
Excitatory glutamatergic synapses are characterized by 
an enrichment of presynaptic vesicles at the axon termi-
nal and by postsynaptic electron-dense membrane thick-
enings (referred to as the postsynaptic density (PSD)) 
that are concentrated at the top of dendritic spines (for 
recent reviews, see refs 1–5). On stimulation, glutamate 
is released from the presynaptic terminal and acts on 
the glutamate receptor channels (NMDA (N-methyl- 
d-aspartate) and AMPA (α-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid) receptors) on the postsynap-
tic side to allow the influx of specific ions that depolarize 
postsynaptic membranes. Thus, neuronal signals are 
received, decoded and further propagated by the PSD, 
which can be viewed as a membrane-associated mega-
organelle that is specialized for postsynaptic signal 
transduction and processing1,6–8. Thin-section electron 
microscopy (EM) studies of isolated PSDs from mamma-
lian brain showed several decades ago that the PSD forms 
a disk-like shape ~200–800 nm wide and ~30–50 nm  
thick underneath the postsynaptic membrane9–11. 
Subsequent high-resolution SDS–PAGE separation of 
biochemically purified PSD, coupled with amino-acid 
sequencing, identified abundant components of the PSD, 
such as PSD95 (also known as DLG4), calcium/calmod-
ulin-dependent protein kinase II (CaMKII), synaptic Ras 
GTPase activating protein 1 (SYNGAP1)and actin12–14. 
In parallel, a number of other PSD components were 
identified by affinity purification or by yeast two-hybrid 
screening, using the known PSD proteins as bait15–17. 
Recent developments in proteomics have provided a 

global catalogue of proteins in purified PSDs, many of 
which belong to previously unrecognized classes18–24. 
They have a wide range of functions and can be roughly 
classified into several categories: membrane receptors; 
cell-adhesion molecules; signalling proteins, including 
kinases and phosphatases, and their regulators; scaffold 
and adaptor proteins; cytoskeleton proteins and cytoskel-
etal regulators; membrane-trafficking proteins and 
molecular motors; and protein-synthesis machineries20,23.  
Mass spectrometry is being used not only for the iden-
tification of new PSD components, but also for the 
quanti fication of protein compositions, as it is possible 
to obtain absolute copy numbers of major PSD proteins 
once one or a few of the key components (for example, 
PSD95) have been quantified by other means23,25 (this 
topic is comprehensively reviewed in ref. 1). Quantitative 
fluorescence microscopy using a green fluorescent pro-
tein signal as a calibrator has also been used to measure 
the copy numbers of PSD proteins in cultured neurons, 
and the results are remarkably consistent with those 
obtained from quantitative mass spectrometry26. These 
quantitative methods allow us to reconstruct PSDs in 
molecular terms, and help us to discern the signalling 
events that occur in the PSD on neuronal excitation 
(fIG. 1). As expected, both NMDA and AMPA receptors 
are found at the membrane surface of PSDs. In each syn-
apse, the number of NMDA receptors is more or less 
fixed at ~20 and the number of AMPA receptors widely 
varies from ~5–200. A typical PSD contains ~300–400 
PSD95-family membrane-associated guanylate kinase 
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Scaffold protein
A protein characterized by its 
multiple protein–protein 
interaction domains that can 
assemble multiple proteins, 
through individual 
domain-mediated interactions, 
into functional complexes in 
diverse cellular processes.

Adaptor protein
A protein that links protein 
components of signalling 
pathways, thereby aiding 
intracellular signal 
transduction. The terms 
‘adaptor protein’ and ‘scaffold 
protein’ are sometimes used 
interchangeably in the 
literature.

Organization and dynamics of  
PDZ-domain-related supramodules  
in the postsynaptic density
Wei Feng and Mingjie Zhang

Abstract | As the major components of the postsynaptic density of excitatory neuronal 
synapses, PDZ-domain-containing scaffold proteins regulate the clustering of surface 
glutamate receptors, organize synaptic signalling complexes, participate in the dynamic 
trafficking of receptors and ion channels, and coordinate cytoskeletal dynamics. These 
scaffold proteins often contain multiple PDZ domains, with or without other protein-binding 
modules, and they usually lack intrinsic enzymatic activities. Recent biochemical and 
structural studies have shown that tandemly arranged PDZ domains often serve as structural 
and functional supramodules that could regulate the organization and dynamics of synaptic 
protein complexes, thus contributing to the broad range of neuronal activity.
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(MAGuK) proteins and ~150 SH3 and multiple ankyrin 
repeat domains (Shank) family members. It is important 
to note that the copy numbers of the PSD proteins vary 
depending on the type of neuron, and even vary in the 
same neuron in different developmental and physiologi-
cal stages, consistent with the activity-dependent changes 
in protein composition that occur in synapses and that 
form the molecular basis of synaptic plasticity27. finally, 
recent advances in high-resolution EM tomography cou-
pled with specific antibody labelling have allowed us to 
visualize the anatomical structures of PSDs directly28: the 

first layer of a PSD mainly contains membrane receptors, 
ion channels and transmembrane cell-adhesion mole-
cules, with NMDA receptors at the centre and AMPA 
receptors at the periphery; the second layer is enriched 
with scaffold proteins (MAGuK proteins, in particular 
PSD95), which are closely coupled to the membrane 
receptors and ion channels and are arranged perpen-
dicular to the PSD membrane with their amino-terminal 
lipids attached to it; the third layer is comprised of Shank 
and guanylate kinase-associated protein (GKAP)-family 
proteins, which are linked to the carboxy-terminal Src 

