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Summary

PDZ domains are protein-protein recognition modules that assembly of supramolecular signaling complexes.
play a central role in organizing diverse cell signaling Examples of such PDZ-mediated assemblies exist in
assemblies. These domains specifically recognize short C- Drosophila photoreceptor cells and at mammalian
terminal peptide motifs, but can also recognize internal synapses. The predominance of PDZ domains in metazoans
sequences that structurally mimic a terminus. PDZ indicates that this highly specialized scaffolding module
domains can therefore be used in combination to bind an probably evolved in response to the increased signaling
array of target proteins or to oligomerize into branched needs of multicellular organisms.

networks. Several PDZ-domain-containing proteins play

an important role in the transport, localization and  Key words: PDZ, Signaling, Scaffolding

Introduction terminal motifs found in partner proteins, most often in the

An emerging paradigm in eukaryotic signal transduction is thagytoplasmic tails of transmembrane receptors and channels
modular protein-protein recognition domains are used to wirf<ornau et al., 1995; Niethammer et al., 1996). More recently,
the complex biochemical circuits that control cellularéxamples of PDZ-domain-mediated recognition of non C-
responses to external stimuli. These recognition domains pldgrminal motifs have also been discovered (Xu et al., 1998;
a central role in assembling multiprotein signaling complexed;illier et al., 1999; Christopherson et al., 1999; Fouassier et
thereby coordinating and guiding the flow of regulatoryal., 2000).
information.

Here, we focus on the PDZ domain, one of the most commo . L .
modular protein-interaction domains. The primary function O,Brganls.mal distribution of PDZ domains
these domains is to recognize specific ~5-residue motifs th&early identifiable PDZ domains are primarily concentrated
occur at the C-terminus of target proteins or structurally related metazoans. PDZ-domain-containing proteins are numerous
internal motifs. We examine the structure of PDZ domains, th# all three currently sequenced metazoan genomes
mechanism of PDZ-domain-mediated recognition and hoWCaenorhabditis elegan®. melanogasteandHomo sapiens

PDZ-domain-containing proteins function as key elements thdgpresenting 0.2-0.5% of open reading frames (Schultz et al.,
organize diverse signaling pathways. 2000; Schultz et al., 1998b). Domains similar to PDZ domains

have also been identified in yeast, bacteria and plants (Pallen

and Ponting, 1997; Ponting, 1997). However, the putative PDZ
The discovery of PDZ domains as protein- domains found in both th&accharomyces cerevisiand
interaction modules Schizosaccharomyces pomippenomes exhibit extremely low
PDZ domains were first identified as regions of sequencgequence similarity to the metazoan consensus PDZ domain
homology found in diverse signaling proteins (Cho et al., 1992amino acid sequence (E values > 0.1), calling into question
Woods and Bryant, 1993; Kim et al., 1995). The name PDXvhether these are truly PDZ domains. Moreover, there is no
derives from the first three proteins in which these domaingvidence that these putative domains function in protein-
were identified: _BD-95 (a 95 kDa protein involved in protein recognition. The bacterial and plant PDZ domains, by
signaling at the post-synaptic density),® (the Drosophila  contrast, show considerably higher homology to those found
melanogasterDiscs Large protein) and Gz1 (the zonula in metazoan proteins. The structure of one such bacterial PDZ
occludens 1 protein involved in maintenance of epitheliablomain has recently been solved, and it reveals that this domain
polarity). These domains have also been referred to as DHRas a fold related to but distinctly different from canonical PDZ
(Discs large bmology_epeat) domains or GLGF repeats (afterdomains (Liao et al., 2000; see below). Thus, many of these
the highly conserved four-residue GLGF sequence within thbacterial ‘PDZ-like’ domains are likely to be significantly
domain). different from canonical metazoan PDZ domains.

PDZ domains function as protein-protein interaction Since canonical PDZ domains are rare in non-metazoans,

modules. The first identified (and by far the most commonPDZ domains might have co-evolved with multicellularity. In
function of PDZ domains is the recognition of specific C-this sense they are similar to SH2 domains, which appear only
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in metazoans, but differ from SH3 domains, which are welhydrogen-bonding pattern normally observed between main-

established in yeast as well as metazoans (Zagulski et al., 19@8ain carbonyl and amide groups irB&heet structure. The

The C. elegansSequencing Consortium, 1998; Internationalstructure of the PDZ domain does not change upon ligand

Human Genome Sequencing Consortium, 2001; Venter et abinding; the free and peptide-bound structures of the third PDZ

2001). The fact that clear PDZ domains are absent in yeast, dgmain of PSD-95 show ano carbon root-mean-squared

numerous PDZ-like domains are present in bacteria and plantigviation (RMSD) of only 0.9 A (Doyle et al., 1996).

has led to the hypothesis that the domains may have entered

these other genomes by horizontal genetic transfer (Pallen ahfie affinity of PDZ-peptide interactions

Ponting, 1997). This hypothesis is also consistent with th€onfusion exists concerning the binding affinities of PDZ

finding that PDZ domains are absent in Archaea. domains for their peptide ligands. Estimates for dissociation
constants (l§), measured using a variety of techniques, have
ranged from low nanomolar to high micromolar. Much of this

The structure of PDZ domains and their mechanism confusion, however, may result from the methods used. Most
of recognition of the high-affinity measurements (Kd ~ nM) were obtained by
Overall PDZ fold and peptide-binding site solid-phase methods such as ELISA or surface plasmon

