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Abstract 

 

Activation of certain classes of G protein-coupled receptors (GPCRs) can lead to alterations in 

the actin cytoskeleton, gene transcription, cell transformation, and other processes that are 

known to be regulated by Rho family small molecular weight GTPases.  Although these 

responses can occur indirectly via cross-talk from canonical heterotrimeric G protein cascades, it 

has recently been demonstrated that Dbl family Rho guanine nucleotide exchange factors 

(RhoGEFs) can serve as the direct downstream effectors of heterotrimeric G proteins.  

Heterotrimeric Gα12/13, Gαq, and Gβγ subunits are each now known to directly bind and regulate 

RhoGEFs.  Atomic structures have recently been determined for several of these RhoGEFs and 

their G protein complexes, providing fresh insight into the molecular mechanisms of signal 

transduction between GPCRs and small molecular weight G proteins.  This review covers what 

is currently known about the structure, function, and regulation of these recently recognized 

effectors of heterotrimeric G proteins. 
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I. Introduction 

Heterotrimeric GTP-binding (G) proteins are master regulators of cell homeostasis.  By 

coordinating signaling between the ~800 G protein-coupled receptors (GPCRs) in the human 

genome and a relatively small handful of effector enzymes and channels in the cell, they control 

processes such as muscle contractility, glycogen metabolism, neurotransmission, and the 

concentration of intracellular ions.  Their profound impact on nearly all cellular processes and 

their therapeutic potential have rendered them one of the most intensely studied signal 

transduction paradigms at the biochemical and molecular level (Sprang et al., 2007). 

When heterotrimeric G proteins are in their inactive, GDP-bound state, they exist as an 

inert complex composed of α, β, and γ subunits (Gαβγ).  In this state, they are substrates for 

activated GPCRs, which catalyze nucleotide exchange on the α subunit (Gα).  When bound to 

GTP, Gα releases the effector binding surface of the β and γ heterodimer (Gβγ) so that both Gα 

and Gβγ can interact with and modulate the activity of specific downstream enzymes and 

channels.  The Gα subunit has weak guanine nucleotide triphosphatase (GTPase) activity that 

slowly returns the G protein to its GDP-bound state. Gα·GDP then becomes re-sequestered by 

Gβγ. 

Beyond serving as conduits for extracellular signals, heterotrimeric G proteins contribute 

to the fidelity, duration, and amplitude of GPCR signaling.  A given class of heterotrimeric G 

protein can typically recognize only a subset of GPCRs, and can only interact with one or a few 

downstream effector targets, ensuring the specificity of signaling from receptor to effector.  The 

rate of GTP hydrolysis on Gα dictates the length of time its signal is in play, and this rate can be 

dramatically accelerated by either the effector target or regulators of G protein signaling (RGS) 

proteins, which serve as GAPs for some classes of Gα subunits (Ross and Wilkie, 2000).  

Finally, if the activated receptor is not uncoupled from the G protein, such as via 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on October 30, 2009 as DOI: 10.1124/mol.109.061234

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #61234 

 6 

phosphorylation by GPCR kinases and binding of arrestins, then Gαβγ can undergo multiple 

rounds of activation.  Thus, regulating the relative rates of G protein activation and deactivation 

can control the amplitude of signals initiated by GPCRs. 

Crystallographic studies have uncovered the molecular mechanism by which activated 

Gα and Gβγ subunits engage their effector targets.  In the case of Gα, the binding of GTP 

induces a conformational change in structural elements that interact with the γ-phosphate of 

GTP, known as Switch I, II, and III (Fig. 1a).  This conformational change lowers the affinity of 

Gα for Gβγ while increasing its affinity for effectors.  Upon binding GTP, a shallow 

hydrophobic canyon is created between Switch II and the α3 helix of Gα that is used for binding 

all the effectors that have been structurally characterized thus far (Chen et al., 2008; Chen et al., 

2005; Lutz et al., 2007; Slep et al., 2001; Tesmer et al., 1997b; Tesmer et al., 2005).  There is 

sufficient variability in the residues that line the perimeter of this effector docking site to explain 

the exquisite specificity of Gα for its downstream targets.  In the case of Gβγ, its ability to bind 

effectors depends on the unmasking of a broad, relatively hydrophobic surface that is sequestered 

in the Gαβγ complex.  Conformational changes between the Gα- and effector-bound states of 

Gβγ have thus far proved relatively minor.  Although the binding surface for the effectors of Gβγ 

are believed to overlap with that of Gα, they are believed to involve distinct regions in each case 

(Davis et al., 2005; Ford et al., 1998). 

 

A role for GPCRs in cell migration and transformation.  GPCRs are traditionally thought of 

as regulators of cellular metabolism or as mediators of sensory perception, such as vision, smell, 

and taste.  The canonical effector enzymes involved in these processes include adenylyl cyclase, 

cGMP phosphodiesterase, and phospholipase Cβ (PLCβ).  The Gα subunits that couple receptors 

to these effectors represent three of the four subfamilies of human heterotrimeric Gα subunits: 
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Gαs, Gαi/t, and Gαq, respectively.  However, GPCRs can also serve as potent oncogenes in a 

manner more typical of tyrosine kinase growth factor receptors (Whitehead et al., 2001).  Indeed, 

constitutively activated Gα subunits, in particular members of the Gα12/13 subfamily, can lead to 

strong cell proliferative responses (Dhanasekaran et al., 1998).  The mechanism by which this 

occurs began to be understood by the observation that lysophosphatidic acid (LPA) and 

bombesin, known ligands for GPCRs, can activate the small molecular weight G protein RhoA 

and induce the formation of stress fibers and focal adhesions (Ridley and Hall, 1992).  In the 

following years, numerous studies lent additional support to the idea that Rho GTPases were 

activated downstream of many GPCRs (Sah et al., 2000; Seasholtz et al., 1999). 