Figure 1 | Protein complex organization in the postsynaptic density (PsD). The postsynaptic density is comprised of 
membrane receptors and ion channels, scaffold and adaptor proteins, signalling proteins, cell-adhesion molecules and 
components of the cytoskeleton. Glutamate receptors, such as NMDARs (N-methyl-d-aspartate receptors) and AMPARs 
(α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors), are located at the postsynaptic membrane, with the 
NMDARs at the centre and the AMPARs more peripheral. The PDZ-domain-containing scaffold proteins PSD95 (also known 
as DLG4) and the Src-homology domain 3 (SH3) and multiple ankyrin repeat domains (Shank) family form a two-layer 
protein network below the postsynaptic membrane, which is bridged by guanylate kinase-associated protein (GKAP). 
PSD95 forms membrane-perpendicular and roughly equally spaced filamentous structures, with its amino terminus 
attached to the membrane. Other signalling molecules occupy the spaces in the PSD95–GKAP–Shank protein web. 
Shank-family scaffolds are further linked to actin filaments. The domains of PSD95 and Shank (PDZ, SH3, guanylate kinase 
(GK), sterile-alpha motif (SAM) and ankyrin repeats (ANK) (see key)) are shown; other proteins are represented by simple 
shapes and are labelled. The presynaptic and postsynaptic membranes are connected by cell-adhesion molecules. The 
domains of the presynaptic calcium/calmodulin-dependent serine protein kinase (CASK)–LIN7–X11 (also known as APBA1 
and MINT) trafficking complex are also shown. AKAP, adenylate-kinase anchoring protein; CaCh, Ca2+ channel; CaMKII, 
calcium/calmodulin-dependent protein kinase II; CRIPT, cysteine-rich PDZ-binding protein; EphR, ephrin receptor; GKAP, 
guanylate kinase-associated protein; GRASP, GRIP-associated protein; GRIP, glutamate receptor interacting protein; IP3R, 
inositol-1,4,5-trisphosphate receptor; KCh, K+ channel; MAP1A, microtubule-associated protein 1A; mGluR, metabotropic 
glutamate receptor; nNOS, neuronal nitric oxide synthase; PICK1, protein interacting with PRKCA1; SER, smooth 
endoplasmic reticulum; SPAR, spine-associated RAPGAP; SV, synaptic vesicle; SyNGAP, synaptic Ras GTPase-activating 
protein; TIAM1, T-cell lymphoma invasion and metastasis 1; TRAP, C-terminal receptor-binding region.
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homology 3–guanylate kinase-like (SH3–GK) domains 
of the MAGuK proteins and are arranged in parallel to 
the PSD membrane. The proteins in this third layer are 
further connected to the actin cytoskeleton. All of these 
membrane receptors and scaffold proteins form a web-
like protein network to which other cytoplasmic PSD 
proteins and enzymes can bind (fIG. 1).

PSD dynamics
The architecture of the PSD is highly dynamic, not only 
during developmental processes but also in response to 
synaptic activity. During brain development, the subunit 
compositions of NMDA receptors change dramatically: 
NR1 and NR2b predominate in the early PSD and later 
become less abundant, whereas NR2A (which is impor-
tant for synaptic activity) gradually increases in abun-
dance29–31. The major scaffold proteins — for example, 
PSD95 and the GKAP and Shank families of proteins 
— are always present and also increase in abundance as 
the brain matures32. In response to synaptic activation, 
PSD proteins undergo short-term modifications (such 
as phosphorylation) to activate downstream signalling 
pathways or their own long-term turnover, thus chang-
ing the synaptic strength27. AMPA receptors, which 
are primarily localized at the periphery of the PSD, are 
particularly dynamic28. The clustering, trafficking and 
membrane insertion or removal of AMPA receptors are 
associated with various forms of synaptic plasticity, such 
as long-term potentiation (LTP) and long-term depres-
sion (LTD), which are physiologically linked to learning 
and memory2,33–36. The surface mobility of membrane 
AMPA receptors can fine-tune synaptic transmission37. 
Although the numbers of NMDA receptors and PSD95 
at the PSD are largely fixed after synapse maturation38,39, 
recent studies have suggested that a rapid and revers-
ible switch of synaptic NMDA receptors and PSD95 
between the membrane and the cytosol occurs in young 
animals40,41 (see refs 33,34 for comprehensive reviews 
of the dynamics of glutamate receptors and MAGuK 
scaffold proteins). Although still somewhat controver-
sial, these observations nevertheless indicate that post-
synaptic proteins are dynamic and able to modulate the 
PSD both structurally and functionally. The morphol-
ogy of the PSD is ultimately defined by the dynamics 
of the actin cytoskeleton. Indeed, the dynamics of PSD 
proteins are closely linked with regulators of the actin 
cytoskeleton42.

PDZ-domain scaffold proteins in the PSD
Scaffold proteins are abundant components of the PSD and  
have been shown to have crucial roles in diverse PSD 
functions, including trafficking, anchoring and cluster-
ing of glutamate receptors; linking glutamate receptors 
with their downstream signalling proteins; organizing 
multiple components into large signalling complexes; 
and interfacing with and regulating the dynamics of 
cytoskeletal structures1,7,16,34. Interestingly, most of the 
PSD scaffold proteins contain multiple well-folded 
domains and often do not have intrinsic enzymatic activ-
ities, making them ideal for organizing protein networks 
(fIG. 2). Given that scaffold proteins, like the pillars of a 

building, are the central components of the PSD archi-
tecture, their dynamic organization and regulation are 
directly correlated with the morphology of the PSD and, 
hence, with the synaptic plasticity of neurons.

The PDZ (PSD95, DLG1 and ZO1) domain (BOX 1) 
is probably the most common protein–protein inter-
action module among the PSD scaffold proteins (fIG. 2). 
Many PSD scaffold proteins are constructed from mul-
tiple copies of PDZ domains with or without other pro-
tein modules. An advantage of having PDZ domains 
might be that they interact with small peptide fragments 
situated at the very carboxyl tail of their targets with 
relatively weak binding affinities43. we speculate, sim-
ply based on the physical chemistry of protein–protein 
interactions, that the high number of PDZ domains, 
which greatly outnumber glutamate receptors and other 
transmembrane targets, in the PSD ensures plenty of 
‘slots’ for the various binding partners, thereby ensuring 
the dynamic range of synaptic responses. Additionally, 
densely packed PDZ scaffold proteins in the PSD 
might also regulate receptor and ion channel mobil-
ity in the synaptic membranes. for instance, NMDA 
receptors situated at the centre of the PSD membrane 
would have less mobility due to the higher density of 
interacting PDZ scaffolds at this part of the membrane 
than at the periphery28,38 (fIG. 1). Densely packed PDZ 
‘grids’ could also prevent disengaged receptors (that is, 
receptors that are not actively participating in signalling 
events) from freely diffusing away from the PSD. Such 
receptors would be able to quickly respond to synaptic 
inputs, without having to go through de novo traffick-
ing and insertion into the PSD membrane, providing a 
physical-chemistry basis for the fast kinetics of neuronal 
responses to stimuli44.