The structures of eight PDZ domains (and two ‘PDZ-like’resonance. The caveats of these methods and their tendency to
domains) have been determined by crystallography and/@verestimate the magnitude of molecular interactions are well
NMR (Berman et al., 2000; Daniels et al., 1998; Doyle et al.known (Myszka, 1999a; Myszka, 1999b). To date, two studies
1996; Hillier et al., 1999; Karthikeyan et al., 2001a;have measured the affinities of PDZ domains for their ligands
Karthikeyan et al., 2001b; Kozlov et al., 2000; Liao et al., 2000by solution methods, giving figures for the affinities of diie
Morais Cabral et al., 1996; Mithlhahn et al., 1998; Schultz esyntrophin PDZ domain and PSD-95 PDZ domains 2 and 3 in
al., 1998a; Tochio et al., 2000; Tochio et al., 1999; Webster #be low micromolar range (1-1QM) (Harris et al., 2001;
al., 2001). Like many other protein-protein interactionNiethammer et al., 1998). Thus, this is probably the true
domains, PDZ domains are relatively smai residues), fold  affinity range of most PDZ domain interactions, which would
into a compact globular fold and have N- and C-termini thaplace them in the same range as SH2 and SH3 interactions.
are close to one another in the folded structure. Thus thEhese moderate affinities are likely to be more suitable for
domains are highly modular and could easily have beeregulatory functions (Nguyen et al., 1998).
integrated into existing proteins without significant structural o _ ) o
disruption through the course of evolution. The PDZ foldSpecificity in C-terminal peptide binding
consists of si3-strands BA-BF) and twoa-helices ¢A and  PDZ domains recognize specific C-terminal sequence motifs
aB; Fig. 1a). that are usually about five residues in length, although in some
The structures of several PDZ-peptide complexes have alsare cases specificity of recognition extends beyond these
been determine(Fig. 1b,c; Doyle et al., 1996; Daniels et al., terminal five residues (Niethammer et al.,, 1998). The
1998; Tochio et al., 1999). Peptide ligands bind in an extendetbmenclature for residues within the PDZ-binding motif is as
groove between straniB and helixaB by a mechanism follows: the C-terminal residue is referred to as theeBidue;
referred to ag-strand addition (Harrison, 1996). Specifically, subsequent residues towards the N-terminus are termed P
the peptide serves as an extratrand that is added onto the P-», P-3, etc.
edge of a pre-existing-sheet within the PDZ domain. The  Extensive peptide library screens pioneered by Songyang et
peptide ligand backbone participates in the extensival. have revealed the specificities of distinct PDZ domains

Table 1. Examples of PDZ ligands

PDZ Domain Consensus binding sequence* Ligand protein Reference
Pz P> P-1 Pg
Class | SIT X ®§ -COOH
Syntrophin E S L V -COOH \oltage-gated Nehannel Schultz et al., 1998a
PSD-95 #1, 2 E T D V -COOH Shaker-typé Ehannel Kim et al., 1995
Class Il -COOH
hCASK E Y Y V -COOH Neurexin Songyang et al., 1997
Erythrocyte p55 E Y F | -COOH Glycophorin C Marfatia et al., 2000
Class IlI -COOH
Mint-1 D H W C -COOH N-type C&" channel Maximov et al., 1999
SITAC Y X C -COOH L6 antigen Borrell-Pages et al., 2000
Other
nNOS G D X V -COOH MelR Stricker et al., 1997
MAGI PDZ #2 SIT W V -COOH (phage display) Fuh et al., 2000
Engineered from AF6 KIR 'Y V -COOH Synthesized peptide Schneider et al., 1999

*By convention, Bis the C-terminal residue 1 one residue N-terminal to it, etc.
*X denotes any amino acid (no specificity defined at this position for this class).
8¢ denotes a hydrophobic amino acid, usually V, | or L.




Mechanism and role of PDZ domains in signaling complex assembly 3221

(Songyang et al., 1997; Schultz et al., 1998a). Together, theaad strandBB, firmly positions the peptide in the binding
studies suggest that the &d R residues are most critical groove.

for recognition. These studies also show that PDZ domains canGiven the manner in which the peptide ligand is positioned,
be divided into at least three main classes on the basis of théie side chains of thegnd R ligand residues point directly
pReferences for residues at these two sites: class | PD#to the base of the peptide-binding groove. This mode of
domains recognize the motif S/IT®-COOH (whered is a  docking explains the importance of these residues in
hydrophobic amino acid and X is any amino acid); class || PD2pecificity. The B residue points into a large hydrophobic
domains recognize the mott-X-®-COOH; and class lll PDZ pocket. In the case of the third PDZ domain from PSD-95,
domains recognize the motif X-X-C-COOH. There are a fewwhich prefers valine at sityRhe pocket is formed by Phe325,
other PDZ domains that do not fall into any of these specifiteu379 and other hydrophobic residues (Doyle et al., 1996).

classes (Table 1). A slightly larger hydrophobic pocket in the first PDZ domain
_ N N from NHERF/EBP50 has been hypothesized to result in the
The structural basis of specific recognition preference for leucine at the position (Karthikeyan et al.,

Why do PDZ domains recognize these motifs only if they ar@001a). The B side chain points into a separate pocket, which
at the C-terminus of the ligand? Structures of PDZ-peptiden class | PDZ domains contains a histidine residue (His-372
complexes reveal that at the end of the peptide-binding groowe PDZ 3 of PSD-95). The N-3 nitrogen of this residue forms
is a loop termed the ‘carboxylate-binding loop’. This loopa specific hydrogen bond with the hydroxylated side chains of
contains the well-conserved sequence motif R/K-X-X-X-G-L-either a serine or threonine residue, thus giving rise to the
G-F. In the complex, the ligand terminal carboxylate isdistinct P2 residue preference of class | domains. In class Il
coordinated by a network of hydrogen bonds to main-chaidomains, which recognize a hydrophobic residue at position
amide groups in this loop, as well as an ordered water molecuRe, the histidine residue is replaced by leucine or methionine
that is coordinated by the side chain of a conserve@aniels et al., 1998). In the nNOS PDZ domain, which
arginine/lysine residue at the beginning of the loop (Fig. 1b,cyecognizes aspartic acid at the Position, the corresponding
The coordination of the terminal carboxylate, as well as theesidue is tyrosine (Stricker et al., 1997).
extensivep-strandB-strand interactions between the peptide PDZ-complex structures also reveal that residues other than
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Fig. 1. Structure of the PDZ domain and mechanism of peptide recognition. (A) Ribbon diagram of PSD-95 PDZ domain 3 (residues 306-394,
shown in red) with a bound peptide (MKQTSV-COOH, shown in blue). Names [®fstrands andi-helices are indicated. The side chains of

the peptide Presidue (valine) and-£residue (threonine) are shown in stick form, as is the terminal carboxylate. (B) Diagram of the peptide-
binding pocket. Residues in the PDZ-domain-binding pocket are shown in black; the peptide is shown in blue. Hydrogerdbandsaare

red dotted lines, and hydrophobic packing is indicated by green arcs. (C) Solvent-accessible surface representatictwottbbstn in

(A) (probe radius=1.4 A). The peptide is drawn as in A, and key binding pockets are indicated by circles (Doyle et al., 1996).
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Fig. 2. The same PDZ domain can recognize two
structurally distinct ligands. Thel-syntrophin PDZ
domain is shown as a gray solvent-accessible surface.
(A) The ligand is canonical peptide MYKESLV-COOH,
shown as a red tube (Schuliz et al., 1998). (B) The ligand is
the nNOS PDZ domain with its distinctipefinger motif
(indicated), shown as a red ribbon diagram. The internal
peptide motif that mimics a C-terminal peptide is indicated
(Hillier et al., 1999).

