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Glossary

BCR: the ‘breakpoint cluster region’ protein, which functions as an exchange

factor for RhoA, Rac and Cdc42. In addition to the DH-PH (GEF) domain it

contains a serine/threonine kinase domain, a Rac1-specific Rho-GAP domain

and a canonical PDZ-binding C-terminal tail. A fusion between BCR and the Abl

kinase formed by genomic translocation is the main cause of chronic

myelogenous leukemia (CML).

bPIX: PAK-interacting exchange factor, also called ARHGEF7 or COOL1, which

is an exchange factor for Rac1 and Cdc42 that also functions as a scaffold by

binding the Rac and Cdc42 effector PAK and also the ARF-GAP GIT.

Kalirin: a large multidomain Rho-GEF that activates RhoG, Rac1 and RhoA. It

has a role in neurite initiation, axonal growth and dendrite morphogenesis.

Kalirin7, an alternative spliced isoform, participates in the regulation of

dendritic spine formation.

MAGUK: membrane associated guanylate kinases, proteins that contain one to

three PDZ domains, an SH3 domain and a guanylate kinase homology domain

(GuK). There are 24 MAGUKs encoded in the human genome and they are

thought to organize multimolecular signaling complexes through their multi-

ple protein–protein interaction domains.

PSD: the postsynaptic density, an electron-dense region at the membrane of

excitatory postsynaptic neurons. PSDs usually comprise glutamate receptors,

molecular scaffolding molecules, cell adhesion molecules and a diverse set of

other signaling proteins. Many of the PSD proteins contain PDZ domains.

Syx1: synectin-binding guanine exchange factor, a RhoA-specific exchange

factor recently characterized as an interaction partner for the PDZ protein

synectin.

TIAM1: T-cell lymphoma invasion and metastasis 1. a Rac1-specific Rho-GEF
The activation of Rho GTPases is mediated by
guanine-nucleotide exchange factors (GEFs), which cat-
alyze the exchange of GDP for GTP. Rho-GEFs are a very
diverse family, with >70 members in humans. Bioinfor-
matics analysis of the human Rho-GEFs shows that
�40% contain a putative PDZ-binding motif at the C-
terminus. PDZ domains are protein–protein interaction
domains that act as scaffolds to concentrate signaling
molecules at specialized regions in the cell. We propose
that the interaction between Rho-GEFs and PDZ-domain
proteins is a general mechanism that controls Rho-GEF
targeting and activation, helping to restrict and concen-
trate the exchange activity to appropriate subcellular
destinations. Here, we summarize recent data that high-
light the importance of these interactions in Rho-GEF
regulation.

Regulation of Rho-GTPases
RhoGTPases control many aspects of cell behavior, such as
the organization of the cytoskeleton, cell migration, cell–
cell and cell–matrix adhesion, cell cycle progression, gene
expression and cell polarity [1–3]. Rho proteins act as
molecular switches by cycling between an active (GTP
bound) and an inactive (GDP bound) state. The activation
of Rho proteins is mediated by specific guanine-nucleotide
exchange factors (GEFs), which catalyze the exchange of
GDP for GTP. In their active state, GTPases interact with
high affinity with one of several downstream effectors to
modulate their activity and localization. The signal is
terminated by hydrolysis of GTP to GDP a reaction that
is stimulated by GTPase activating proteins (GAPs). In
addition, guanine nucleotide dissociation inhibitors (GDIs)
negatively regulate Rho GTPases by sequestering Rho
proteins and interfering with both the GDP/GTP exchange
and the GTP hydrolysis [1].

More than 70 Rho-GEFs and 80 Rho-GAPs are encoded
in the human genome, enabling the cell to regulate the
activity of Rho proteins through multiple different path-
ways. The first mammalian GEF was isolated as a trans-
forming gene from human diffuse B-lymphoma cells and
subsequently designated Dbl (reviewed in Refs [4,5]). Dbl
functions as a Cdc42 exchange factor. The GEF activity
required a domain conserved between yeast Cdc24 and
Dbl, now known as a DH domain (Dbl homology). There are
70 Dbl homology members in the human genome, 23 in
Drosophila melanogaster, 18 in Caenorhabditis elegans
and six in Saccharomyces cerevisiae. Almost all GEFs
contain a pleckstrin homology (PH) domain adjacent and
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C-terminal to the DH domain. Together, in most cases,
they provide theminimal structural unit that is required to
catalyze the exchange reaction in vivo [4,5]. PH domains
assist the exchange reaction and in some cases participate
in binding to the GTPase, but they can also bind to phos-
pholipids and to other proteins [5].