The abundance of PDZ scaffold proteins in syn-
apses with overlapping interacting targets raises issues 
regarding the functional specificity and redundancy of 
the scaffolds. for example, multiple MAGuKs (PSD95, 
PSD93 (also known as DLG2), SAP102 (also known as 
DLG3) and SAP97 (also known as DLG1)) are expressed 
in excitatory synapses, and each of these MAGuKs can 
mediate the trafficking of glutamate receptors at differ-
ent develop mental stages31,45. Knockout studies in mice, 
combined with short hairpin RNA (shRNA)-mediated 
acute knock-down experiments, have revealed that 
MAGuKs have a remarkable ability to functionally com-
pensate for each other45,46. Presumably, this highly inter-
connected MAGuK system is required for appropriate 
glutamate receptor expression at synapses34.

Supramodules in multi-domain PSD proteins
A distinct feature of PDZ scaffold proteins is that they 
often contain multiple PDZ domains (fIG. 2a), and such 
domain-organization features are highly conserved 
throughout evolution, presumably owing to posi-
tive selections imposed by their functions. A number 
of recent studies have demonstrated that two or more 
PDZ domains connected in tandem often display target-
binding properties that are distinct from those of each 
isolated domain or even the simple sum of the isolated 
PDZ domains. These distinct target-binding properties 
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Beads-on-a-string model
A model in which individual 
domains in multi-domain 
scaffold proteins are viewed as 
linearly connected globular 
folds with no direct contacts. 
According to the model, each 
domain functions 
independently.

originate from the direct interactions between the PDZ 
domains in the tandem — that is, from the unique spa-
tial arrangement of the PDZ domains (fIG. 2a). Such 
structural and functional units are referred to as PDZ 
supramodules. The target binding of these supramodules 
contrasts with that described by the simple ‘beads-on-a-
string’ model that is commonly used for multi-domain 
scaffold proteins. Examples of PDZ-supramodule-
containing proteins include the most abundant PSD 
scaffold protein, PSD95, the AMPA-receptor trafficking 
adaptor GRIP1 (glutamate-receptor interacting pro-
tein 1), the vesicle trafficking adaptor protein X11 (also 
known as APbA1 and MINT) and the synaptic adaptor 
syntenin47–52.

In addition to PDZ domains, other protein domains 
connected in tandem have been shown to form structur-
ally and functionally distinct supramodules. for example, 
the SH3–GK tandem found in all MAGuK-family scaffold 
proteins is likely to form a distinct supramodule through 
a direct intramolecular interaction between the SH3 and 
GK domains53–56 (fIG. 2b). As well as scaffold proteins, 
supramodules are also found in a number of enzymes 
in the PSD (fIG. 2). Two well-known examples belong 
to the Rho GEf (guanine nucleotide exchange factor)  
family of proteins (for example, PDZ-RHOGEf (also 
known as ARHGEf11) and p63RHOGEf (also known 
as GEfT)), which contain a tandem Dbl homology– 
pleckstrin homology (DH–PH) supramodule57–59,  
and the Src-family tyrosine kinases (for example, SRC and 
fYN), which contain a SH2–SH3 kinase supramodule 

locked in an auto-inhibited conformation (see ref. 60 
for the details of the Src kinase supramodule). finally, 
it should be noted that tandem-domain supramodules 
are frequently found in other multi-domain proteins 
involved in signal transduction and gene regulation. 
Some well-known examples include the tandem-bRCT, 
-bROMO, -C2, -LIM and -PAS-domain-containing 
proteins shown in fIG. 2c. bioinformatic studies have 
suggested that a supramodular organization might be 
a common feature of a large portion of multi-domain 
proteins in all living organisms61.

Tandem-PDZ supramodules
PSD95 PDZ12. The most abundant scaffold protein 
in the PSD, PSD95, contains three PDZ domains at its 
N terminus (fIG. 2). A large number of PSD proteins, 
including NMDA receptors, K+ channels, nitric oxide 
synthase and the cytoskeletal protein cysteine-rich 
PDZ-binding protein (CRIPT), have been reported 
to bind to these domains62–65. The linking sequence 
between the first two PDZ domains (together referred 
to as PDZ12) is short (five residues), rigid and highly 
conserved, suggesting that it might restrain inter domain 
motion rather than merely function as a passive con-
nector. Determining the structure of the PDZ12 tan-
dem showed that the two PDZ domains indeed contact 
each other in a side-by-side manner, and that two of 
their target-binding grooves point in directions that are 
favourable for binding to the tails of multimeric trans-
membrane proteins extending from the membrane sur-
face (fIG. 3Aa). Additionally, isolated PDZ1 and PDZ2 
domains have similar structures and target-binding 
properties, and thus the PSD95 PDZ12 tandem can be 
viewed as a simple domain duplication48. The structure 
of PSD95 PDZ12 has direct implications for the func-
tion of the supramodule. The near-parallel orientation 
of the two target-binding grooves of the PDZ12 tandem 
provides a molecular basis for synergistic interactions 
with dimeric and/or multimeric membrane proteins, 
including NMDA receptors and K+ channels (fIG. 3Ab). 
Such synergistic PDZ12 supramodule–multimeric tar-
get interaction not only enhances the binding affinity 
between the scaffold and its targets, as can be appreciated 
from the thermodynamic point of view, but (perhaps 
more importantly) also provides exquisite specificity in 
PDZ scaffold–target interactions. It is well known that 
single PDZ domain–target interactions are generally 
of modest affinity and specificity43,66. There are several 
hundred PDZ domains and PDZ-domain-binding tar-
gets in each mammalian genome. The fundamental and 
highly specific roles of PDZ proteins and their targets in 
diverse cellular processes are certainly not compatible 
with the promiscuous single PDZ–target interactions. 
by contrast, the PSD95 PDZ12 supramodule provides 
a molecular basis for highly specific PDZ–target inter-
action, as the PDZ12 tandem will be biased towards a 
multimeric target with two identical or highly similar 
PDZ-binding motifs (for example, two NR2 subunits in 
NMDA receptors; fIG. 3Ab).