. Internal peptide £ &
motif

the R and R residue can also participate in specificstructure context that conformationally mimics a chain
interactions with PDZ domain residues that are adjacent to therminus.
peptide-binding groove (Doyle et al., 1996; Tochio et al., 1999; The best-characterized example of an internal-motif-
Karthikeyan et al., 2001b). These interactions tend to be uniqueediated PDZ interaction is the heterodimer involving the PDZ
to individual PDZ domains and are likely to fine tunedomain of nNOS and the PDZ domain of either syntrophin or
specificity within each domain class. PSD95 (PDZ #2; Fig. 2). Both syntrophin and PSD95 PDZ
Thus, the specificity of PDZ domains is primarily domains recognize C-terminal motifs, but they can also
determined by the chemical nature of the &d R2-binding  recognize the nNOS PDZ domain in a manner that does not
pockets. Distinct sequence variations in the residues that lirdepend on the C-terminal sequence of either partner protein. A
these pockets can change the size and shape preference Jotresidue extension on the nNOS PDZ domain, however, is
particular hydrophobic@esidues. Variations in the#pocket  required for interaction (Christopherson et al., 1999). In this
can yield distinct preferences for hydroxylated, charged ostructure, the two domains interact in an unusual linear head-
hydrophobic amino acids. to-tail arrangement. The 30-residue extension to the nNOS
This model of recognition is supported by the relative easBDZ domain adopts an extendédhairpin fold, the B-finger’.
with which PDZ domain specificity can be altered. Stricker efhis nNOSpB-finger docks in the syntrophin peptide-binding
al. changed the specificity of the nNOS PDZ domain from -Dgroove, mimicking a peptide ligand through its (Phe) and
X-V-COOH to T-X-V-COOH by mutating Tyr77 and Asp78 in P- (Thr) pocket interactions. However, in tigefinger, the
the Ro-binding pocket to histidine and glutamate residuesnormally required C-terminus is replaced with a stiatprn.
respectively (Stricker et al., 1997). In addition, Schneider et al. Gee et al. have obtained further evidence that PDZ domains
used phage-display methods to select for mutations in the AEan bind such ligands. They obtained internal sequence motifs
6 PDZ domain that bind to a variety of mutant target peptidethat bind to the syntrophin PDZ domain by phage display; the
(Schneider et al., 1999). In most cases, the resulting amino adigands maintain the same consensus recognition motif as all
substitutions are in or directly adjacent to str@Bdand helix  other syntrophin PDZ domain ligands (Gee et al., 1998).
aB, the secondary-structure elements lining the peptidd-lowever, binding occurs only if the C-terminal end of the
binding pocket. Interestingly, in no case were more than thrg@eptide is structurally constrained by an intramolecular
residue substitutions necessary to change the bindindjsulfide bond, which suggests that a ‘loop’ structure similar
specificity of the AF-6 PDZ domain. These experimentgo the nNOS3-hairpin turn is necessary.
suggest that specificity of PDZ domains is easily altered These studies reveal that internal motif recognition is highly
without significantly compromising the overall domain analogous to C-terminal motif recognition. Thus, all PDZ
structure. domains might recognize internal motifs, if the latter are
Although the fundamental basis for PDZ specificity is wellpresented within the correct structural context. However,
understood, many questions remain. How specific ar@ternal motif recognition is likely to be more rare, given that
individual PDZ domains? Even if there are at least 5-10 generttie structural requirements for PDZ binding of internal
specificity classes, do the 394 different PDZ domains found isequence motifs are so stringent.
humans each recognize a unique set of sequences? Thes8everal other examples of putative internal motif recognition
questions may be answered as large-scale proteomics effontsolve PDZ-PDZ homo- or hetero-dimerization. These
begin to elucidate the specificities of large sets of interactioimteractions might mediate oligomerization of PDZ-containing

domains. proteins. Marfatia et al. showed that the PDZ-containing
N ) ) protein hDIg forms oligomers in solution (Marfatia et al.,
The recognition of internal motifs 2000). PDZ domains from the mammalian proteins PAR-3 and

A growing number of examples show that some PDZ domainBAR-6 appear to bind each other in vitro (Lin et al., 2000).
can also recognize internal peptide motifs. This second modgeveral recent papers have also recently shown that the first
of interaction at first seems at odds with the strict requirememivo PDZ domains of NHERF/EBP50 can dimerize or form
for a C-terminal recognition motif. However, structural andhigher-order oligomers in a manner that may be dependent on
mechanistic studies of internal motif complexes reveal that thehosphorylation (Fouassier et al., 2000; Lau and Hall, 2001);
two modes of interaction are related. Internal motifs can b# should be noted, however, that others have been unable to
recognized if they are presented within a specific tertiaryeplicate these findings (Reczek and Bretscher, 2001). Finally,
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Fig. 3. Structures of related ‘PDZ-like’ domains. A
Proteins are shown in ribbon forkstrands are shown

in turquoise, and-helices are shown in red. (A) A

canonical metazoan PDZ domain exemplified by the

third PDZ domain of PSD-95 (residues 306-394), shown
with a bound peptide (dark blue) as in Fig. 1 (Doyle et ™,
al., 1996). (B) Interleukin 16 (IL-16), residues 25-119.
Trp-99, shown in stick form, occludes the normal PDZ |
peptide-binding site (Muhlhahn et al., 1998). (C) The N
photosystem D1 protease (residues 157-249) from

Scenedesmus obliquukhe structure is circularly

permuted relative to the structures in (A) and (B), but

the fold is essentially the same (Liao et al., 2000). Note PSD-95 Photosystem
that, in all structures, the N- and C-termini of the IL-16

domains are close together. PDZ #3 D1 protease

Xu et al. showed that PDZ domains 3 and 4 from thaliscrimination power to select its ligands within a complex