A second subfamily of Rho-GEFs that is not related to
the DH-domain GEFs has been recently described. These
proteins have been called CZH (‘CDM and Zizimin homol-
ogy’) or Dock180-related proteins and instead of the clas-
sical DH catalytic domain these proteins have two regions
of high homology that mediate the nucleotide exchange on
Rho proteins [Dock homology region (DHR) 1 and 2] [5,6].

A striking feature of Rho-GEFs is that they outnumber
their target GTPases by a factor of three, whichmeans that
multiple GEFs can activate the same GTPase. In addition,
many GEFs can activate more than one GTPase [4,5].
Although this apparent redundancy could be explained
by tissue specific distribution, the majority of the GEFs
are widely expressed. One possibility is that GEFs might
not only activate a particular GTPase, but also, through
their subcellular localization or through additional pro-
tein–protein interactions, cooperate in making the connec-
tion between the upstream signal and downstream
effectors. How cells, upon a certain stimulus, use a specific
that is expressed highly in the brain, epidermis and testis and at a lower level in

other tissues. TIAM1 associates with the Par complex (Par3–Par6–aPKC) and

has a role in the establishment of polarity in neuronal and epithelial tissues.
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Box 1. PDZ domains

PDZ domains are modular protein–protein interaction domains that

act as scaffolds to target signaling molecules to specialized regions

in the cell. These 90 amino acid domains are named by an acronym

of the first three PDZ-containing proteins identified: the postsynaptic

density protein PSD95 (also called SAP90), the Drosophila septate

junction protein Discs-large, and the tight junction protein ZO-1.

There are many PDZ domains encoded in the human genome, with

136 genes encoding proteins with PDZ domains (237 domains in

total), and they are also found abundantly in Drosophila and in C.

elegans [14].

PDZ domains bind in a sequence specific manner to the C-termini

of target proteins. The last four amino acids are the most important

residues in the PDZ-binding motifs and within those, residues 0 and

�2 are the most important for recognition (the C-terminal residue is

defined as position 0 and subsequent residues towards the N-

terminus are defined as �1, �2, etc.). PDZ domains can be divided

into at least three classes on the basis of their specificity for C-

terminal peptides; Type I PDZ domains recognize the motif [S/T]-x-

[V/L/I]-COOH; Type II recognize F-x-F-COOH; and Type III recognize

[D/E]-x-[L/V]-COOH (where F represents any hydrophobic amino

acid and x is any amino acid). Although PDZ domains typically bind

C-terminal sequences, they have been shown to bind to internal

peptide sequences in some cases, and also to other PDZ domains.

PDZ domains vary in their range of stringency and specificity, but

usually they can bind different peptides of the same consensus type.

In addition, some PDZ domains can show both Type I and Type II

specificity. The structural basis of this promiscuity is still poorly

understood. However, it is possible that other factors contribute

in vivo to a higher selectivity and specificity, including the influence

of adjacent amino acids at the binding motif, secondary contact sites

between the interaction proteins, and tissue distribution and

subcellular localization.

PDZ-containing proteins often contain multiple PDZ domains (up

to 13 in MUPP1 (multiple PDZ domain protein 1), as well as other

known protein–protein interaction domains, such as SH3, WW and

LIM domains, among others. Through their PDZ and other protein–

protein interaction domains, these scaffolding proteins mediate

their simultaneous interaction with several target proteins and thus

enable them to orchestrate complex biological functions. Binding to

the C-terminus provides an elegant way for PDZ proteins to interact

with large molecules without disrupting their overall structure and

function [53]. PDZ proteins appear to function in vivo by organizing

multiprotein complexes that function in signaling as well as in the

establishment and maintenance of cell polarity [33,55].
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combination of GEF, GTPase and effector and not another
remains one of the fundamental questions in the field.