The Rho GTPases are a family of peripheral membrane proteins that regulate essential 

cellular processes including cell shape, cell migration, cell cycle progression, and gene 

transcription (Etienne-Manneville and Hall, 2002; Wennerberg and Der, 2004).  Like their larger 

Gα subunit homologs, they cycle between an inactive GDP-bound and an active GTP-bound 

state that can interact with specific downstream effector targets, depending on the Rho GTPase.  

In vivo, Rho GTPases require an upstream GEF for activation.  The largest and best 

characterized RhoGEF family is characterized by a catalytic Dbl homology (DH) domain, an 

extended helical domain of ~200 amino acids that forms the principal binding site for the 

nucleotide-free GTPase.  The DH domain is almost always immediately followed in the primary 

sequence by a pleckstrin homology (PH) domain (Rossman et al., 2005; Schmidt and Hall, 

2002).  In some DH-family RhoGEFs, the PH domain inhibits the intrinsic GEF activity of the 

DH domain (Bellanger et al., 2003; Das et al., 2000; Lutz et al., 2007; Welch et al., 2002), a 

constraint that is presumably released upon the interaction of the PH domain with phospholipids 

or other proteins.  In other Dbl family members, the PH domain can play a positive signaling role 

(Liu et al., 1998; Reuther et al., 2001; Rossman et al., 2002). 
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GPCRs could regulate Rho GTPase signaling either directly via the interaction of 

activated heterotrimeric G proteins with a RhoGEF, or indirectly, for example, via activation of 

PKA or PKC, which can then phosphorylate RhoGEFs, their upstream regulators, or their 

downstream targets.  In 1998, it was shown that Gα13 subunits bind directly to p115RhoGEF and 

stimulate its activity (Hart et al., 1998), thereby revealing a simple, direct path from LPA or 

thrombin receptors to RhoA (Wang et al., 2004).  In 2005, it was shown that Gαq/11 could 

activate the activity of another RhoA-selective RhoGEF, p63RhoGEF, providing another direct 

pathway, this time initiated by bombesin, muscarinic, and angiotensin receptors (Lutz et al., 

2005).  Gβγ is also now known to directly bind and activate RhoGEFs, such as P-Rex1, which 

links Gi-coupled chemokine receptors in neutrophils to the activation of Rac2 (Welch et al., 

2002). 

In this review, we examine what is currently known about the structure and function of 

Dbl-family RhoGEFs that are directly regulated by heterotrimeric G proteins (Table 1, 2, Fig. 2).  

We focus primarily on three aspects relevant to molecular pharmacology: 1) the structures of 

RhoGEF domains involved in signal transduction, 2) the specific details of how heterotrimeric G 

proteins are known to interact with these domains, and 3) the potential mechanisms by which 

these interactions lead to RhoGEF activation. 

 

II. Gα12/13-regulated RhoGEFs 

There are currently four RhoGEFs believed to be directly stimulated by the Gα12/13 subfamily of 

heterotrimeric G proteins: p115-RhoGEF, LARG, PDZ-RhoGEF, and Lbc (Siehler, 2009; Suzuki 

et al., 2009a) (Table 1, Fig. 2a).  Although these enzymes all belong to the Lbc subfamily of 

RhoGEFs, it is not yet clear if their homology correlates with an ability to be regulated by 
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heterotrimeric G proteins.  The supporting data is weakest for Lbc, which has not yet been shown 

to bind or be activated by Gα12/13 subunits using purified proteins in vitro. 

 

A) The RH-RhoGEFs 

Background.  Members of the Gα12/13 subfamily are potent regulators of the actin cytoskeleton 

(Buhl et al., 1995), and are important for vascular development and for chemotaxis (Offermanns 

et al., 1997).  Given that Rho GTPases were also well-established regulators of these responses, 

the hunt was on for RhoGEFs that could operate directly downstream of Gα12/13.  One candidate 

was p115RhoGEF, a RhoA-selective GEF containing a region with very weak homology to the 

catalytic RGS homology (RH) domain characteristic of RGS proteins (Tesmer, 2009).  Indeed, 

this proved to be the binding site for activated Gα12 and Gα13 subunits, although only Gα13 could 

stimulate GEF activity (Hart et al., 1998; Kozasa et al., 1998; Mao et al., 1998).  Soon thereafter, 

PDZ-RhoGEF (Fukuhara et al., 1999), also known as GTRAP48 (Jackson et al., 2001), and 

leukemia-associated RhoGEF (LARG) (Fukuhara et al., 2000) were identified as RH-domain 

containing RhoGEFs.  These three proteins form the RH-RhoGEF subfamily, a small subfamily 

of Gα13-regulated RhoGEFs.  LARG is the only one currently known to be activated by Gα12, 

although this appears to require phosphorylation of the RhoGEF by Tec tyrosine kinase (Suzuki 

et al., 2003).  All three RH-RhoGEFs are widely expressed in mammals (Fukuhara et al., 1999; 

Hart et al., 1996; Kourlas et al., 2000; Kuner et al., 2002), but p115RhoGEF and PDZ-RhoGEF 

are most abundantly expressed in hematopoietic cells and the central nervous system, 

respectively. 