Drosophila protein INAD can bind to each other and form cellular environment, largely because there are so few termini
homo-oligomers (Xu et al., 1998). More examples of internain comparison with possible internal motifs. In this sense, PDZ
PDZ interactions may exist, but these will be very difficult todomains appear to be highly specialized for specific, non-
identify on the basis of sequence alone, given that a key

determinant of binding is a structural feature that can be highl .

degenerate at the sequence level. It remains to be seen whetMAGUK proteins

these other examples share structural similarities with th

nNOSB-finger. PSD-95 SO0
General model for PDZ recognition CASK { SKc_er/Thr © GuK
The studies described above reveal a unified mechanism f —

PDZ recognition of diverse ligand types. PDZ domains ar¢ z0-3 O)—-O)—O) GuK

extremely selective for specific C-terminal peptide motifs.
Internal motif recognition is not an exception to the rules o ) ] ) ) ]
PDZ recognition but a different way to satisfy the samePDZ domains with other signaling domains

energetic requirements. Recent mutagenic studies support tl _

idea: alteration of residues in the nN@Singer that bind at ~ Enigma © L'MI'L'MI'L'M

the B and P2 sites can eliminate binding, just as analogous

changes made in C-terminal peptide ligands do. In additior TIAM 1 0

mutation of nNOS residues that disrupt tHefinger - - “ -
conformation also destroys binding (Harris et al., 2001; Tochit Disheveled O
et al., 2000).
One hypothesis that emerges from this analysis is that direProteins that have multiple PDZ domains
chemical recognition of the terminal carboxylate group is
energetically less critical than spatial recognition of the chail : GD
terminus. Indeed, PDZ-peptide complexes differ from othe Velil
carboxylate-recognition proteins in that they lack any direc NHERF/EBP50 -@-@—

salt-bridges between the protein and the ligand carboxylat |,,p _@_@_@_@_@_

The indirect nature of terminus recognition might serve twc

purposes. First it might prevent PDZ-mediated interaction GRIP - O—O-O-O—O)-
from having too high an affinity for their regulatory purpose. pyupp1 _@,@_@_@_@_@@{

Second, it might prevent nonspecific recognition of free
carboxylates or carboxylated amino acids, which coulc W
compete with peptide ligands in the cytoplasm. 0 100 200aa

The focus of PDZ domains on recognition of termini or
terminus-like structures might provide a distinct specificityFig. 4. Examples of higher-order organization of PDZ domains found
advantage over other protein-recognition  modulesin signaling proteins. Proteins are indicated in black lines scaled to
Recognition of internal motifs can occur at any location withinthe length of the primary sequence of the protein; PDZ domains are
a given po|ypept|de sequence. C-terminal recognitionShOWﬂ in yellow. Other domains are indicated as abbreviations (from
however, can occur at only one location. Given a mean proteSMART; Schultz et al., 2000) as follows: SH3, Src-homology
length of ~500 residues in the metazoans, it is 500 times le3 domain; GuK, guanylate-kinase-like domain; LIM, zinc-binding
likely that, within the proteome, a given peptide motif will be 40Main presentin Lin-11, Isl-1, Mec-3; PH, pleckstrin-homology

. . domain; RBD, Raf-like Ras-binding domain; RhoGEF, Rho-like
found at the C-terminus than as an internal sequence (OnGTP-exchange factor; DAX, Dishevelled- and axin-homology

purely random basis). In short, a module that constrains igomain; DEP, Dishevelled-, Egl-10- and pleckstrin-homology
ligands to be at the C-terminus requires far less chemicgomain.
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35 >5 molecule can activate CDA4T cells and suppress HIV

33 replication. The central domain adopts a fold strikingly similar

Number of domains to PDZ domains; the overall structure is maintained, as are
in individual conserved residues such as the GLGF loop and the buried

H. sapiens ORFs lysine residue. The carboxylate-binding loop, however, is

smaller than in canonical PDZ domains, and the peptide-

SH2 SH3 PDZ binding pocket is partially occluded by a tryptophan side chain.

Not surprisingly, IL-16 does not bind C-terminal peptides
Fig. 5.PDZ domains co-occur more frequently than comparable  (Miihlhahn et al., 1998) and probably represents an example of

S?gna:?ng goma@ns in the_hulnggFenome-dDiStngti%”G:;?l(lgi%'el divergent evolution, because it differs from a typical PDZ
signaling domains in a single as predicted by chultz g :
et al., 2000) are shown for SH2, SH3 and PDZ domains. ORFs are domain sequence by only a few residues.

separated according to those that contain 1 (gray), 2 (purple), 3-5
(blue) and >5 (red) of a single type of domain in the same
polypeptide. PDZ domains are much more likely to occur in multiple
copies.

Higher-order organization of PDZ domain-containing
proteins

The wealth of current whole genome information affords us the
invasive recognition (i.e. without interfering with the overall unprecedented opportunity to examine, at a sequence level,
structure) of target proteins. how PDZ domains are utilized in whole proteins. Several

distinct patterns are observed (Fig. 4).