In recent years, a series of interactions between
Rho-GEFs and scaffolding proteins containing PDZ
domains have been described [7–13] (Table 1). PDZ
domains are small protein interaction domains that med-
iate protein targeting and the assembly of multiprotein
complexes (Box 1).We believe that the regulated binding to
and release from PDZ domain-containing scaffolding pro-
teins is a simple but versatile mechanism to temporally
and spatially control the localized activation of Rho-GEFs.
Here, we discuss recent findings on the role of the inter-
actions between Rho-GEFs and PDZ-domain proteins.

PDZ-binding motifs: a common feature in Rho-GEF C-

termini

A bioinformatics analysis on all Rho-family GEFs encoded
in the human genome and their mouse homologs shows
that 26 out of 70 Rho-GEFs of the human Dbl homology
family (37%) contain a putative PDZ-binding motif at the
C-terminus (Table 1). In addition, two Rho-GEFs of
Please cite this article in press as: Garcı́a-Mata, R., Burridge, K., Catching a GEF by its tail,
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the CZH family also contain PDZ-binding domains at their
C-terminus (data not shown). These binding domains are
present in almost all the corresponding mouse homologs
(Table 1), suggesting an evolutionarily conserved role.
Supporting these findings, a recent study shows that
PDZ-binding motifs are enriched in both Rho-GEFs and
Rho-GAPswhen comparedwith other protein families [14].
In addition, PDZ-binding motifs are also present to a
similar extent in Drosophila and C. elegans Rho-GEFs
[26% (6 out of 23) and 23% (4 out of 17), respectively].
Yeast, by contrast, does not encode PDZ domains in its
genome.

There does not seem to be any distinguishable
structural or phylogenetic relation between the Rho-GEFs
that contain PDZ-binding domains. Specificity appears not
to be important either, because PDZ-binding motifs were
found in Rho-GEFs specific for all the common Rho-
GTPases including RhoA, RhoB, RhoC, Rac1, Cdc42 and
RhoG (Table 1). However, in some cases, closely related
Rho-GEFs such as ARHGEF16 (also called neuroblastoma)
and SGEF, or XPLN and NET1, contain similar PDZ-
binding tails. This reiterated use of PDZ-binding motifs
in Rho-GEFs might have originated as a way to facilitate
the evolution of new cellular functions within cells, by
creating novel connections between existing proteins and
pathways.

Interaction between Rho-GEFs and PDZ proteins

Several interactions between Rho-GEFs and PDZ-domain
proteins have been recently reported (Table 1, Figure 1)
[7–13]. In the examples studied, these interactions have a
role in targeting the Rho-GEF to a specific location in the
cell, restricting the nucleotide exchange activity and sub-
sequent GTPase activation both spatially and temporally.
The PDZ proteins that interact with Rho-GEFs are usually
multi-domain proteins that can simultaneously interact
with several binding partners, promoting the formation of
multiprotein signaling complexes (Figure 1). There is also
evidence that, in some cases, PDZ-domain proteins have a
role in modulating the exchange activity of Rho-GEFs [7].

The PDZ-binding motif of Kalirin7 (see Glossary), a
Rac1 and RhoG GEF, mediates its association with
PSD95 and is required for its targeting to dendritic spines.
The C-terminus of Kalirin7 encodes a PDZ-binding
sequence and, through this motif, interacts with several
PDZ scaffolding proteins, including PSD95 and othermem-
bers of the MAGUK family (Table 1) [7]. Kalirin7 coloca-
lizes with PSD95 at dendritic spines and co-fractionates
with the postsynaptic density fraction (PSD), a cytoskeletal
specialization at neuronal postsynaptic membranes where
functional molecules including neurotransmitter receptors
are localized [15]. Overexpression of Kalirin7 increases the
area and the density of the dendritic spines [7]. Deletion of
the PDZ-binding domain in Kalirin7 mislocalizes the pro-
tein and induces the formation of filopodia in the cell soma
instead of the formation of spines in dendrites. Binding of
Kalirin7 to PSD95 has a negative effect on its exchange
activity when assessed in transfected cells, suggesting that
the interaction affects not only its targeting but also its
exchange activity [7]. Kalirin7 targeting is regulated by
upstream signals that depend on the EphB receptor, which
Trends Cell Biol. (2006), doi:10.1016/j.tcb.2006.11.004

http://dx.doi.org/10.1016/j.tcb.2006.11.004


Table 1. Rho-GEFs that contain PDZ-binding motifs and their known binding partnersa