Lengthening the interdomain linker impaired the 
supramodular nature of PSD95 PDZ12. This PSD95 

 Box 1 | PDZ domains

PDZ domains were originally identified as ~90-amino-acid repeats of unknown 
function in several structurally related proteins, including postsynaptic density 95 (also 
known as DLG4), the Drosophila melanogaster tumour-suppressor protein discs large 1 
(DLG1) and the tight-junction protein zonula occludens 1 (ZO1; also known as 
TJP1)12,120–122. Analysis of the human genome estimates that there are 335 
non-redundant PDZ domains, making PDZ domains one of the most abundant protein 
domains in multicellular eukaryotic genomes. PDZ domains coexist with a wide variety 
of modular signalling domains. Most PDZ-domain- containing proteins are ‘pure’ 
scaffold proteins, as they do not have intrinsic enzymatic activities (fIG. 2). A canonical 
PDZ domain contains six β-strands (βA to βF) and two α-helices (αA and αB). The six 
β-strands form a partially opened barrel, and the opening sides of the barrel are each 
capped with an α-helix123. PDZ domains most commonly function as protein-interaction 
modules that recognize a short stretch of amino-acid residues (~5–7 amino acids) at the 
carboxyl termini of target proteins43,124,125. Peptide ligands bind to an extended groove 
formed by the βB strand and the αB helix of PDZ domains. The carboxylate of peptide 
ligands binds to the ‘carboxylate-binding loop’ located at one end of the αB–βB groove. 
The specificities of the peptide ligands of the PDZ domain are chiefly determined by 
the residues at the 0 and –2 positions of the ligands, and thus PDZ-binding ligands are 
traditionally categorized based on the properties of the amino-acid side chains in these 
two positions66. Recent systematic PDZ–ligand interaction studies at the proteome 
scale revealed that residues at the –1, –3, – 4 and –5 positions of the peptide ligands 
also contribute to the binding specificities126,127, and this increases the number of 
potential PDZ-binding ligands. In addition to binding to the carboxyl tail of peptide 
ligands, PDZ domains can specifically interact with internal peptide sequences128–131. 
Recently, PDZ domains were shown to bind to phosphatidylinositol lipids, and these 
PDZ–lipid interactions have important roles in diverse cellular processes, such as cell 
polarity and receptor trafficking47,86,87,132,133. A systematic survey of PDZ domains 
showed that a significant portion (~20%) in the mammalian genome display 
phosphatidyl inositide-dependent membrane-binding capacity, indicating that binding 
to lipid membranes is another general property of PDZ domains87.
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mutant displayed weaker binding to dimeric targets 
and a decreased capacity in clustering K+ channels48. 
Such PDZ-supramodule-mediated specific target inter-
action is certainly not limited to PSD95 PDZ12. Specific 
interaction between the kinase-deficient neurotrophin 
receptor isoform TRKCT1 and the PDZ scaffold protein 
tamalin (also known as GRASP) requires neurotrophin 3  

binding to TRKCT1 (ref. 67). The PDZ domain of tamalin 
forms a homodimer68. The inactive monomeric TRKCT1 
C-terminal tail has low binding affinity to tamalin PDZ 
domains. NT3-binding-induced dimerization of TRKCT1 
dramatically increases the binding affinity between the 
dimeric TRKCT1 receptor and the tamalin PDZ dimer 
through a mechanism similar to that discussed above 

Figure 3 | structure and target-binding properties of PDZ-domain supramodules. Ribbon diagrams or surface 
representations of postsynaptic density 95 (PSD95) PDZ12 (Aa), glutamate receptor interacting protein 1 (GRIP1) PDZ45 
(Protein Data Bank (PDB) code: 1P1D) (Ba), GRIP1 PDZ12 (PDB code: 2QT5) (ca), and X11 PDZ12C (Da) supramodules. The 
target-binding pockets of the PDZ domains in PSD95 PDZ12, GRIP1 PDZ45 and X11 PDZ12C are indicated by arrows.  
The FRAS1 peptide in the GRIP1 PDZ12–FRAS1 complex is shown in purple ribbon and labelled, and the carboxy-terminal 
tail of X11 PDZ12C is in worm model and labelled. The potential phosphorylation sites in GRIP1 PDZ45, GRIP1 PDZ12 and 
X11 PDZ12C are highlighted by yellow circles (and labelled S for Ser or y for Tyr). Schematic diagrams showing distinct 
target-binding properties conferred by the supramodular organization of the PDZ tandems are shown for the GRIP1 PDZ45 
(Bb), GRIP1 PDZ12 (cb) and X11 PDZ12C (Db) structures. The PSD95 PDZ12 supramodule enables synergistic binding to 
C-terminal tails extending from multimeric transmembrane receptors and ion channels, a process that is crucial for both 
specific adaptor–receptor interaction and adaptor-facilitated clustering of the receptors (Ab). The bidentate nature of the 
PSD95 PDZ12 supramodule also allows for an activity-dependent interaction between the supramodule and receptors (Ac). 
Phosphorylation of residues in the interface of the PDZ domains leads to the unfolding of, and the subsequent dissociation 
of targets from, PDZ5 in GRIP1 PDZ45 (Bb) and PDZ1 in GRIP1 PDZ12 (cb). The black cross indicates that the potential 
PDZ-binding pocket in GRIP1 PDZ2 and PDZ4 is not functional. On unfolding of PDZ1, the ligand-binding pocket in GRIP1 
PDZ2 might be functional, indicated by a cross with a pink background. The penultimate Tyr in X11 might undergo 
phosphorylation and this might switch the inhibitory C-terminal tail of X11 from PDZ1 to PDZ2 (Db).
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for the PSD95 PDZ12–dimeric target complex. The 
TRKCT1–tamalin PDZ interaction is dependent on NT3 
binding and is therefore activity regulated (fIG. 3Ac). The 
ligand-mediated dimerization of receptors and their sub-
sequent interaction with multi-PDZ-domain scaffold 
proteins could be a general mode of interaction in signal 
transduction involving PDZ proteins.

PDZ12 and PDZ45 in GRIP-family scaffolds. The 
GRIP-family proteins, GRIP1 and GRIP2, were origi-
nally identified by their interaction with GluR2 and 
GluR3 subunits of AMPA receptors69–71. GRIP proteins 
contain six to seven PDZ domains and no other iden-
tifiable protein modules (fIG. 2). Since their discovery, 
numerous proteins have been shown to interact with  
the GRIP-family proteins, and most interactions between 
GRIP proteins and their targets are mediated by the PDZ 
domains of GRIP. Accumulating data indicate that the 
GRIP-family proteins are ideally suited as adaptors, mod-
ulating the delivery and organization of transmembrane 
proteins at the surfaces of membranes72–76. Interruption 
of the GluR2–GRIP interaction leads to the inhibi-
tion of AMPA receptor accumulation at synapses69,77. 
The surface expression of the receptor tyrosine kinase 
EPHb2 was greatly reduced when endogenous GRIP1 
was reduced by small interfering RNA72. Consistent 
with the protein-trafficking function of the GRIP-family 
proteins, the microtubule motor kinesin 1 was shown to 
bind directly to a specific region of GRIP1 (ref. 73).