In resting cells, RH-RhoGEFs are predominantly localized to the cytosol, with some 

presence at the cell membrane or bound to actin.  Upon activation of Gα12/13 coupled receptors or 

co-expression of constitutively active mutants of Gα12 or Gα13, RH-RhoGEFs translocate to the 
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membrane surface (Siehler, 2009; Suzuki et al., 2009a).  RH-RhoGEFs also exhibit some 

receptor selectivity. In HEK293 and PC3 cells, RhoA is activated by PDZ-RhoGEF via LPA 

receptors, and by LARG via thrombin receptors (Wang et al., 2004).  The mechanism by which 

this selectivity occurs is not known, but it is not apparently due to differences in their PDZ 

domains, as both PDZ-RhoGEF and LARG can bind to the C-termini of LPA receptors (Yamada 

et al., 2005). 

 The RH RhoGEFs are complex proteins with multiple signaling domains and functional 

motifs hidden within the low complexity regions that bracket them.  There is considerable 

evidence that the mechanism of activation is also complex, involving not only recruitment to 

specific sites at the membrane surface, but also multiple intra- and inter-molecular interactions 

that mediate inhibition of basal activity as well as allosteric activation (Bhattacharyya et al., 

2009; Bhattacharyya and Wedegaertner, 2003; Suzuki et al., 2009b; Zheng et al., 2009).  The 

specific details vary among subfamily members (e.g. p115RhoGEF lacks a PDZ domain) and 

context (e.g. LPA versus thrombin receptors).  In the following sections, we summarize what is 

known about the structure and function of the major domains and other functional motifs of RH-

RhoGEFs, highlighting their potential roles in regulating the activity of the DH/PH domains.  We 

end by describing recent solution-based studies of LARG and PDZ-RhoGEF that provide new 

insights into the molecular mechanism of RH-RhoGEF activation. 

 

The RhoGEF RH domain.  As the principal binding site for Gα12/13 subunits, structural analysis 

of the RhoGEF RH domain was anticipated to explain the molecular basis for selectivity and 

GAP activity, and to shed some light on the mechanism of regulation by heterotrimeric G 

proteins.  The canonical RH domain is a bundle of nine helices that forms a relatively flat 

domain with two lobes (Tesmer, 2009).  In RGS proteins, the α5-α6 loop of the domain interacts 
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with catalytic residues in Switch I and II of Gα to accelerate GAP activity (Tesmer et al., 1997a).  

In contrast, the RH domains of p115RhoGEF and LARG do not have GAP activity.  Instead, a 

short sequence motif positioned immediately N-terminal to the RH domain is required for 

stimulating GTP hydrolysis in p115RhoGEF and LARG (Chen et al., 2003).  The region 

spanning this N-terminal motif and the RH domain has been termed the “rgRGS” domain (Chen 

et al., 2001) (Fig. 2a). 

Crystal structures of the p115RhoGEF (Chen et al., 2001) and the PDZ-RhoGEF 

(Longenecker et al., 2001) RH domains confirmed that they indeed retain most of the canonical 

RH domain fold, albeit with a ~65-residue extension that contributes three extra α helices to the 

C-terminus (Fig. 1b, c).  However, these initial structures did not reveal an obvious mode of 

interaction with Gα12/13 subunits, in part because the Gα-interacting residues of RGS proteins are 

not conserved in the RhoGEF RH domain (Tesmer, 2009).  Although the entire rgRGS protein of 

p115RhoGEF was crystallized, the N-terminal GAP motif was not ordered. 

 The structure of the p115RhoGEF rgRGS domain in complex with a chimeric Gα13/i1 

protein (Chen et al., 2005) revealed a surprising bipartite interaction mediated by the N-terminal 

GAP motif and the RH domain (Fig. 1b).  The Gα13/i1 chimera used in this study was created to 

circumvent problems in expressing functional Gα13 in E. coli, and contains the α helical domain 

and Switch I and II elements from Gα13, with the remainder from Gαi1.  As a consequence, the 

effector docking site contains residues that are not native to Gα13, including some that directly 

contact the RH domain.  Notably, this chimera was never shown to activate p115RhoGEF.  The 

N-terminal motif (residues 22-37) begins with an IIG sequence motif that anchors the peptide on 

the α-helical domain of Gα13/i1, and is followed by an acidic sequence in which Glu27 and Phe31 

contact Gα13/i1-Arg200 in Switch I and Gln226 in Switch II, respectively, stabilizing them in a 

more transition state-like conformation.  The structure thereby provides a molecular explanation 
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for the mild GAP activity exhibited by p115RhoGEF.  The RH domain (residues 44-233), as if 

supplanted from Switch I by the N-terminal GAP motif, binds to the canonical effector docking 

site of Gα13/i1 (Fig. 1b).  Instead of using the α5-α6 loop to bind Gα, the interaction is mediated 

by structural elements from the unique C-terminal extension of the RH domain, in particular the 

α8-α9 loop, which bears hydrophobic residues that pack into the effector docking site.  

Consequently, the canonical core of the RhoGEF RH domain can be thought of as a scaffold that 

positions unique functional motifs/extensions at its N- and C-termini that are required for high 

affinity binding, recognition of the activated conformation of the Gα subunit, and, in 

p115RhoGEF and LARG, GAP activity. 