Gene name Alias(es) PDZ motif

sequence

Type Speciesb Specificity GeneID

number

PDZ interacting proteins Refs

ARHGEF16 Neuroblastoma, NBL ETDV I H,M ND 27237

SGEF Src homology 3 domain-

containing guanine nucleotide

exchange factor

ETNV I H,M RhoG 26084

PLEKHG5 Syx1, KIAA0720 ASEV I H,M RhoA 57449 Synectin [9]

PLEKHG6 FLJ10665 ASEV I H,M ND 55200

ITSN2 Intersectin2 KTLL II H,M Cdc42 50618

XPLN Exchange factor found in platelets

and leukemic and neuronal

tissues

ESNV I H,M RhoA,RhoB 50650

NETI Neuroepithelial cell transforming

gene 1

ETLV I H,M RhoA 10276 PSD95/TIP-15c, MAGI-Id [11,12]

ARHGEF18 p114-RhoGEF VIFF II H,M RhoA 23370

RGNEF p190-RhoGEF IVYL II He ND 64283

ARHGEF7 b-PIX, PAK3, COOL-1, PIX, p85 ETNL I H,M Rac1, Cdc42 8874 Scribble, Shank [8,13]

TIAM-1 T-cell lymphoma invasion and

metastasis 1

NTEI I H,M Rac1, Rac2, Rac3 7074 Par3g [31,32]

PLEKHG2 Pleckstrin homology domain

containing, family G

PFHM II H,M Cdc42 64857 None known

MCF2 DBL ALLY II H,M, RhoA, B, C, Racl,

RhoG, Cdc42

4168

KALRNf Kalirin, Kalirin7, Duet STYV I H,M Racl, RhoG 8997 PSD95, SAP97d, SAP102d,

Mintld, PSD93d, CASKd,

MUPPld, AF-6d, Synectind,

Neurabind, Syntenind,

PICKld, ZO-1/2d, MAGI-ld,

S-SCAMd, Spinophilind

[7]

GEFT p63RhoGEF EDEL III H,M RhoA 115557

FLJ10357 Scambio TTPL I H,M RhoA, RhoC 55701

FGD5 FYVE, RhoGEF and PH domain

containing 5

ASVL I H,M ND 152273

FGD6 FYVE, RhoGEF and PH domain

containing 6

GTIL I H,M ND 55785

FARP1 cDEP, FERM, RhoGEF and

pleckstrin domain protein 1

SLVY II Hh RhoA 10160

BCR Breakpoint cluster region STEV I H,M RhoA, Rac,

Cdc42

613 AF-6, Erbin, PDZKlc,

Mint3c

[10,22,23]

ABR Active BCR-related gene STDV I H,M RhoA, Rac,

Cdc42

29

ARHGEF17 p164-RhoGEF LWRV II H,M RhoA 9828

ARHGEF10L FLJ10521, KIAA1626 PLML II H,M ND 55160

ARHGEF10 KIAA0294 LLNI II H,M ND 9639

RASGRF2 GRF2 RLPA II H,M Rac1 5924

RASGRF1 GNRP, GRF1 KLPT II H,M Rac1 5923
aRho-GEFs are ordered by their sequence similarity according to Ref. [4]. Shading indicates GEFs that share a high degree of homology. ND: not determined.
bPDZ-binding motifs were analyzed for all genes listed in human and mouse but not in other mammalian species.
cInteractions that have been only validated in vitro.
dInteractions identified in yeast two hybrid screens.
eThe mouse homolog does not encode for a PDZ-binding motif at the C-terminus although the domain structure is slightly different suggesting it might not be the real

homolog.
fThe Kalirin gene is expressed as several alternatively spliced isoforms and only one of them (Kalirin7) contains a PDZ-binding motif [14].
gThe interaction of TIAM1 with Par3 is mediated by its PH-TSS (TIAM1-Stef-SIF homology) domains and not by its C-terminal PDZ-binding motif.
hThe mouse sequence is SHLY.