The interaction between the GluR2 tail of AMPA 
receptors and GRIP1 differs from the conventional 
PDZ domain–ligand interactions, at least in terms of 
the binding stoichiometry, as the GRIP1 PDZ45 tandem 
is required to bind to just one GluR2 tail69,78. Structural 
studies of the GRIP1 PDZ45 tandem explained this 
odd observation49. The two PDZ domains pack closely 
together to form one structural unit — the short con-
served inter-PDZ linker forms a β-strand and pairs with 
the first β-strand of PDZ5 (fIG. 3Ba). Although there are 
two potential target-binding pockets in the PDZ45 
tandem, the pocket in PDZ4 is deformed and non- 
functional. It is only the PDZ5 pocket that can bind to 
the GluR2 tail. Interestingly, isolated PDZ5 is completely 
unfolded and therefore cannot bind to the GluR2 tail. 
Proper folding of PDZ5 and subsequent GluR2 bind-
ing require the covalent attachment of PDZ4 to form 
the PDZ45 supramodule, and thus PDZ4 serves as a 
chaperone for PDZ5. The requirement of PDZ4 for 
the structure and function of PDZ5 has the advantage 
of building a potential GRIP1–AMPA receptor inter-
action-modulating regulatory mechanism into the 
PDZ45 supramodule. Conceptually, the interaction 
between a trafficking adaptor (GRIP1 in this case) 
and its cargo (GluR2) should be reversible, so that the 
cargo can be loaded after its biogenesis and unloaded 
on reaching its destination. Sequence alignment of 
the PDZ45 supramodule showed that the linker con-
tains two highly conserved Ser residues (Ser567 and 
Ser568 in human GRIP1 (fIG. 3Ba)). Substituting Glu for 
one or both of these Ser residues led to decreased stabil-
ity of PDZ5 due to the weakened interaction between 

the linker and PDZ5 (M.Z., unpublished observations). 
One could envision that phosphorylation of the Ser resi-
dues in the PDZ45 linker might function as a switch in  
controlling AMPA receptor loading and unloading  
in GRIP1-mediated trafficking (fIG. 3Bb).

Similar interdomain chaperoning exists between 
GRIP1’s first two PDZ domains. binding of the car-
boxyl tail of the transmembrane cell matrix protein 
fRAS1 to GRIP1 requires the first two PDZ domains to 
be connected in tandem, as the folding of PDZ1 strictly 
depends on the covalent attachment of PDZ2. The 
structure of GRIP1 PDZ12 in complex with the fRAS1 
carboxyl tail showed that the PDZ12 tandem forms a 
supramodule in which only the peptide-binding groove 
of PDZ1 binds to the fRAS1 peptide. The potential 
target-binding pocket of PDZ2 is completely occluded 
by the interdomain packing (fIG. 3Ca). Interestingly, the 
interface between PDZ1 and PDZ2 contains a completely 
conserved Tyr residue (Tyr134), and this Tyr is crucial 
for the stability of the PDZ12 supramodule. Substitution 
of Glu for this Tyr led to the unfolding of PDZ1 and 
to the subsequent dissociation of fRAS1 from GRIP1 
(ref. 52). Structural and biochemical studies suggest that 
the GRIP1 PDZ12–fRAS1 interaction could be regu-
lated by phosphorylation of this Tyr52 (fIG. 3Cb). further 
studies are required to validate whether such a switch is 
indeed used in a physiological setting.

X11 PDZ12C supramodule. X11 is a neuron-specific 
trafficking adaptor that directly interacts with calcium/
calmodulin-dependent serine protein kinase (CASK) 
to form an evolutionarily conserved CASK–LIN7–X11 
complex that mediates the cellular trafficking of NMDA 
receptors and other transmembrane proteins79–82. X11 
contains two PDZ domains arranged in tandem fol-
lowed by a conserved C-terminal PDZ-binding motif 
(together termed PDZ12C; fIG. 2). The highly conserved 
C terminus folds back and directly interacts with the 
first PDZ domain of the PDZ12 tandem50. Determining 
the structure of the PDZ12C supramodule showed  
that the target-binding pocket of PDZ1 is occupied by the 
C-terminal tail (PDZ12C thus adopts an auto-inhibited  
conformation), and that the target-binding pocket of 
PDZ2 is accessible to proteins, such as the kinesin motor 
KIf17 (fIG. 3Da). Interestingly, the X11 C-terminal tail 
also contains a highly conserved Tyr at the –1 position. 
This Tyr residue is essential for the tail to bind to PDZ1 
(fIG. 3Da): when this Tyr was substituted with Glu, the 
tail was released from PDZ1, as one would expect from 
the structure of the complex. The surprising observa-
tion was that the tail carrying the mutation occupied the 
target-binding pocket of PDZ2 (ref. 50). Alteration of  
the auto-inhibited conformation of PDZ12C led to 
changes in the PDZ tandem’s target-binding affinities, as 
well as to profound changes in the synaptic targeting of 
the adaptor itself 50. we propose that the penultimate Tyr 
residue of X11 may function as a kinase-dependent switch 
that dynamically regulates the target-binding properties 
of the PDZ12C supramodule (fIG. 3Db). further studies 
are required to prove whether such a kinase-dependent 
regulatory switch is used in living cells.
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Syntenin PDZ12 and PAR3 PDZ23 supramodules. 
Syntenin is a small scaffold protein that contains two 
PDZ domains separated by four amino-acid residues83. 
The PDZ domains of syntenin bind to a diverse set of 
proteins, including several PSD proteins: AMPA recep-
tors, ephrin and its receptors, neurofascin, the neurex-
ins, SYNGAP1 and kalirin, although the functions of 
these interactions are not well characterized (see ref. 84 
for a recent review). Similar to the PDZ12 tandem of 
PSD95, the two PDZ domains of syntenin have limited 
interdomain flexibility51,83. Analogous to what was found 
in the PSD95 PDZ12 supramodule, the peptide-binding 
grooves of the two syntenin PDZ domains are oriented 
such that they can interact cooperatively and specifically 
with two cytoplasmic tails extending from multimeric 
transmembrane proteins, such as syndecan85 (fIG. 4a). 
Thus, the syntenin PDZ12 tandem is another example 
of a PDZ supramodule.