Recent crystal structures of complexes between a different Gα13 chimera (all but the N-

terminal helix was native to Gα13) and the PDZ-RhoGEF rgRGS domain recapitulate the major 

findings of the Gα13/i1-p115RhoGEF complex (Chen et al., 2008).  As before, the N-terminal 

motif of the RhoGEF anchors to the α-helical domain of Gα13 using an IIG sequence motif and 

interacts with the switch regions  (Fig. 1c).  However, in this case Glu312 and Tyr315 

(analogous to Glu27 and Phe32 in p115RhoGEF) do not make productive interactions with 

residues in the active site of Gα13, explaining the lack of GAP activity as well as the observation 

that PDZ-RhoGEF has similar affinity for the GTPγS- and GDP·AlF4
--bound states of Gα13 

(Chen et al., 2008).  Interestingly, residues in the RH domain of p115RhoGEF that bind to the 

effector docking site of Gα13 are not conserved in PDZ-RhoGEF (Fig. 1b,c).  Despite this 

difference, a similar complex is formed, with the effector docking site expanding to 

accommodate the larger “αE” helix that occupies the position analogous to the α8-α9 loop of 

p115RhoGEF.  However, it is not clear if the differences in the structure of the effector docking 

site are a consequence of differences in the chimeric Gα13 subunits used, of differences in the 

RH domains, or of both.  The structure of the PDZ-RhoGEF rgRGS domain in complex with 
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deactivated Gα13·GDP was also determined.  Interestingly, Switch II retains its active 

conformation despite the presence of GDP.  Thus, the duration of signaling via RH-RhoGEFs 

could be regulated not only by the rate of GTP hydrolysis, but also by the rate that Gα13·GDP is 

sequestered by Gβγ (Chen et al., 2008). 

 

The PDZ domain. PDZ-RhoGEF and LARG can also be activated by receptors other than 

GPCRs via interactions mediated by the postsynaptic density 95, disk large, zona occludens-1 

(PDZ) domain found at their N-terminus.  PDZ domains are common structural domains that 

typically bind the C-termini of proteins found at the cell membrane (Nourry et al., 2003).  

Compared to other PDZ domains, the RH-RhoGEF PDZ domain binds to surprisingly diverse 

biological targets (for a review see (Smietana et al., 2008)).  Perhaps the best characterized is 

plexin B1, a semaphorin 4D receptor, which mediates RhoA activation and axonal growth cone 

collapse (Aurandt et al., 2002; Hirotani et al., 2002; Perrot et al., 2002; Swiercz et al., 2002).  

Both RhoGEFs also bind to LPA-1 and LPA-2 receptors, which couple primarily with Gα12/13 

subunits.  Interaction between the C-termini of these receptors and the PDZ domain was required 

for RhoA activation (Yamada et al., 2005). 

NMR structures of the LARG PDZ domain alone and in complex with a plexin-B1 C-

terminal octapeptide have been reported (Liu et al., 2008) (Fig. 1d).  A solution structure of the 

PDZ-RhoGEF PDZ domain is also available (PDB entry 2DLS).  They retain the typical PDZ 

domain fold, which consists of six anti-parallel strands (βA-βF) and two helices (αA and αB).  

Peptide ligands dock in an extended conformation into a groove formed between βB and αB, 

where they form a β-sheet like interaction with the βB strand.  The LARG PDZ domain 

undergoes an atypical conformational change upon ligand binding relative to other characterized 

PDZ domains (Fig. 1d), and the apo form exhibits a high degree of conformational flexibility 
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(Liu et al., 2008).  These characteristics may facilitate the binding of these PDZ domains to wide 

variety of targets. 

 

DH/PH domain structures.  The canonical DH domain is composed of ten or more helices that 

assemble into an oblong shape reminiscent of a chaise lounge (Worthylake et al., 2000).  The last 

helix (called α6) transverses the longest dimension of the domain, and often forms a continuous 

helix with αN, the first helix of the PH domain (Fig. 1e).  The PH domain consists of a flattened 

7-stranded anti-parallel β-barrel, capped at one end by αC, the hallmark C-terminal helix found 

in all PH domains.  In some PH domains, loops on the opposite end of the barrel from αC are 

used to bind specific phospholipid head groups.  The αN helix is characteristic of PH domains 

found in DH/PH tandems. 

Structures have been determined for the LARG DH/PH domains, both alone and in 

complex with RhoA (Kristelly et al., 2004) and for the PDZ-RhoGEF DH/PH-RhoA complex 

(Derewenda et al., 2004).  Both RhoA complexes exhibit similar domain organization and inter-

subunit contacts (Fig. 3f).  As in Dbs, another RhoGEF whose PH domain contributes positively 

to GEF activity (Rossman et al., 2003; Rossman et al., 2002), direct contacts are formed between 

RhoA and the PH domain.  Although this interface accounts for only ~8% of the total buried 

surface area in the LARG RhoA-DH/PH complex, mutation of residues in the PH domain-RhoA 

interface diminished GEF activity to the level of the DH domain alone (Kristelly et al., 2004).  

Mutation of residues in the PDZ-RhoGEF interface did not lead to significant differences in vitro 

(Oleksy et al., 2006), and hence the functional importance of the RhoA-PH domain interface 

appears to vary among RH-RhoGEFs. 