Review TRENDS in Cell Biology Vol.xxx No.x 3

TICB-404; No of Pages 8
upon binding to ephrinB phosphorylates Kalirin7 and
induces its translocation to synapses and the downstream
activation of Rac1 and PAK [16].

Two PDZ-domain proteins, Scribble and Shank, have
been shown to bind to the PDZ-binding motif in b-PIX (also
calledARHGEF7), a Rac andCdc42GEF.Both Scribble and
Shank recruit b-PIX to the plasma membrane and have a
role in the regulation of different cellular events, including
exocytosis, receptor-mediated endocytosis and dendritic
spine maturation [8,13,17,18]. In addition, b-PIX binds to
the Rac and Cdc42 effector PAK and recruits it to its site of
action, thus performing a dual function activating Rac and
Cdc42 and selecting PAK as the output signal [19]. Scribble
Please cite this article in press as: Garcı́a-Mata, R., Burridge, K., Catching a GEF by its tail,
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is a multi-PDZ protein required for maintenance of apical
basal polarity in Drosophila [20] and also important in
synaptic function [21]. Scribble recruitsb-PIX to the plasma
membrane, and this interaction has a role in Ca+2-depen-
dentexocytosis inPC12cells andalso in the regulationof the
surface levels of theG-protein coupled thyrotrophin receptor
by modulating both its internalization by endocytosis and
the subsequent recycling of the internalized receptor to the
plasma membrane [8,17]. b-PIX activity, as well as its
interaction with Scribble, is required for these processes,
as is the function of the b-PIX-binding protein GIT (G
protein-coupled receptor kinase-interactor 1), which func-
tions as an ARF-GAP. Shank, by contrast, recruits b-PIX to
Trends Cell Biol. (2006), doi:10.1016/j.tcb.2006.11.004
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Figure 1. PDZ-domain proteins that interact with Rho-GEFs. Proteins are drawn to scale and grouped according to their domain structure organization. A general

description of the known function for each protein or protein family is included. To emphasize their potential to function as scaffolds, their known interacting partners are

also indicated. Rho-GEFs are in bold. Unless indicated, interactions with all the proteins listed as primary binding partners have been verified in vivo. Abbreviations: 5HT2A/

C Rc, subunits of 5-HT serotonin receptor; ABPP, amyloid b (A4) precursor protein; AKAP, A-kinase anchor protein; ErbB, v-erb-a erythroblastic leukemia viral oncogene;

AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid; ANK, ankyrin repeat; APC, adenomatous polyposis coli; ASIC3, amiloride sensitive cation channel 3; BAI1,

brain-specific angiogenesis inhibitor 1; CACNA1B, calcium channel, voltage-dependent, L type, a 1B subunit; CASK, calcium/calmodulin dependent serine protein kinase;

CASPR3, contactin associated protein-like 3; CRIPT, cysteine-rich PDZ-binding protein; E6TP1, E6 targeted protein 1; Eph, ephrin; FAK2, focal adhesion kinase 2; gp75,

tyrosinase-related protein-1; GUK, guanylate kinase; Hrs, hepatocyte growth factor regulated tyrosine kinase substrate; HVEB, herpesvirus entry mediator B; Irsp53, insulin

receptor substrate p53; JAM, junctional adhesion molecule; KIF1B, kinesin 1B; Kir2, Inward rectifying potassium channel; Kv1, voltage-gated potassium channel; LDLRRP2,

LDL receptor related protein 2; lgl, lethal giant larvae; LHCGR, luteinizing hormone/choriogonadotropin receptor; LMO, LIM only protein; LRR, leucine-rich repeat; MyoVI,

myosin 6; nAChRc, subunit of neuronal nicotinic acetylcholine receptor; NMDA, N-methyl-D-aspartate; nNOS, neuronal nitric oxide synthase; PKCa, protein kinase C a; PTB,

phosphotyrosine-binding; RICS, Rho GTPase-activating protein; R-PTPg, Protein tyrosine phosphatase, receptor type g; SAM, sterile a motif; SAPAP, SAP90 associated

protein; SH3, Src homology 3; SSTR, somatostatin receptor; SynGAP, Ras-GAP; Syx1, synectin-binding guanine exchange factor; TGFbR, TGFb receptor; Trk, tyrosine

kinase; vangl2, vang-like 2; ZO, zona occludens.
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the post synaptic density region of dendritic spines [13]. At
dendritic spines, b-PIX regulates the local activation of Rac
and, through PAK, promotes the formation of spines and
dendritic protrusions [18].