Related, ‘PDZ-like’ domains The multiplicity of PDZ domains

Two recent structures have called attention to the fact that tli@ne of the most striking aspects of PDZ domains is the
PDZ domain fold can be used in other contexts (Fig. 3). Afrequency with which multiple domains occur within the same
stated above, PDZ-like domains have been identified ipolypeptide. Of the human PDZ-domain-containing proteins,
bacteria and plants. Although these are clearly related ih8% have three or more PDZ domains within the same
sequence to metazoan PDZ domains, their homology is mopmlypeptide, and one protein, MUPP1, contains a remarkable
distant, and in most cases it has yet to be determined whett8 PDZ domains. The multiplicity of PDZ domains within a
they share a common structure and function. single chain is much higher than for other modular signaling
Recently, however, Liao et al. determined the first crystatlomains (Fig. 5), except for those that are obligate repeats
structure of a bacterial PDZ-like domain, from the photosysterntsuch as WD40 domains, which only fold as an ensemble of
I D1 protease irscenedesmus obliqufisao et al., 2000). The repeats).
central domain of the protease resembles a PDZ domain at the )
primary and tertiary structural level (RMSD < 2.0 A, comparedMAGUK proteins
with several metazoan PDZ domains). Nonetheless, there FDZ domains are also often found in particular multidomain
one striking structural difference: the fold contains a circulaarrangements. One particularly common class is the so-called
permutation. Specifically, the strand that would be flde = MAGUKs (membrane-ssociated_ganylate _knases). These
strand in a metazoan PDZ domain (at the N-terminus) is at thgroteins contain between one and three PDZ domains, an SH3
C-terminus in the primary sequence. In the folded structurelomain and a guanylate kinase homology (GuK) domain
however, this strand occupies the same location and orientatigBomperts, 1996). Although the GuK domain is similar to the
as its corresponding strand in canonical PDZ domains. yeast enzyme guanylate kinase, it lacks key catalytic residues
It is not known whether this bacterial PDZ-like domain bindsand guanylate kinase activity. However, both the SH3 and GuK
C-terminal peptides, although the complete protease is knowdomains of MAGUKs have been implicated in other protein-
to recognize substrates based on C-terminal tags. The n@aotein interactions. 24 MAGUK proteins are found in the
structural data suggest that this PDZ-like domain should binduman genome; several of these have been proposed to
C-terminal peptides as metazoan PDZ domains do. Beebe @ganize multiprotein signaling complexes by virtue of their
al. have found that the putative PDZ-like domain from themultiple interaction domains.
related Tsp protease recognizes C-terminal peptides with an
apparent affinity of 1.uM (Beebe et al., 2000). Thus, this ) ) ) o )
class of PDZ-like domains is likely to share a similar function?DZ domains organize multiprotein signaling
and overall type of fold but have a distinct topology. complexes
On the basis of sequence analysis (B.Z.H. and W.A.LPDZ-domain-containing proteins appear to function in vivo by
unpublished), a large number of the sequences of otherganizing multiprotein complexes that function in signaling,
bacterial PDZ domains are more consistent with the circularlgs well as establishment and maintenance of cell polarity. For
permuted fold, which suggests that a large family of proteina cell to communicate effectively with its neighbors, relevant
have this related fold. However, it is still formally possible thatreceptors and downstream effectors must be localized and
a subset of bacterial PDZ domains share the precise structweyanized at the proper regions of the cell. This type of
of metazoan PDZ domains. organization is particularly critical for the highly specialized
Muhlhahn et al. also recently showed that the cytokineells found in multicellular organisms.
interleukin 16 (IL-16; also known as Ilymphoctye The best-understood examples of these PDZ-organized
chemoattractant factor) has the same fold as metazoan PBignaling complexes occur in neurons or epithelial cells. Both
domains (Mihlhahn et al., 1998). This secreted cell signalingell types function in cell-cell communication and have highly
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polar structures that are critical for this function. Neurons, fo g 7 3
example, have topologically distinct presynaptic (axonal) an —@ l @ @ @ B

postsynaptic  (dendritic)  structures. Proper neurona

communication requires maintainance of this polarity. v cam ! ~—" v
Analogously, epithelial cells have distinct basolateral anc Bee e iy i e
apical sides, which share certain topological similarities witt (TRPL?) (Rhodopsin?)

the dendritic and axonal domains of neurons, respectivel (Rhodopsin?)

(Bredt, 1998; Dotti and Simons, 1990). A general problen
facing both of these cell types is how to establish and mainta
this polarity and how to target and assemble the prope
signaling proteins at these sites.

PDZ-domain-containing proteins appear to play key roles ii
organizing polar sites of cell-cell communication. PDZ
proteins organize receptors and their downstream effector
They also play a crucial role in transporting and targeting
appropriate proteins to sites of cellular signaling. Both of thes
functions capitalize on the ability of PDZ-domain-containing
proteins to crosslink many different polypeptides by binding tc
small C-terminal tags. Below, we discuss four specific
examples of biological processes involving PDZ-containing
proteins: organization of th®rosophila phototransduction
pathway by INAD, organization of the postsynaptic density by
PSD95, regulation of membrane protein activity and trafficking
by NHERF/EBP50, and receptor localization by the LIN-
2—LIN-7-LIN-10 complex. This discussion is by no means
exhaustive and we refer readers to several more detailt
reviews of these subjects (Sheng, 2001; Shenolikar ar
Weinman, 2001; Tsao et al., 2001; Kennedy, 2000; Tsunoc
and Zuker, 1999; Craven and Bredt, 1998; LEkaWitZ.’ 1998Fig. 6.INAD coordinates th®rosophila melanogaster
Ranganathan and Ross, 1997). Moreover, we do not discuss phototransduction cascade. (A) Domain structure of INAD; arrows
important role of PDZ domain proteins in several othelingicate putative protein-protein interactions. (B) Diagram of the
processes, such as the maintenance of epithelial cell polarbrosophilaphototransduction cascade. The full photoreceptor cell is
and morphology, which have been recently reviewed elsewheat top left. At top right, a section of the cell is expanded to show the

Rhabdomeres

Photoreceptor cell

S
— \\\\
=/ Extracellular

(Bredt, 1998; Fanning and Anderson, 1998). stacking of rhabdomeres. Below, a schematic representation of the
signaling pathway coordinated by INAD. INAD is indicated by five

The PDZ protein INAD scaffolds the Drosophila yellow PDZ domains connected by a black line. Abbreviations for

phototransduction pathway proteins that form the phototransduction signaling cascade are as

: ; ) . : : follows: TRP/TRPL, transient-receptor-potential-typeGzhannels;
One of the best-studied PDZ-containing proteins is th'Gaq, the Gx subunit of the heterotrimeric G protein involved in the

Drosophilaprotein INAD, which is composed almost entirely 5 &0 ca- bt nsduction pathway: PLC. phospholi c
of five PDZ domains. INAD appears to serve as a scaffold fcplr«S: gy;?sppeociﬁé%nrzt;% 'ki?,gsi gagé,vl Céﬁnoj&in. Ipape

the G-protein-coupled phototransduction cascade in the fly e
(Fig. 6).