Examination of the DH/PH structures reveals several structural elements that could play a 

role in regulation.  The first was a flexible, helical extension at the N-terminus of the DH domain 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on October 30, 2009 as DOI: 10.1124/mol.109.061234

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #61234 

 15

(Fig. 1e).  Either truncation of the extension or mutation of a tryptophan buried between the 

extension and the DH domain (LARG-Trp769) reduced GEF activity (Kristelly et al., 2004).  

However, the LARG-W769D mutation only exhibited a minor defect in SRE transcription assays 

in cells (Aittaleb et al., 2009).  Sequence analysis predicts that the extension exists in all Lbc 

subfamily RhoGEFs, suggesting that it is not involved in regulation specific to the RH-

RhoGEFs.  Instead, recent data suggests that the N-terminal extension could be more important 

for autoinhibition of basal activity (see below). 

The second notable feature is a relatively long helical linker between the DH and PH 

domains that allows for considerable conformational flexibility between the two domains.  For 

example, there is a ~30˚ difference in orientation of the PH domain relative to the DH domain 

between the LARG DH/PH and DH/PH-RhoA structures, with the hinge occurring at the 

junction of the α6 and αN helices.  The four unique DH/PH domains in the LARG DH/PH-

RhoA structure also exhibit conformational differences in the α6-αN linker (Kristelly et al., 

2004).  Because mutation of residues in the PH domain that directly interact with RhoA inhibit 

GEF activity (Kristelly et al., 2004), these contacts were proposed to alter the conformation of 

the α6-αN linker region in a manner that facilitates the binding of RhoA.  Indeed, residues at the 

end of α6 make critical interactions with Switch II of the bound GTPase (Aghazadeh et al., 

1998).  Interactions with other proteins or phospholipids that likewise influence the relative 

orientation of the DH and PH domains could likewise affect LARG activity.  Solution studies of 

the PDZ-RhoGEF DH/PH domains did not find evidence for an analogous large conformational 

change in the linker region (Cierpicki et al., 2009), suggesting that in PDZ-RhoGEF the PH 

domain may simply serve to stabilize the α6 helix of the DH domain. 

Lastly, in all the DH/PH structures a solvent-exposed patch of conserved hydrophobic 

residues is observed in the PH domain (Fig. 1e,f).  Depending on the crystal structure, the patch 
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forms either a 2-fold crystallographic or a quasi-2-fold molecular interface that buries ~800 Å2 of 

surface area.  Located on the side of the PH domain β barrel, the patch would be in position to 

bind adjacent peripheral membrane proteins or domains at the cell membrane.  Mutation of 

residues in the hydrophobic patch of LARG had no effect on nucleotide exchange activity in 

vitro, but abrogated the ability of LARG to induce RhoA activation and stress fiber formation in 

cells (Aittaleb et al., 2009).  Because the activity of these mutants could be rescued by fusion 

with nonspecific membrane targeting motifs, the hydrophobic patch appears to contribute to the 

proper localization of LARG by interacting with unknown target(s) at the cell membrane.  

However, membrane targeting by constitutively activated Gα13 did not rescue activity, 

suggesting that the hydrophobic patch also plays an essential role in GPCR-mediated regulation, 

although it does not yet appear to involve direct interactions with activated Gα13 (Aittaleb et al., 

2009).  The hydrophobic patch is conserved among all Lbc subfamily members, once again 

indicating a common functional role.  Indeed, mutation of the hydrophobic patch of Lbc likewise 

abolished its ability to promote RhoA-mediated transcriptional activation in cells (Aittaleb et al., 

2009). 

 

Other functional motifs.  p115RhoGEF, LARG, and PDZ-RhoGEF undergo homo- and 

heterodimerization mediated by their C-terminal tails, and specific coiled-coil motifs have been 

identified in p115RhoGEF and LARG (Chikumi et al., 2004; Eisenhaure et al., 2003; Grabocka 

and Wedegaertner, 2007) (Fig. 2a).  Deletion of the C-terminus augments the ability of RH-

RhoGEFs to induce RhoA activation in cells, suggesting a negative regulatory role for 

dimerization, presumably via the recruitment of unknown inhibitory factors (Chikumi et al., 

2004; Eisenhaure et al., 2003).  A proline-rich motif positioned immediately C-terminal to the 

PDZ-RhoGEF PH domain, (residues 1081-1119) has been shown to be essential for plasma 
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membrane localization of PDZ-RhoGEF, and is required for PDZ-RhoGEF induced cortical actin 

re-organization and cell rounding (Togashi et al., 2000).  The RH-DH/PH linker region also 

contains functional elements.  In addition to an acidic autoinhibitory motif (Zheng et al., 2009), 

the RH-DH/PH linker of PDZ-RhoGEF contains a unique actin-binding motif (Banerjee et al., 

2009; Banerjee and Wedegaertner, 2004).  