In addition to binding to peptide ligands, syntenin’s 
PDZ1 was found to interact with phosphatidylinositol 
lipids, including phosphatidylinositol-4,5-bisphosphate 
(PI(4,5)P2)

47, although the molecular basis of these inter-
actions is not known. Interestingly, the covalent attachment  
of PDZ2 is essential for the PI(4,5)P2-mediated mem-
brane localization of syntenin47,86. PDZ2-mediated bind-
ing of syntenin to syndecan’s C terminus (and perhaps 
to other transmembrane targets) can synergistically 
enhance syntenin’s lipid-membrane binding in vitro and 
its plasma-membrane localization in vivo47,86. Therefore, 
the arrangement of the syntenin PDZ12 supramodule 
exemplifies a PDZ-domain arrangement in which PDZ1 
is responsible for specific binding to phosphatidylinosi-
tol lipids embedded in the membrane bilayers whereas 
PDZ2 interacts with the C-terminal tail of protein lig-
ands (fIG. 4b). The simultaneous binding of the syntenin 
PDZ12 supramodule to phospholipids and proteins not 
only provides a molecular explanation for the syner-
gistic interactions of syntenin with lipids and proteins 
situated in the plasma membrane, it also, perhaps more 
importantly, contributes to integrating signals from 
phosphatidylinositol lipids and membrane proteins (for 
example, receptors and cell-adhesion proteins) (fIG. 4b). 
This idea is consistent with a recent study which showed 
that the PDZ23 tandem of PAR3 simultaneously binds 
to phosphatidylinositol lipids and to their metabolizing 
enzyme PTEN87,88. In the PAR3 PDZ23 supramodule, 
PDZ2 uses its part of the peptide-binding pocket to 
bind to phosphatidylinositol lipids with high affinity. 
PDZ2-mediated lipid-membrane binding is required 
for PAR3’s membrane localization in vivo. The bind-
ing of PDZ3 to the C-terminal tail of PTEN physically 
positions the phosphatidylinositol-3,4,5-trisphosphate 
(PI(3,4,5)P3)-hydrolyzing enzyme together with the 
phospholipids captured by PAR3 (fIG. 4c). Thus, the PAR3 
PDZ23 supramodule is ideally suited for maintaining the 
PI(3,4,5)P3 gradient in polarized cells, including neu-
rons87–89. Taken together, syntenin’s PDZ12 and PAR3’s 
PDZ23 represent a class of supramodules that can inter-
act with different types of targets (for example, lipids and 
proteins). Given that a large proportion of PDZ domains 
have been shown to bind to phospholipids87, it will not be 

Figure 4 | PDZ supramodules as integrators of phospholipid and protein 
signalling. a | A ribbon diagram of the syntenin PDZ12 tandem (Protein Data Bank (PDB) 
code: 1N99). The target-binding pockets of PDZ1 and PDZ2 are indicated by arrows. The 
syntenin PDZ12 supramodule binds to protein targets in a similar manner to the 
postsynaptic density 95 PDZ12. b | In addition to binding to protein targets, the syntenin 
PDZ12 binds to phospholipids. This ribbon diagram shows the syntenin PDZ12 in 
complex with the peptide syndecan (PDB code: 1yBO) and bound to phosphatidyl-
inositol-4,5-bisphosphate (PI(4,5)P

2
). The binding of phospholipids to PDZ1 and of a 

protein ligand to PDZ2 couples signals from phosphatidylinositol lipids and membrane 
proteins. This binding mechanism may also allow the syntenin PDZ12 to function as a 
detector for the presence of both phosphatidylinositol lipids and transmembrane 
proteins in the same region of cell membrane. c | Ribbon diagram of a PAR3 PDZ23 
structural model (constructed from PDB codes 2OGP and 2K20), showing the  
PDZ23 supramodule simultaneously binding to phospholipids and proteins. In this 
model, PDZ2 interacts with phosphatidylinositol lipids embedded in the membrane 
bilayers, whereas PDZ3 anchors the lipid phosphatase PTEN in the vicinity of the 
membrane by binding to its carboxy-terminal tail. Therefore, the PAR3 PDZ23 provides  
a feedback loop for maintaining a membrane gradient of phosphoinositide87.
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surprising if more such lipid- and protein-binding PDZ 
supramodules are identified in the future.

SH3–GK supramodule in MAGUK scaffolds
PSD95-subfamily MAGuK proteins are key scaffold pro-
teins that determine the steady-state as well as the activ-
ity-dependent changes of glutamate-receptor number 
in excitatory synapses34. The hallmark of the MAGuK-
family proteins is that they all contain an SH3–GK tan-
dem near their C-terminal tail (fIG. 2). The SH3–GK 
tandem of PSD95 binds to numerous proteins, including 
GKAP proteins, A-kinase-anchoring protein (AKAP) 
proteins, SYNGAP1, SPAR and microtubule-associated 
protein 1A (MAP1A), and these PSD95 SH3–GK-
mediated interactions have been implicated in the regu-
lation of both the size and the number of synapses90–94. 
The crystal structures of the PSD95 SH3–GK tandem 
revealed that the SH3 domain and the GK domain pack 
extensively with each other to form an integral structural 
unit in which the last two β-strands (βE and βf) of the 
SH3 domain are contributed by two peptide fragments 
from the extreme N and C termini of the GK domain53,54 
(fIG. 5a). Therefore, the SH3 domain of the SH3–GK tan-
dem is a split protein domain, and the SH3–GK structure 
is an integral supramodule. The supramodular intra-
molecular SH3–GK packing is required for the proper 
functions of PSD95. Disruption of the SH3–GK interac-
tion compromised PSD95-mediated clustering of Kv1.4 
K+ channels95, and mutations of the only PSD95-family 
MAGuK in Drosophila melanogaster (DLG1) that dis-
rupt SH3–GK packing led to a tumorigenic phenotype 
of larval imaginal discs96. The structure of the PSD95 
SH3–GK supramodule shows that the canonical ligand-
binding site of the SH3 domain is occluded by the long 
sequence inserted between βD and βE; this insertion is 
known as the hinge region in MAGuK-family proteins. 
It is interesting to note that the sequences of the hinges 
are highly diverse among the family members and can 
bind to various regulatory proteins, such as protein 4.1 
(also known as EbP41) and calmodulin97–99. It is pos-
sible that binding of these regulatory proteins to the 
hinge can regulate the SH3–GK interaction, as the inter-
domain interaction is primarily mediated by the βE and 
βf strands of the SH3–GK tandem and thus is expected 
not to be tight. Indeed, substitution of the entire hinge 
region with a rigid five-Pro linker disrupted SH3–GK 
packing and resulted in the formation of mutant protein 
dimers in solution53.