Drosophila photoreceptor cells are specialized for thedegeneration (Shieh and Zhu, 1996). MoreoveD mutants
sensitive detection of photons (for review see Tsunoda arghow mislocalization of several proteins in the signaling
Zuker, 1999; Fanning and Anderson, 1999; Ranganathan acdscade (Chevesich et al., 1997; Tsunoda et al., 1997; Tsunoda
Ross, 1997). Activation of rhodopsin, the receptor protein, bgt al., 2001). INAD, therefore, appears to be required for the
a photon triggers a G-protein-coupled cascade involving G assembly, function and maintenance of the phototransduction
GBe, Gye and phospholipase C (PLCf). The second- signaling pathway, despite the fact that it is composed solely
messenger products of P& diacylglycerol and Ins(1,4,B3}, of PDZ domains and appears to have no direct catalytic
in turn open the transient receptor potential (TRP¥*Ca function.
channel, causing depolarization of the cell. Subsequent Why is INAD so indispensable for this signaling cascade?
deactivation of this response is mediated by #-@apendent Extensive studies reveal that the five PDZ domains in INAD
adaptation process involving eye-specific protein kinase @teract with individual proteins in the signal transduction
(eye-PKC), calmodulin, arrestin and calmodulin-dependenpathway, including PL@, PKC and TRP (Fig. 6; Tsunoda et
kinase. Both activation and deactivation are fast (a millisecondl., 2001; Li and Montell, 2000; B&hner et al., 2000; Huber
timescale), robust and strongly amplified — a single photoet al., 1998; Xu et al., 1998; van Huizen et al., 1998; Adamski
reliably results in the opening of a large number of channelgt al., 1998; Chevesich et al., 1997; Tsunoda et al., 1997;
This unitary, highly amplified response is referred to as #&luber et al., 1996; Shieh and Zhu, 1996). In addition, the third
‘qguantum bump’. and fourth PDZ domains participate in oligomerization —

InaD was first identified as a mutation that disrupts theprobably through PDZ-PDZ interactions (Xu et al., 1998).
phototransduction cascade and causes light-dependent retifidlere is some debate as to whether certain members of the
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Fig. 7.LIN-2, LIN-7 and LIN-10

form a conserved PDZ-mediated A C
transport complex in polarized
cells. (A) Diagram of the three
proteins, showing their @z PDZ
interactions with each other, domain
which leave all three PDZ

domains free to bind ligands.

(B ) Diagram ofC. elegans

vulval precursor epithelial cells.

LIN-2, LIN-7 and LIN-10 form a

tripartite complex that is

essential for targeting of the

tyrosine kinase receptor LET-23;

proper localization of LET-23 is

required for it to detect its B

ligand, LIN-3, which is present o LIN-3 o
only on the basolateral side o
(Kaech et al., 1998; Simske et ©
al., 1996). (C) Schematic °
diagram of the mammalian
neuron, showing transport along
microtubules of vesicle
containing NMDA receptors.
The mammalian homolog of
LIN-7 (MALS) binds to the C-
terminal tail of NMDA receptor Apic al
subunit 2B, whereas the LIN-10 Neuron al cell body

homolog (MINT1) binds the

kinesin superfamily motor protein KIF17. CASK, the LIN-2 homolog, links MALS and MINT1 together. The entire complex, including
NMDA-receptor-containing vesicles, is proposed to move along microtubules to the neuronal dendrite (Setou et al., 2@fapl&hibias
forms a transport system that targets proteins to their appropriate subcellular locations.