 

Solution studies.  Two recent solution-based studies have provided new insights into RH-

RhoGEF regulation (Fig. 3a).  Using surface plasmon resonance, the first study showed that 

Gα13 could interact with not only the RH but also the DH/PH and C-terminal regions of LARG 

(Suzuki et al., 2009b), consistent with earlier observations using co-immunoprecipitation 

(Bhattacharyya and Wedegaertner, 2003; Wells et al., 2002).  The presence of all three domains 

(RH, DH, and PH) was required for formation of the highest affinity complex, and the K204A 

mutation of Gα13, which abrogates binding to the RH domain (Grabocka and Wedegaertner, 

2005; Nakamura et al., 2004), did not eliminate binding to the DH/PH domain.  Thus, Gα13 

appears to exhibit at least two LARG binding surfaces: one for the rgRGS domain that is 

dependent on the activation status of Gα13, and another for the DH/PH domains that uses 

activation-independent structural elements, potentially the C-terminal region of the Ras-like 

domain (Kreutz et al., 2007). 

Truncation studies of PDZ-RhoGEF identified a conserved acidic motif (residues 706-

712) a few amino acids upstream of the N-terminal helical extension of the DH domain that 

serves an autoinhibitory role (Zheng et al., 2009).  NMR spectroscopy comparing the chemical 

shifts in DH/PH fragments with or without this acidic motif suggests that it interacts with basic 

residues on the DH domain, in particular Arg867 and Arg868.  Because these residues also 

interact with the bound GTPase, their interaction with the acidic motif would form an 
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autoinhibited state reminiscent of that of Vav (Aghazadeh et al., 2000).  Indeed, charge-reversing 

mutations of four of the acidic residues in the motif (the “activation box”, Fig. 2a) enhanced GEF 

activity ~20-fold in a DH/PH fragment of PDZ-RhoGEF.  Curiously, the enhancement was only 

~2 fold for the same mutants in the context of a larger fragment that also contained the PDZ and 

RH domain.  This may indicate that the acidic motif and the PDZ and RH domains act 

synergistically to autoinhibit activity.  Acidic motifs also occur in the RH-DH linker regions of 

p115RhoGEF and LARG, although it remains to be seen if they function similarly.  If the 

activation box is used in all Lbc subfamily members to regulate basal activity, it may provide a 

functional role for the N-terminal extension of the DH domain, which folds in such a manner that 

it would juxtapose the acidic motif of PDZ-RhoGEF with Arg867 and Arg868 on the surface of 

the DH domain. 

 

B) Lbc-RhoGEF.  Lymphoid blast crisis  (Lbc) RhoGEF was originally isolated as a 

transforming oncogene (onco-Lbc) from myeloid leukemia patients (Toksoz and Williams, 1994) 

and is the founding member of the Lbc subfamily of RhoGEFs.  No atomic structures are 

currently available for this enzyme.  Beyond the DH/PH domains, proto-Lbc contains a predicted 

α-helical domain and a proline rich motif in its C-terminus that have been shown to act as 

negative regulators of proto-Lbc transforming activity and localize the enzyme to the membrane 

fraction of cells (Sterpetti et al., 1999).  Onco-Lbc lacks this C-terminal region.  The Lbc-

RhoGEF splice variant AKAP-Lbc, or AKAP13, is highly expressed in the heart and functions 

both as a cAMP-dependent protein kinase (PKA)-scaffolding protein and a guanine nucleotide 

exchange factor (GEF) for RhoA (Diviani et al., 2001).  Similar to the RH-RhoGEFs, there is 

evidence that AKAP-Lbc can undergo homo-oligomerization through a leucine zipper motif in 
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the C-terminal region.  Deletion of this C-terminal region in AKAP-Lbc enhances its GEF 

activity, suggesting a negative regulatory role for oligomerization (Baisamy et al., 2005). 

Proto-Lbc and AKAP-Lbc have been shown to be specifically stimulated by Gα12 as well 

as via activation of the LPA receptor (Diviani et al., 2001; Dutt et al., 2004; Majumdar et al., 

1999).  The activation appears to be direct, because Lbc can be co-immunoprecipitated from 

HEK293 cells with constitutively active Gα12 (Diviani et al., 2001; Dutt et al., 2004).  However, 

it should be noted that Gαq can also be precipitated with Lbc, although with no obvious effect on 

RhoA activation (Pi et al., 2002; Sagi et al., 2001).  The binding site for Gα12 is not known, but a 

region C-terminal to the PH domain with debatable homology to RH domains has been identified 

(Dutt et al., 2004).  This region overlaps with the leucine zipper motif shown to mediate 

homodimerization (Baisamy et al., 2005). 

 

III) Gαq-regulated RhoGEFs 

Background.  The involvement of Gαq in Rho-mediated signaling has been recognized for over 

a decade.  Dominant negative RhoA and C3 endotoxin were used to demonstrate the existence of 

a unique Rho-dependent pathway in response to the activation of Gq-coupled receptors in 

cardiac myocytes (Sah et al., 1996).  Later, the development of cell-based, RhoA pulldown 

assays enabled a direct demonstration of an increase in RhoA·GTP in response to the activation 

of Gαq-coupled receptors in HEK293 cells, establishing that Gαq operated upstream of RhoA, at 

least in some signaling contexts (Chikumi et al., 2002).  Studies of mouse embryonic fibroblasts 

deficient in either Gα12/Gα13 or Gαq/Gα11 subunits confirmed that these G protein families 

activate RhoA via independent pathways, although RhoA activation by Gα12/Gα13 subunits was 

more robust (Vogt et al., 2003). 
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A number of RhoGEFs have been reported to interact with, and thus potentially be 

regulated by Gαq.  These include LARG (Booden et al., 2002; Chikumi et al., 2002; Vogt et al., 

2003) and Lbc (Pi et al., 2002; Sagi et al., 2001).  In neither case has a direct interaction between 

the RhoGEF and Gαq been demonstrated with purified components, nor has Gαq-mediated 

stimulation of GEF activity been reconstituted in vitro.  Furthermore, reports conflict on whether 

or not the RH domain of LARG is responsible for binding Gαq. 