The single-PDZ protein synectin binds to and recruits
the RhoA-specific GEF Syx1 to the plasma membrane [9].
This interaction promotes the local activation of RhoA and
has a role in the regulation of endothelial cell migration [9].
Synectin also binds to the actin motor protein Myosin VI
and can form a ternary complex with Syx1, which could
help translocate Syx1 in a retrograde direction along actin
filaments [9]. By contrast, the shorter splice variant Syx2 is
unable to bind to synectin and is diffusely distributed
throughout the cell when overexpressed (see the section
on alternative splicing later). RhoA activity correlates with
Syx2 distribution and it is also distributed uniformly in the
cytoplasm [9].

BCR (‘breakpoint cluster region’) binds to the PDZ
domain of AF-6 and forms a trimeric complex with
Please cite this article in press as: Garcı́a-Mata, R., Burridge, K., Catching a GEF by its tail,
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Ras at cell junctions [10]. The kinase domain of BCR
phosphorylates AF-6, increasing its affinity for Ras, and
it thereby negatively regulates signaling downstream of
Ras [10]. The role of the BCR–AF-6 interaction in BCR
exchange activity has not yet been investigated. However,
AF-6 also binds the actin-binding protein profilin
(Figure 1) and has a role in the assembly of the cortical
actin cytoskeleton, suggesting that Rho-GTPases are also
involved in this process. BCR also interacts with the PDZ-
domain proteins Mint3, PDZK1 and Erbin, but the phy-
siological relevance of these interactions needs to be inves-
tigated (Table 1, Figure 1) [22,23]. The Mint family of
proteins have a role in vesicular traffic [24–27]; PDZK1
functions as a scaffold for ion channels at the apical
membrane [28,29]; and erbin act as a scaffold at cell
junctions through interactions with many cell adhesion
proteins [30]. Members of the Rho family of proteins have
recently emerged as important controllers of cell polariza-
tion and of many stages of vesicular trafficking, so it would
Trends Cell Biol. (2006), doi:10.1016/j.tcb.2006.11.004
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be interesting to determine whether the GEF domain in
BCR is involved in any of these events.

Although using a different mechanism to bind to the
PDZ domain, the interaction between the Rac1-specific
GEF TIAM1 and the PDZ protein Par3 helps restrict the
activity of Rac1 to dendritic spines (the interaction of
TIAM1 with the Par3 PDZ domain is mediated by the
PH-TSS domain of TIAM1) [31,32]. Disruption of the inter-
action induces a redistribution of TIAM1-mediated Rac1
activation and an aberrant spine phenotype [31,32].

Regulation of PDZ–Rho-GEF interactions by
phosphorylation
Themoderatebindingaffinities of thePDZdomains for their
peptide ligands (1–10 mM) make this system suitable for
regulatory functions [33]. Intermediate affinitiesmean that
post-translational modifications at or near the binding
interfaces or conformational changes can regulate the asso-
ciation between PDZ domains and their ligands. There is a
growing body of evidence showing that PDZ–ligand inter-
actions are regulated by phosphorylation, in particular at
the serine or threonine residues at the �2 position in the
PDZ-binding site (reviewed inRef. [34]). For instance, PKAa
mediates the phosphorylation of the serine residue in posi-
tion –2 of the inwardly rectifying K+ channel Kir2.3, pre-
ventingbinding to thePDZdomain ofPSD95 [35]. Similarly,
phosphorylation of the –2 serine ofNHERF (Na+/H+ exchan-
ger regulatory factor) by the serine/threonine kinaseGRK-5
disrupts its binding to the b2-adrenergic receptor [35]. The
phosphorylation site does not need to be located at the –2
position because phosphorylation of amino acids in the
vicinity of the PDZ-binding motif can also abolish the inter-
action [36]. For most of these phosphorylation-regulated
interactions, the identity of the kinase that phosphorylates
the PDZ-binding motif in vivo has yet to be determined.