NMDA
/ receptor

Dendrite

CASK-Mint-
Veli complex
NMDA-receptor-
containing
vesicles

\ Microtubule

LIN-2-LIN-7-LIN-10
complex

KIF17
motor
protein

pathway, most notably rhodopsin, directly bind INAD; studiesamplitude. However, stimulation of different individual
by Chevesich et al. (Chevesich et al., 1997) and Xu et al. (Xdnodopsin molecules within a large population produces a
et al., 1998) indicate that it does, whereas studies by Tsunodauch higher degree of variability. These results argue that
et al. suggest that it does not (Tsunoda et al., 1997). Li antlAD-scaffolded complexes are fixed, each acting as a defined
Montell suggest that binding of rhodpsin and certain otheelementary unit of response. However, the responses produced
pathway components may be transient or more highlyy individual INAD-scaffolded complexes vary in size.
regulated, possibly explaining some of the above Much also remains to be learned about the role of INAD in
inconsistencies (Li and Montell, 2000). Nonetheless, there isignal processing. For example, one hypothesis has been that
general agreement that INAD binds multiple proteins in thisascades such as that used in phototransduction might allow
pathway, forming what has been dubbed a ‘transducisoméodr high levels of amplification at each step in the cascade. A
complex that may increase signaling efficiency. The ability okcaffold like INAD might therefore promote amplification.
INAD to multimerize via PDZ oligomerization interactions Recent data, however, argue that INAD may actually limit
may also help organize these cascades into largemplification at some steps in the pathway. Scott and Zucker
supramolecular complexes, possibly explaining the quanturshow that varying the expression levels ofy@nd PL@ does
bump phenomenon, in which at least a few hundredf Canot change the size of the quantum bump (Scott and Zuker,
channels are activated in response to a single photon within 2098), which is inconsistent with a model in which the
milliseconds. availability of these intermediate pathway members determines
As in the case of other PDZ-scaffolding proteins, muchthe magnitude of signal amplification. Amplification appears
remains to be learned about how INAD functions. For examplép occur only downstream of PI3Cprobably at the level of
what is the architecture of INAD-mediated ‘tranducisome’channel activation. Tethering of the upstream protein
complexes? Do they form a single type of complex that has @mponents by INAD appears not to facilitate amplification but
unique, fixed composition and structure, much like a ribosomefstead play a role in increasing signaling efficiency and tuning
Alternatively, do they have heterogenous and dynamicesponse properties such as adaptation.
compositions? Recent studies by Scott and Zucker suggest that ] . .
the answer lies somewhere in the middle (Scott and Zukel?DZ scaffolds organize the postsynaptic density
1998): INAD-scaffolded complexes appear to have variabldany PDZ-containing proteins have been implicated in
compositions, but each individual complex appears to have @ganizing the signaling machinery at synapses and
relatively fixed architecture. The evidence for this model comeseuromuscular junctions. At the dendritic side of the neuronal
from studies in which stimulation of a given rhodopsinsynapse, there is a dense complex of proteins termed the
molecule yields a highly reproducible quantum bumppostsynaptic density (PSD), which contains many of the
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signaling components necessary for responses to incomim¢g"/H* antiporter NHE3 through two related mechanisms,
signals. Several multi-PDZ-domain proteins are found in th&oth of which require PDZ domain function. First,
PSD and are implicated as scaffolds in the assembly afdHERF/EBP50 is proposed to maintain the antiporter in an
maintenance of this structure. inactive basal state by linking NHE3 to protein kinase A
The postsynaptic MAGUK protein PSD95, which has thregPKA). PKA is thought to downregulate the antiporter
PDZ domains as well as an SH3 and GuK domain, is one ¢Weinman et al., 2000; Lamprecht et al., 1998). The PDZ
the best-studied of the putative PSD scaffolds (Kim et aldomains of NHERF/EBP50 bind to the C-terminal tail of
1996; Kornau et al., 1995; Mlller et al., 1996; Niethammer eNHE3, whereas the ERM-binding domain in NHERF/EBP50
al., 1996; Kistner et al., 1993). The PDZ domains of PSD9% proposed to associate with PKA indirectly through the
can bind to a number of proteins found in the PSD, some gfrotein ezrin. Second, NHERF/EBP50 is also required for
which we describe below. The first and second PDZ domairectivation of NHE3 upon stimulation of tHg2 adrenergic
can specifically bind to the C-terminus of the NR2B subunit ofeceptor, a G-protein-coupled receptor. The C-terminal tail of
the N-methyl-D-aspartic acid (NMDA) glutamate receptor, the 32 adrenergic receptor can bind to the PDZ domains from
which suggests a role in receptor clustering at the synap®dHERF/EBP50. However, this interaction seems to occur only
(Kornau et al., 1995; Niethammer et al., 1996). The secondpon receptor activation, perhaps mediated by a
PDZ domain can also patrticipate in a heterodimeric PDZ-PDZonformational change or change in phosphorylation state of
interaction with the PDZ domain from nNOS (Brenman et al.the receptor. In a simple model, this agonist-induced
1996). The localization of NNOS (which is a?@aalmodulin-  interaction could competitively disrupt the inhibitory
activated enzyme) to the NMDA receptor complex is thoughNHERF/EBP50-NHE3 interaction, resulting in antiporter
to allow efficient synthesis of the second messenger nitriactivation (Hall et al., 1998a; Hall et al., 1998b).
oxide in response to local Ednfluxes resulting from NMDA NHERF/EBP50 can also directly regulate the activity of the
channel opening. In addition, the GuK domain of PSD95 als2 adrenergic receptor by controlling its recycling and
participates in interactions with other PSD components, sucsubcellular localization. Interactions betweenfiBedrenergic
as the protein GKAP (Naisbitt et al., 1999). PSD95 has beemceptor and the NHERF/EBP50 PDZ domains are essential
implicated in synapse formation and receptor clustering (Effor recycling following agonist-induced endocytosis. This
Husseini et al., 2000). However, its precise biological role isnteraction is probably blocked by phosphorylation of e
still unclear. PSD95-knockout mice do not have catastrophiadrenergic receptor C-terminal tail (Cao et al., 1999). The
neurological or developmental defects, perhaps because thathors propose a model in which the PDZ domain interactions
multiple MAGUK proteins present in neurons havein the endosome direct recycling of {B2 adrenergic receptor
overlapping functions (Migaud et al., 1998). to the plasma membrane following internalization; inhibition
Other PDZ-containing proteins also contribute toof the PDZ interaction by phosphorylation instead directs the
organization of the PSD. For example, the seven-PDZreceptor to the lysosome for degradation. This model may help
containing protein GRIP is thought to act as a scaffold that caexplain the phenomenon known as receptor desensitization, in
both bind to a-amino-3-hydroxy-5-methyl-isoxazole-4- which cells containing thgd2 adrenergic receptor show a
propionic acid (AMPA) receptors and oligomerize (Dong et al.Jessened response to agonist following initial stimulation.
1997; Srivastava et al., 1998; Wyszynski et al., 1999). The Perhaps the most distinct functional aspect of
PDZ-containing protein SHANK is also a component of theNHERF/EBP50 is the way in which binding of its two PDZ
PSD, and this protein appears directly or indirectly to crosslinkdomains appears to modulate directly the activity of the Cystic
the scaffold proteins PSD-95 and GRIP, perhaps acting asFébrosis Transmembrane Conductance Regulator (CFTR)
‘scaffold of scaffolds’ (Sheng and Kim, 2000; Kennedy, 2000chloride channel. Two recent studies have shown that
Naisbitt et al., 1999; Tu et al., 1999). NHERF/EBP50, as well as CAP70, another multi-PDZ protein,
It has been difficult to determine the precise role of thesean directly increase conductance through the CFTR channel
PDZ scaffolding proteins in organizing the PSD. Does the PSEhrough binding of the PDZ domains to the channel C-terminal
have a precise arrangement and composition? Is the P38l (Wang et al., 2000; Raghuram et al., 2001; Bezoprozvanny
highly heterogeneous or dynamic in nature — perhaps involvingnd Maximov, 2001). These authors suggest a model in which
multiple redundant interactions? This view is supported byinding and/or tethering of two separate channel subunits by
studies showing that elimination of some PDZ-containinghe tandem PDZ domains causes an activating conformational
scaffolds from the synapse does not lead to a dramatic amstiange. This model is supported by the following observations:
predictable loss-of-function phenotype, but rather to a specifiirst, the tandem PDZ domains of NHERF/EBP50 or CAP70
decrease in efficiency of synaptic receptor clustering (Elare required for activation; second, no other regulatory co-
Husseini et al., 2000) or a change in synaptic plasticitfactor appears to be required; and third, overexpression of the

(Migaud et al., 1998). PDZ proteins above a certain level eventually leads to a
_ ) o ) decrease in channel activity, a behavior expected given the ratio

Multiple functions of PDZ domains in regulating of PDZ protein to channel subunit shifts from 1:2 (active) to

membrane protein activity and trafficking. 2:2 (inactive). It can be argued that, in this situation, the PDZ-

The protein NHERF/EBP50_@I/H* exchanger_egulatory domain containing proteins are not acting as simple scaffolds

factor, or _erin-radixin-moesin_imding phosphoprotein of (Bezprozvanny and Maximov, 2001).