 

A) p63RhoGEF.  In 2005, p63RhoGEF, which is expressed predominantly in the brain and 

heart, was shown to be activated by Gq-coupled receptors in a manner that directly competes 

with the activation of PLCβ, the canonical effector of Gαq (Lutz et al., 2005).  A splice variant 

lacking the first 106 amino acids, known as GEFT, was reported to activate Cdc42 and Rac1 in 

cell-based assays and with purified proteins in vitro (Guo et al., 2003).  Although there is the 

possibility of cross-talk in cells, GEF activity towards Cdc42 and Rac1 has not been 

demonstrated by other groups (Lutz et al., 2004; Rojas et al., 2007; Souchet et al., 2002).  

Primary sequence analysis also strongly suggests that p63RhoGEF and its splice variants are 

selective for RhoA. 

The primary sequence of p63RhoGEF lacked an obvious RH domain that could serve as a 

binding site for Gαq.  Initial truncation studies instead localized the binding site to a fragment of 

p63RhoGEF that includes the PH domain (Lutz et al., 2005).  Subsequently, more detailed 

truncation studies, site-directed mutagenesis, and structure determination revealed that the C-

terminal helix of the PH domain formed the principal binding site for activated Gαq (Lutz et al., 

2007; Rojas et al., 2007).  The closely related, C-terminal set of DH/PH domains in Trio and 

Kalirin were also shown to bind and be activated by Gαq in vitro (Lutz et al., 2007; Rojas et al., 

2007) and in cells (Lutz et al., 2007).  Although the physiological role of p63RhoGEF in 
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mammals likely involves smooth muscle function (S. Lutz, personal communication), the 

p63RhoGEF homolog in C. elegans, UNC-73E, is known to serve as a bona fide downstream 

effector of Gαq and works in conjunction with PLCβ to regulate the release of acetylcholine 

vesicles at neuromuscular synapses (Williams et al., 2007).  Its knockout, in combination with a 

PLCβ null allele, generates the same phenotype as knockouts of Gαq, confirming the necessary 

involvement of both pathways downstream of Gαq (Williams et al., 2007).  Finally, the kinase 

domain of mixed lineage kinase 3 (MLK3) was reported to bind to p63RhoGEF and inhibit its 

interaction with Gαq, thereby regulating directed cell migration (Swenson-Fields et al., 2008).  

Although it is not yet known what moiety of p63RhoGEF could be involved in binding MLK3, 

the PH domain would be an obvious candidate.  Interestingly, Gα16, a divergent member of the 

Gαq subfamily, binds but fails to activate p63RhoGEF, suggesting that Gα16 serves as a general 

inhibitor of Gαq/11 signaling through p63RhoGEF, just as Gα12 may inhibit Gα13 signaling 

through p115RhoGEF  (Yeung and Wong, 2009).  The idea of Gα16 serving as a p63RhoGEF 

“trap” is also supported by at least one other study (Moepps et al., 2008) 

 

Structural studies of p63RhoGEF.  After delineation of the minimal fragment of p63RhoGEF 

required for high affinity binding to Gαq, the Gαq-DH/PH-RhoA complex was isolated and 

crystallized.  Its structure determination revealed that the C-terminal helix of the p63RhoGEF PH 

domain was unusually long (Fig. 1g), with hydrophobic residues on the extension of this helix 

binding directly into the effector docking site of Gαq (Lutz et al., 2007).  Mutation of these 

hydrophobic residues abrogates binding (Lutz et al., 2007; Rojas et al., 2007).  Other residues, 

principally from the β1-β4 sheet of the PH domain, form specific contacts that help to dictate 

specificity for the Gαq/11 subfamily.  The interface is highly reminiscent of the interface between 
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the PH domain of GRK2 and Gβγ (Lodowski et al., 2003), establishing a theme for how PH 

domains serve as protein-protein interaction modules.  Notably, the manner in which 

p63RhoGEF engages Gαq is distinct from how the rgRGS domain engages Gα13 in that the GAP 

binding site on Switch I is left freely accessible to RGS proteins.  p63RhoGEF lacks significant 

GAP activity on its own, but can allosterically regulate the binding of RGS proteins 

(Shankaranarayanan et al., 2008). 

 Although the principal interaction is via the PH domain, the C-terminal region of the Gα 

protein, including its C-terminal α5 helix, forms direct interactions with the DH domain and 

residues in the DH/PH domain interface.  Mutation of some of these residues in p63RhoGEF 

leads to a loss of Gαq activation in vitro, but had only minor effects on binding, indicating that 

these contacts are most important for regulation of activity (Lutz et al., 2007).  More recently, 

mutation of Tyr356 in the C-terminus of Gαq has also been shown to abrogate activation of 

p63RhoGEF (Shankaranarayanan et al., 2009).  Because the equivalent residue in Gα16 is 

isoleucine, this specific contact may help explain why Gα16 binds yet fails to activate 

p63RhoGEF. 