The PDZ-domain itself can also be phosphorylated and
this phosphorylation disrupts the PDZ–ligand interaction.
For example, phosphorylation of the first PDZ domain of
SAP97 by CAM kinase II prevents its interaction with the
NR2A subunit of theN-methyl-D-aspartate (NMDA) recep-
tor [37]. This phosphorylation motif is present in all mem-
bers of the MAGUK family [38]. Recently, Radziwill and
colleagues showed that BCR, which can function as a GEF
and also as a serine/threonine kinase, phosphorylates one of
its known binding partners, AF-6, at a threonine residue
located in the vicinity of the PDZ domain and that this
phosphorylation event promotes binding of BCR to AF-6
[10]. Taken together, these results suggest that phosphor-
ylation is important in the regulation of the interactions
between Rho-GEFs and PDZ proteins. Although there are
several examples of phosphorylation in PDZ domains and
PDZ-binding motifs in general, there is almost no informa-
tion about phosphorylation of PDZ-binding motifs in Rho-
GEFs. Further studies should help identify phosphorylated
residues, the kinases responsible and the mechanisms for
the regulation of these interactions.

Regulation of PDZ–Rho-GEF interactions by alternative
splicing and isoform variability
Several alternatively spliced Rho-GEFs isoforms have been
described. Some of them seem to specifically introduce or
Please cite this article in press as: Garcı́a-Mata, R., Burridge, K., Catching a GEF by its tail,
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delete a PDZ-bindingmotif at theC-terminus of the protein.
The Kalirin gene expresses different alternatively spliced
isoforms that localize in different subcellular compartments
[15].Kalirin7 is the onlyKalirin isoformthat encodes aPDZ-
binding sequence, and it interacts through this motif with
several PDZ scaffolding proteins [7,39]. Alternative splicing
regulates the ability of Syx1 to bind the PDZ-containing
protein synectin by generating another isoform (Syx2). Syx2
is almost identical to full-length Syx1 except for being two
amino acids shorter, and consequently it does not bind
synectin [9]. Similarly, a b-PIX isoform that does not bind
PDZproteinshasalsobeendescribed (b-PIX-d) [40].b-PIX-d
has a distinct C-terminus compared with the isoforms b-
PIX-a, b-PIX-b and b-PIX-c and, unlike the other isoforms,
does not encode a PDZ-binding tail. By contrast, the RhoG-
specific SGEF expresses a catalytically inactive short iso-
form (C-SGEF) that encodes only the C-terminal SH3
domain and the PDZ-binding motif [41]. The function of
this short isoform is still unknown, but it might compete
with SGEF for binding to a specific PDZ partner and reg-
ulate its targeting.

In some cases, two related isoforms are encoded by
distinct genes that differ essentially only in the presence
or absence of a C-terminal PDZ-binding consensus
sequence. As shown in Table 1, both TIAM1 and Inter-
sectin2 contain PDZ-binding motifs, whereas TIAM2 and
Intersectin1 do not. Despite their overall homology and
their identical domain structure, the last four amino acids
encoding the PDZ-binding motif in Intersectin2 are absent
in Intersectin1. The key difference between the two iso-
forms is their ability to bind PDZ proteins.

In addition to alternative splicing of the PDZ-binding
motifs in Rho-GEFs, there are also multiple splicing var-
iants in their PDZ-domain interacting partners (reviewed in
Ref. [42]). Erbin encodes several splice variants, some with-
out the PDZ domain [43]. Similarly, the Scribble gene in
Drosophila encodes two splice variants, one of which has
only two PDZ domains instead of the four domains encoded
by full-length Scribble [44]. Furthermore, a splice insertion
of five amino acids in the second PDZ domain of the protein
tyrosine phosphatase PTP-BL abolishes its binding to the
Adenomatous Polyposis Coli (APC) protein [45]. This selec-
tive splicing of PDZ domains in a protein would enable the
protein either to selectively bind only a subset of binding
partners or to functionas a dominant negative by competing
with the full-length isoform.Other scaffoldingproteins, such
asMAGI-1 and ZO-1, express alternatively spliced isoforms
that localize to different subcellular sites [46,47]. Dlg1 (also
called SAP97), PSD95 and PSD93 also express different
splice variants that affect not only targeting, but also their
interactionwith otherproteins [48–50]. Shankhasalsobeen
found to express different isoforms whose expression is
differentially regulated in different regions of the rat brain
during development [51]. In this way, by expressing a
different isoform of the same protein, a specific Rho-GEF
and other components of a signaling pathway can be selec-
tively recruited to different cellular locations.