The structure of the auxiliary β-subunit of voltage-
gated Ca2+ channels (Cavβs) was solved a few years 
ago. unexpectedly, this subunit contains an SH3–GK 
supramodule. Although the orientation of the two 
domains to each other is different from that in the 
PSD95 SH3–GK tandem55,56,100 (fIG. 5a,b), the topol-
ogy of the Cavβ SH3–GK supramodule is remarkably 
similar to that of the PSD95 SH3–GK tandem. The first  
conserved domain in Cavβ (C1) constitutes part of the  
SH3 domain (βA to βD), and the last β-strand of  
the SH3 domain is contributed by the N-terminal end  
of the second conserved domain (C2), which also 
forms the GK domain (thus, the SH3 domain can be 

Figure 5 | The sH3–GK supramodules. a,b | Ribbon diagrams of the postsynaptic 
density 95 (PSD95) Src homology domain 3 (SH3)–guanylate kinase (GK) tandem (Protein 
Data Bank (PDB) code: 1KJW) (a) and of the auxiliary β-subunit of the voltage-gated Ca2+ 
channel (Ca

v
β) SH3–GK tandem (PDB code: 1VyT) (b). The hinge region and interfacial 

strands between the SH3 domain and the GK domain are coloured in grey and pink, 
respectively. The secondary structures of the SH3 domain are labelled following the 
scheme of canonic SH3 domains (βA–βE). The interdomain orientation difference of  
the SH3–GK tandems between PSD95 and Ca

v
β are indicated by the black arrows. c | 

Schematic diagrams showing possible regulation modes of the SH3–GK supramodules. 
Following the binding of regulatory proteins (denoted R) to the hinge region, the SH3–GK 
tandem could open to form either a dimer or an oligomer (step 1), providing a mechanism 
for multimerization, which is observed in many membrane-associated guanylate kinase 
(MAGUK) scaffolds. Alternatively, binding of regulatory proteins to the hinge region may 
induce interdomain conformational changes, thereby exposing new binding surface for 
additional target proteins (denoted T) (step 2). AID, α-interacting domain.
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Split protein domain
A protein domain that is 
characterized by insertions of 
one or several autonomously 
folded protein modules into 
the middle of the domain’s 
primary sequence. In most split 
domains with known 
structures, the splitting does 
not normally change the 
domain’s overall folding but 
often modifies its functions.

characterized as a split protein module). The βD and βE 
strands of the SH3 domain are separated by an α-helix 
and a long variable loop called v2 (equivalent to the 
hinge sequence in the PSD95 SH3–GK tandem), and 
the canonical target-binding site of the SH3 domain is 
occluded by this hinge sequence (fIG. 5b). Although the 
α-interacting domain (AID) of the channel α-subunit 
binds to a hydrophobic groove opposite the SH3–GK 
interface (fIG. 5b), the interaction between SH3 and  
GK is absolutely required for both membrane-surface 
trafficking and the channel gating exerted by Cavβ

101,102. It 
was shown using a domain-complementation approach 
that both v2 and the last β-strand of SH3 (contributed 
by C2) are directly involved in the surface trafficking and 
channel-gating properties of Cavβ

102.
The structures of the SH3–GK supramodules of 

PSD95 and Cavβ, together with associated struc-
tural and functional studies, reveal a common theme 
for these MAGuK scaffolds: the orientation of SH3 
and GK to one another is flexible owing to the small  
domain interface, and the hinge that splits the  
SH3 domain between βD and βE is likely to act as a struc-
tural and functional switch. As shown in fIG. 5c, it is pos-
sible that the binding of regulatory proteins to the hinge 
region of the split SH3 domain causes several changes 
to the SH3–GK supramodule. It might alter the rigidity  
of the hinge region, thereby converting the SH3–GK 
monomer into a dimer or oligomer. Alternatively, it 
might alter the orientation of SH3 and GK to one another, 
potentially exposing new binding sites in the SH3–GK 
supramodule, which could be in either the SH3 or  
GK domains or in the new interface between them.

DH–PH supramodule in GEFs
One of the most salient features of synaptic plasticity 
is the activity-dependent change in neuron morphol-
ogy, which is reflected by changes in the number and 
shape of dendritic spines. Spine formation and sub-
sequent changes in morphology are directly coupled 
to the dynamics of the actin cytoskeleton, which are 
intimately linked to the Rho-family small GTPases and 
their regulatory GEfs and GTPase-activating proteins 
(GAPs)42,103. Consistent with their crucial roles in spine 
dynamics, small GTPases and their regulators consti-
tute a large proportion (~8%) of total PSD proteins23. 
GEfs catalyze the exchange of GDP for GTP of small 
GTPases, and the human Dbl family of Rho-GEfs (the 
most common GEfs) contains 69 distinct members104. A 
number of these Rho-GEfs, including βPIX (also known 
as ARHGEf7), kalirin, LfC (also known as ARHGEf2), 
ephexin 1 (also known as NGEf) and T-cell lymphoma 
invasion and metastasis 1 (TIAM1), have been shown to 
directly regulate dendritic spine morphogenesis, often 
in an activity-dependent manner105–112. Many of these 
GEfs are known to interact with PDZ scaffold proteins 
in the PSD42.

