks, while minimizing functional overlap
using mechanisms speciﬁc to the cellular context. The ability
of PDZ domains to interact with multiple partners allows
them to assemble supra molecular protein complexes in a
combinatorial manner, allowing cell-type speciﬁc response
to external cues.
PDZ domains that share a ligand tend to have similar
protein interaction interfaces. Gene duplication is therefore a
possible mechanism in the expansion of PDZ domain-containing proteins and increase in the complexity of the PDZ
domain mediated networks. Proteins such as SAP97, PSD93, SAP102 and PSD-95 are known to be paralogs, indicating that they are products of a gene duplication event
(Kim et al. 2012b). While gene duplication is the dominant
mechanism, convergent evolution has also been observed in
some instances giving rise to PDZ domains with unrelated
interfaces but similar ligand-binding speciﬁcities. LAP2 and
MAGI2 interact with the same ligand, CTND2 although they
are evolutionarily unrelated (Kim et al. 2012b).
On an average, a PDZ-domain-containing protein associates with 17 interacting partners, and a PDZ ligand associates
with 3 PDZ-domain-containing proteins (Kim et al. 2012b).
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The bias towards a larger number of PDZ ligands seems to
suggest that there is a preferential expansion in the number of
proteins that interact with PDZ. A large-scale systematic
analysis by Kim and coworkers revealed that PDZ domain–
ligand interactions are frequently rewired by C-terminal
mutations in the PDZ ligands during evolution. New ligands
are likely to arise from a gene duplication event followed by
mutations in the C-terminal PDZ-binding domain or de novo
evolution of PDZ-binding motifs. The study by Kim and
others showed that nearly one third of all human PDZ ligands
gained their PDZ domain interactions by mutations in the
C-terminal region during evolution. NOS1AP–NOS1 interaction is absent in invertebrates and is only seen in vertebrates. Furthermore, the C-terminal sequence of NOAS1AP
is not conserved in invertebrates whereas the C-terminal
sequences from the vertebrate NOS1AP orthologs are identical. It is therefore obvious that NOS1AP obtained a PDZbinding motif via sequence mutation that allowed it to
become an interaction partner of NOS1 PDZ protein in vertebrates. The gain of function by a mutation also precludes
loss of ﬁtness by an increase in dosage. Mutations that result
in a new PDZ-binding domain result from both point mutations as well as insertions (Kim et al. 2012a).
While the PDZ-network rewiring is most obvious during
the transition from invertebrates to vertebrates, do all network-rewiring events lead to a new phenotype? The answer
to this question is perhaps not in the afﬁrmative. However, in
case of PDZ it was observed that PDZ ligands that arose in
invertebrates and acquired PDZ-binding motifs in vertebrates are signiﬁcantly enriched in processes that govern
neuronal development. The emergence of vertebrate neuronal system seems to be an example of integrating preexisting functional units predominantly by network rewiring.
The breakpoint cluster region protein BCR controls the
interaction between AFADIN and RAS GTPase, which in
turn interacts with the Eph receptor family. BCR protein
while present in invertebrates is a non-interactor of AFADIN
and acquired a PDZ-interacting motif only in vertebrates, so
as to be able to interact with AFADIN PDZ protein (Kurakin
et al. 2007; Kim et al. 2012b). In addition, proteins that
acquired PDZ domain interaction sites in vertebrates participate in several processes such as vesicular trafﬁcking, cell
cycle regulation and RNA splicing that together are essential
for development of synaptic complexity (Kim and Sheng
2004). The role of PDZ proteins in neuronal synapse is also
borne out by the signiﬁcant association of PDZ proteins with
neurological disorders, several of which are manifestations
of a disruption of PDZ-ligand interactions. For instance, the
disruption of interaction between PICK1 and GluR7 that
causes a chronic neurological disorder is the result of a
mutation in GluR7 that disrupts its interaction with PICK1
(Bertaso et al. 2008; Zhang et al. 2008).
Changes in the gene essentiality are indispensable drivers
of organismal evolution (Chen et al. 2013; Carelli et al.
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2016). Highly connected genes in the networks tend to be
relatively more essential when network rewiring is considered. The rewiring of PDZ domain interactions as well as the
expansion of PDZ domain–ligand interactions coincides
with the evolution of vertebrates and may be connected with
the repeated rounds of whole genome evolution in ancestral
vertebrates (Kim et al. 2012b). It is therefore conceivable
that this process may be an important determinant in the
evolution of complexity in higher eukaryotes.