Concluding remarks
In recent years, Rho-GEFs have emerged as key regulators
of Rho-GTPase pathways, not only as catalytic activators,
Trends Cell Biol. (2006), doi:10.1016/j.tcb.2006.11.004
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but also by directing the signal output through their
interaction with scaffolding proteins [52]. The interaction
between Rho-GEFs and PDZ-containing proteins enables
cells to specifically target Rho-GEFs to their appropriate
cellular destination and promote the localized activation of
Rho-GTPases and their downstream signaling events
Figure 2. Regulation of Rho-GEFs by scaffolding proteins. Two contrasting scenarios

activate Rho-GTPases through Rho-GEFs. Different membrane receptors (illustrated as

addition, a receptor can turn on more than one Rho-GEF. Rho-GEFs outnumber the Rho

GTPase. In their active state, GTPases interact with a variety of effectors (E). Each GTPase

bind more than one GTPase. Blue arrows indicate the complexity of downstream effects

be temporally and spatially regulated. (i,ii) Binding to a different scaffold would enable o

The same Rho-GEF could activate a different GTPase and thus different effectors by inter

scaffold–Rho-GEF combinations, the same GTPase can be activated by signals from diff

particular effector molecule (blue arrows) are spatially restricted by the presence of scaff
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www.sciencedirect.com
(Figure 2). This is a highly versatile mechanism that can
control the correct spatial and temporal regulation of
Rho-GEFs through the assembly and disassembly of
multiprotein signaling complexes. Through their PDZ
domains and other protein–protein interaction domains,
these PDZ-containing scaffolding proteins mediate their
are illustrated in (a) and (b). (a) In the absence of scaffolds, cell surface receptors

transmembrane proteins at the cell membrane) can activate different Rho-GEFs. In

proteins by a factor of three, and in many cases they can activate more than one

is known to bind several different effectors. However, some effectors are known to

that can be mediated by a single effector molecule. (b) Scaffolds enable signals to

ne receptor to signal through the same GEF and GTPase to different effectors. (iii,iv)

acting with a different receptor–scaffold complex. (iv,v) Through different receptor–

erent stimuli and activate different downstream effectors. Effects downstream of a

olding molecules. Scaffolding proteins are represented as irregular shaped objects.
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simultaneous interaction with several target proteins,
including Rho effectors, Rho-GEFs, Rho-GAPs and actin-
binding proteins (Figure 1) [35]. These supramolecular
complexes contribute to an increase in the signal efficiency
at localized sites in the cell by reducing the distance the
signal has to travel, orienting proteins with respect to one
another, and localizing the signaling complex at regions
preferentially exposed to the right ligand [33,53–55]. In
addition, the use of the same module, the PDZ domain, in
different scaffolding proteins would enable the use of the
same Rho-GEFs in different pathways, subcellular regions
or tissues. In the case of ‘promiscuous’ Rho-GEFs that can
activate more than one Rho-GTPase, binding to a different
PDZ-scaffold might enable the same GEF to selectively
activate different Rho-GTPases upon different stimuli.
One can imagine that different stimuli or signals could
selectively activate one subset of PDZ proteins but not
others, and that these proteins can then bind and target
Rho-GEFs to a specific cellular location (Figure 2).

Identification of new Rho-GEF-binding scaffolding
proteins, establishing the identity of the Rho-GEFs and
the effectors for each pathway, and finding other compo-
nents of these macromolecular complexes are essential for
understanding the molecular mechanisms that govern the
activation of Rho-GTPases upon different stimuli. In addi-
tion, the development of live cell imaging tools and tech-
niques, such as Rho-GEF biosensors, will help to
understand the temporal and spatial activation of Rho-
GEFs.
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