50 kDa), which contains two PDZ domains, is an excellent Many of the mechanistic details of how NHERF/EBP50

example of a PDZ protein that uses a variety of mechanisnignctions in these different processes are still unknown.

to control the function of several cell surface proteins. Moreover, it is still unclear whether these different processes
NHERF/EBP50 is hypothesized to control activity of theconstitute independent function of the protein or if they are
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inter-related. Nonetheless, these studies illustrate the multitudeedence to the notion that neurons and epithelial cells are
of ways in which PDZ domains can be utilized in regulation.topologically similar (Dotti and Simons, 1990). Elucidating the

_ o i precise role of this heterotrimeric complex in mammals has
A PDZ-mediated localization machine: LIN-2, LIN-7 and been difficult, in part because multiple, possibly redundant
LIN-10 homologs of each protein exist (Misawa et al., 2001).
The C. elegangroteins LIN-2, LIN-7 and LIN-10, as well as Remaining questions concerning this complex include the
their mammalian homologs, form a conserved heterotrimerifllowing. Why do cells make use of a trimeric complex
complex that is essential for delivery of certain receptors tihstead of a single scaffold to mediate transport? What
proper subcellular locations in both neurons and epithelia (Fignediates assembly of the heterotrimeric complex? Most

7). Each of t_hese three proteins_contains PDZ d_omains. Theﬁ}ﬁportanﬂy, how is the assembly and targeting process
PDZ domains do not function in formation of the requlated?

heterotrimeric complex, but instead bind to other specific
partner proteins that either function as cargo or participate in
the localization process (Borg et al., 1998; Butz et al., 1998 onclusions

Kaech et al., 1998). . How does the unique structure and function of PDZ domains
In C. elegansLIN-2, LIN-7 and LIN-10 are all required to  5jj0w them to scaffold and organize signaling complexes? The

localize the EGFR-like tyrosine kinase receptor LET-23 t0 theyrycture and recognition mechanisms of PDZ domains are
basolateral side of vulval precursor epithelial cells; loss Oﬁighly specialized for their diverse roles in transport,
LIN-2, LIN-7 or LIN-10 results in a loss of LET-23-dependent |qgjization and assembly of multi-protein machines.

signaling and a defect in vulval induction (Kaech et al., 1998;

> : , ' PDZ domains bind small C-terminal tags in a ‘non-invasive’
Simske et al., 1996). It is hypothesized that LIN-2, LIN-7 anday This allows them to bind practically any target protein,

LIN-10 are required simply for receptor localization, sinCeggpecially membrane proteins such as ion channels, which have
overexpression of the receptor can overcomélrhljé or lin-7 very small free C-termini. They bind their ligands with modest
mutant phe_notypes (Simske et_al., 19.9(.5)' presumabl ffinities (Kd ~1 puM), which makes them appropriate for
overexpression of LET-23 results in a sufficient amount o versible and regulatable interactions. Recognition based on
receptor localized to the basolateral surface. Interaction Qgrmini yields added specificity when compared with

Id_(I-:‘El-tg-ti203nvwct)f13 afcr|13e[)zlac'j;c)msail;(n IrneIs_iltlnl\lu-(:sIS 31:5 SEEt_:%;orrt:;gﬁgngi]r;{ecogmtion of internal motifs, because there are far fewer
protein termini in a cell than internal sequence motifs.

mislocalization of the receptor. Moreover, ~wild-type oreover, since PDZ domains can recognize select internal
localization is observed even when the native PDZ-peptide pal}{J ' . recog . ;
equences, certain sets of PDZ domains can hetero-oligomerize

. S
from LET-23 and LIN-7 are simultaneously replaced with a a head-to-tail fashion. PDZ-domain scaffolding proteins can

heterologous interaction pair (Kaech et al., 1998). Thes : X

proteins appear to function in neurons as well as epitheli ,erefore be use_d not only to b|n_d an array of target proteins

since lin-10 mutants also have a defect in targeting of th ut also to crosslink one another into branched assemblies. All
£f these factors make PDZ-containing scaffolds well suited for

glutamate receptor GLR-1 to neuronal synapses (Rongo et , , ;
1998). assembly of signaling molecules into large supramolecular

Mammalian homologs of LIN-2, LIN-7 and LIN-10 also Signaling complexes. Such PDZ-mediated assemblies appear to
exist (CASK/PALS, VELI/MALS and MINT/X1, exist in Drosophila photoreceptor cells and mammalian
respectively); they are localized throughout the nervous systeRgurons. Additionally, the predominance of PDZ domains in
in the presynaptic (axonal) and postsynaptic (dendriticin€tazoans indicates that this highly specialized scaffolding
subcellular compartments, and also form a trimeric compleflodule may have evolved in response to the increased
(Misawa et al., 2001; Setou et al., 2000; Butz et al., 1998). Ifignaling needs of multicellular organisms. _
mammalian dendrites, these proteins appear to be involved inAlthough much is known about PDZ domains, several
NMDA receptor trafficking. VELI/MALS binds to the C- fundamental questions remain. For example, how specific are
terminal tail of the NMDA receptor subunit NR2B through itsthe 394 individual PDZ domains in the human genome? This
PDZ domain (Setou et al., 2000; Jo et al., 1999)is especially importantin multivalent scaffolds that bind many
MINT1/X11aq, in turn, binds to the kinesin superfamily motor different proteins. In addition, what is the nature of PDZ-
protein KIF17 (Setou et al., 2000). The entire complex ignediated assemblies — do they have a specific composition or
proposed to transport NMDA-receptor-containing vesiclesire they heterogeneous? Are they constitutive or dynamically
along microtubules to the dendrite. More recently, theseegulated? Studies over the next few years should shed light on
mammalian homologs of LIN-2 and LIN-7 have also beerthese and other critical issues.
shown to be important in epithelial cells as well as neurons,
possibly playing a role in endosomal sorting (Straight et al., We thank D. Bredt, P. Chien, A. McGee, R. Nicoll, E. Schnell and
2001; Straight et al., 2000). M. von Zastrow, as well as members of the Lim lab, for helpful

The available evidence suggests that the LIN-2—LIN-7—LIN-discussions and critical reading of the manuscript.

10 complex forms a conserved transport system that targets

proteins to their appropriate subcellular location. The exaq{2eferences

mechanism of receptor transpor@nelegansulval precursor damski, F., Zhu, M., Bahiraei, F. and Shieh, B(1998). Interaction of eye
cells is not k”O"V”’ but it |s_tempt|ng tO_ speculate that it closel protein kinase C and INAD iDrosophila J. Biol. Chem273 11713-177109.
parallels that discovered in mammalian neurons. If true, thgsnner, M., Sander, P., Paulsen, R. and Huber, A2000). The visual G
overall conservation of the transport mechanism would lend protein of fly photoreceptors interacts with the PDZ domain assembled
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