6. Future perspectives
Scaffold proteins and by extension PDZ domains are a relatively new class of proteins and their relevance to biological
processes is only being appreciated in the recent past. Several important questions remain unexplored. For instance,
we are yet to identify a common theme in PDZ domain–
ligand interactions. This is reﬂected in the continuing efforts
at developing a universally acceptable classiﬁcation system
for this class of proteins. On the other hand, factors contributing to the ability of scaffold proteins to organize and
amplify cellular signalling are only beginning to be explored
systematically. The role of allostery as well as the importance of the speciﬁc cellular context that dictates structure
function relations in PDZ domains is as yet poorly understood. While it is accepted that peptide-binding domains
such as PDZ function as drivers of protein network evolution, the precise mechanism still eludes complete deﬁnition.
Lack of appropriate tools both experimental as well as
computational has limited our ability to explore this class of
proteins to a certain extent. Development of new techniques
in high throughput analysis, such as next generation
sequencing and developments in computational biology
should rectify this in the near future.
The importance of these proteins, evident from the mayhem caused by a malfunctioning scaffold protein, opens up
exciting new avenues in terms of developing novel drug
targets (Chen et al. 2007; Bach et al. 2010; Gardiol 2012;
Corbi-Verge and Kim 2016). This is true not only for heavily
investigated pathologies of the developed world, such as
neurological disorders and several types of cancer but also
for developing effective interventions for infectious diseases
afﬂicting the third world countries (Javier and Rice 2011).

Acknowledgements
This work was supported by a grant from the Centre of
Excellence in Epigenetics Program (BT/01/COE/09/07) of
the Department of Biotechnology, India, to SG. PRL
acknowledges the support from IISER Pune.

References
Adachi M, Hamazaki Y, Kobayashi Y, Itoh M, Tsukita S, Furuse M
and Tsukita S 2009 Similar and distinct properties of MUPP1
and Patj, two homologous PDZ domain-containing tight-junction proteins. Mol. Cell Biol. 29 2372–2389
Andreeva A, Howorth D, Chandonia J-M, Brenner SE, Hubbard
TJ, Chothia C and Murzin AG 2008 Data growth and its impact
on the SCOP database: new developments. Nucleic Acids Res.
36 D419–D425
Bach A, Stuhr-Hansen N, Thorsen TS, Bork N, Moreira IS,
Frydenvang K, Padrah S, Christensen SB, Madsen KL and
Weinstein H 2010 Structure–activity relationships of a smallmolecule inhibitor of the PDZ domain of PICK1. Org. Biomol.
Chem. 8 4281–4288
Bakal CJ and Davies JE 2000 No longer an exclusive club:
eukaryotic signalling domains in bacteria. Trends Cell Biol. 10
32–38
Basdevant N, Weinstein H and Ceruso M 2006 Thermodynamic
basis for promiscuity and selectivity in protein–protein interactions: PDZ domains, a case study. J. Am. Chem. Soc. 128
12766–12777
Basu MK, Carmel L, Rogozin IB and Koonin EV 2008 Evolution
of protein domain promiscuity in eukaryotes. Genome Res. 18
449–461
Bertaso F, Zhang C, Scheschonka A, De Bock F, Fontanaud P,
Marin P, Huganir RL, Betz H, Bockaert J and Fagni L 2008
PICK1 uncoupling from mGluR7a causes absence-like seizures.
Nat. Neurosci. 11 940–948
Bezprozvanny I and Maximov A 2001 Classiﬁcation of PDZ
domains. FEBS Lett. 509 457–462
Bhat MA, Izaddoost S, Lu Y, Cho K-O, Choi K-W and Bellen HJ
1999 Discs Lost, a novel multi-PDZ domain protein, establishes
and maintains epithelial polarity. Cell 96 833–845
Bhattacharya S, Ju JH, Orlova N, Khajeh JA, Cowburn D and Bu Z
2013 Ligand-induced dynamic changes in extended PDZ
domains from NHERF1. J. Mol. Biol. 425 2509–2528
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