The Dbl-family Rho-GEfs invariably contain a  
DH domain immediately followed by a C-terminal PH 
domain104 (fIG. 2). Extensive studies have unequivocally 
shown that the DH–PH tandems in Rho-GEfs form dis-
tinct structural and functional supramodules104. It is well 

established that the DH domain is largely responsible 
for catalyzing nucleotide exchange and dictating GTPase 
binding specificity. The PH domain in the tandem has 
multiple functions, including regulating the exchange 
activities (both activation and inhibition) of the DH 
domain by directly contacting the GTPase; facilitating 
membrane attachment of the GEf by binding to phos-
phatidylinositides embedded in the membrane bilayers; 
and modulating the GEf’s activities allosterically by 
interacting with phospholipids59,104,113. In the GTPase-
unbound forms, the contact surface between the DH and 
PH domains is small and limited to the C-terminal end  
of the last α-helix (α6) of DH and the N-terminal  
end of PH, and therefore the interdomain orientation is 
flexible114 (fIG. 6a). The phospholipid binding loops (the 
β1–β2 and β3–β4 loops) of the PH domain are flexible 
and freely accessible to lipid binding. In the GTPase-
bound DH–PH complex, the PH domain is rotated ~10° 
clockwise with respect to the DH domain, such that the 
β3–β4 loop of the PH domain is in direct contact with 
the so-called switch 2 region of the GTPase, which helps 
to push Mg2+-GDP out of the GTPase (accelerating the 
GEf activity of the DH domain; fIG. 6b,d)58,104,115,116. Thus, 
full GEf activity requires the coordinated engagement 
of both the DH and the PH domains of the DH–PH 
supramodule with the GTPase. Several factors can prob-
ably trigger the realignment of the DH and PH domains 
into a fully catalytically active orientation (for example, 
simple GTPase binding, the insertion of phospholipids 
into the lipid-binding pocket of the PH domain, or the 
binding of other proteins to the DH–PH tandem), as 
such realignment involves relatively small conforma-
tional changes and is not energy-demanding owing 
to the intrinsic interdomain flexibility of the DH–PH 
tandem59,114,116.

In a subclass of Rho GEfs, called the Trio GEfs 
(examples include SOS1, PREX1, p63RHOGEf, TRIO 
and kalirin), the PH domain auto-inhibits the GEf activ-
ity of the DH domain59,113,117. Activation of these GEfs 
requires the binding of additional regulatory factors, 
including proteins and/or phospholipids, to the DH–PH 
tandem. One well-characterized example is p63RHOGEf,  
which is directly activated by the Gαq subfamily of 
hetero trimeric G proteins. Interestingly, p63RHOGEf 
lacks an RGS (regulator of G-protein signalling) domain 
for G-protein binding. Instead, Gαq binds directly to the 
DH–PH tandem of p63RHOGEf (fIG. 6c). In this complex, 
Gαq engages extensively with both the DH and the PH  
domains using residues that are conserved in the Trio 
family GEfs. The PH domain binds to Gαq using its 
last kinked α-helix and residues from the β2–β3 and 
β4–β5 loops. The DH domain uses a surface opposite 
its RHOA-binding site, and hence there is no direct 
interaction between RHOA and Gαq. Compared with 
the structure of the N-terminal RAC1-bound DH–PH 
supramodule of the enzyme, which is not activated by 
Gαq

116, binding of Gαq to a Trio GEf leads to an ~50° 
anti-clockwise rotation of PH from DH with respect 
to the bound RHOA (fIG. 6c,d). Presumably, this Gαq-
induced displacement of the PH domain prevents 
it inhibiting the DH domain (that is, it removes the  

R E V I E W S

96 | fEbRuARY 2009 | vOLuME 10  www.nature.com/reviews/neuro

© 2009 Macmillan Publishers Limited. All rights reserved

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=8874&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=9181&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=25791&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=7074&ordinalpos=5&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=6654&ordinalpos=5&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=57580&ordinalpos=2&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=7204&ordinalpos=3&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum


a b c d

Nature Reviews | Neuroscience

PH PH
PH

DH
DH

DHRHOA
RHOA

Gα

P

PP
P

PP

P

PP
β1

β2

β3

β4

PH

DH

DH

PH

DH

PH
RHOARHOA Gα

auto-inhibition). Again, the intrinsic flexibility of the 
domain interface plays a crucial part in the activity  
modulation of the p63RHOGEf DH–PH supramodule.

Concluding remarks
PDZ-domain proteins are the most abundant scaf-
fold proteins found in the PSD. Through binding to 
their specific targets (proteins and phospholipids), 
PDZ-domain scaffolds have key roles at synapses, 
including clustering glutamate receptors, assembling 
signalling complexes, trafficking glutamate receptors 
and cytoskeletal remodelling of spines. In addition 
to having individual functions, the studies reviewed 
here suggest that two or more PDZ domains in multi-
PDZ scaffold proteins often interact with each other to 
form supramodules with distinct spatial arrangements 
and target-binding properties. building several PDZ 
domains into a supramodule not only provides distinct 
target-binding properties (such as enhanced binding 
affinity and unparalleled interaction specificity) for 
PDZ scaffolds, it also enables regulatory switches to be 

integrated into the PDZ scaffolds. This is an important 
concept, as increasing evidence suggests that catalyti-
cally inactive scaffold proteins are not mere passive 
molecular ‘glue’118,119 but, rather, active participants in 
the dynamic regulation of signalling events. Given the 
high abundance of multi-PDZ-domain scaffold proteins 
in the PSD, it would not be surprising if many other 
PDZ-supramodule-containing proteins help to regulate 
synaptic functions. In the future, PDZ supramodules 
in scaffolds should be studied as such, rather than as 
individual PDZ domains. It is important to point out 
that supramodules are likely to be a common feature 
of many multi-domain proteins, both in the PSD and 
in other cellular localizations. we have touched on 
only a few examples that are intimately related to the 
PDZ scaffolds in the PSD, and we expect many more 
supramodules to be identified and have their unique 
structural and functional properties uncovered. The 
prevalence of supramodules in multi-domain proteins 
also calls for scientists to interpret data obtained from 
individual domains with caution.

Figure 6 | The DH–PH supramodules in rhoGeFs. a | Ribbon diagram of the TRIO Dbl homology domain 
(DH)–pleckstrin homology domain (PH) (Protein Data Bank (PDB) code: 1NTy). b | Ribbon diagram combined with surface 
representation of the PDZ-RHOGEF (guanine nucleotide-exchange factor) DH–PH in complex with RHOA (PDB code: 
1XCG). c| p63RHOGEF DH–PH in complex with RHOA and the G-protein subunit Gα

q
 (PDB code: 2RGN). In these 

diagrams, the phosphatidylinositol-binding pockets formed by the β1–β2 and the β3–β4 loops of the PH domain are 
indicated by a phosphatidylinositol head group. The interfaces between different domains are highlighted by dashed-line 
circles. The orientation changes of the PH domain with respect to the DH domain on binding of the DH–PH to RHOA or 
Gα

q
 are indicated by black arrows. d | A schematic diagram showing the domain-orientation changes of the DH–PH 

supramodule on binding to RHOA or Gα
q
. The interdomain flexibility between the DH domain and the PH domain is 

crucial for the versatile functions of the DH–PH supramodule in tuning the nucleotide-exchange activities of the Rho 
small GTPases.
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