 Compared to structures of other characterized DH/PH tandem domains, the PH domain of 

p63RhoGEF in complex with Gαq is held in an unusual orientation relative to the DH domain, 

being rotated ~50˚ around the axis of the α6 helix relative to those of Dbs and TrioN, the closest 

homologs of known structure (Chhatriwala et al., 2007; Snyder et al., 2002).  The PH domain 

makes no direct contacts with the substrate RhoA.  Although the structure of p63RhoGEF in the 

absence of Gαq is not yet available, it is anticipated that the domain-bridging interactions of Gαq 

help to constrain the DH and PH domains in this conformation, and that the DH/PH domains 

adopt a more Dbs-like conformation in the basal state. 
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Mechanism of activation.  Unlike the RH-RhoGEFs, p63RhoGEF is predominantly found 

localized to actin-rich structures (Souchet et al., 2002) and overexpressed p63RhoGEF is 

localized to the cell surface (Shankaranarayanan et al., 2009).  Therefore, membrane 

translocation is not expected to play a major role in activation.  Also unlike RH-RhoGEFs and 

Dbs, the PH domain of p63RhoGEF is autoinhibitory, with the isolated DH/PH fragment having 

far less activity than the isolated DH domain (Lutz et al., 2004; Lutz et al., 2007; Rojas et al., 

2007).  Thus, the PH domain must somehow interfere with the binding of RhoA.  Indeed, the 

binding of Gαq greatly enhances the affinity of RhoA for the DH/PH domains 

(Shankaranarayanan et al., 2009).  Because the PH domain does not inhibit GEF activity when 

added in trans (Shankaranarayanan et al., 2009), the inhibition mediated by the PH domain 

appears to require a covalent linkage between the DH and PH domains, once again implicating 

the α6-αN region as a structure of regulatory importance. 

Inspection of residues in the α6-αN linker region indicate that Arg341 of p63RhoGEF 

might sterically and electrostatically repel Arg68 in switch II of RhoA if the PH domain were in 

a more Dbs-like orientation relative to the DH domain.  An R341A mutation indeed enhances the 

basal activity of p63RhoGEF, but, surprisingly, does not eliminate activation by Gαq 

(Shankaranarayanan et al., 2009).  In fact, the R341A mutation allows Gαq to enhance activity to 

levels greater than the DH domain alone, indicating that Gαq can activate p63RhoGEF not only 

by removing an autoinhibitory restraint, but also by activating the DH domain allosterically.  

This is presumably carried out via the interactions of the C-terminal region of Gαq with the DH 

domain, as observed in the crystal structure, which in turn alters the conformation of the α6-αN 

linker (Shankaranarayanan et al., 2009).  A schematic model for Gαq-mediated activation of 

p63RhoGEF and related DH/PH domains is shown in Fig. 3b. 
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B) Trio and Kalirin.  Trio and Kalirin are closely related proteins that contain two sets of 

DH/PH domains and a much more complex domain structure than p63RhoGEF (Fig. 2b).  Both 

proteins play critical roles in neurite growth and neuronal morphology (Table 1).  The second set 

of DH/PH domains in Trio (TrioC) is closely related to that of p63RhoGEF, and is likewise 

selective for RhoA. The first set, TrioN, which is selective for RhoG and Rac, has been 

structurally characterized (Chhatriwala et al., 2007; Liu et al., 1998; Skowronek et al., 2004). 

The PH domain of TrioC likewise inhibits GEF activity (Bellanger et al., 2003), and the 

regulation of the TrioC and KalirinC DH/PH domains by Gαq is expected to be similar to that of 

p63RhoGEF (Lutz et al., 2007; Rojas et al., 2007).  It is not known how the other domains in 

these complex proteins will impact regulation by heterotrimeric G proteins, especially in light of 

the fact that downstream signaling from each set of DH/PH domains has the potential to 

antagonize each other.  There are, however, isoforms of Trio and Kalirin in mammals (Kawai et 

al., 1999; McPherson et al., 2005) and of UNC-73 in C. elegans (Steven et al., 2005) that contain 

only the C-terminal DH/PH domains.  These splice variants are thus expected to act in an 

analogous way to p63RhoGEF in cells. 

 

IV) Gβγ regulated RhoGEFs 

Background.  As of yet, there are no reported structures of Gβγ in complex with a RhoGEF, and 

compared to the Gα12/13- and Gαq-regulated RhoGEFs, there is relatively little known about the 

specific residues involved in binding or the molecular mechanisms involved.  In two of the four 

examples covered here, the physiological roles of the enzyme are unknown (Table 1).  The 

example with the strongest experimental support is P-Rex1, in which Gβγ-mediated regulation 

has been demonstrated by a number of different groups and a direct interaction was 

quantitatively measured in vitro using SPR (Urano et al., 2008).  Gβγ is also reported to regulate 
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directional sensing mediated by the RhoGEF PIXα via complex formation with p21-associated 

protein kinase (Li et al., 2003).  However, because the interaction of Gβγ with PIXα is thought to 

be indirect, it is not discussed further in this review. 

 

A) The P-Rex Subfamily.  The P-Rex subfamily of RhoGEFs is made up of 

phosphatidylinositol (3,4,5)-triphosphate (PIP3)-dependent Rac exchanger 1 (P-Rex1) (Welch et 

al., 2002) and P-Rex2 (Donald et al., 2004; Rosenfeldt et al., 2004).  P-Rex1 and P-Rex2 are of 

similar size (~185 kDa) and have high sequence identity (59%) (Donald et al., 2004).  Their 

domain architecture begins with the characteristic DH/PH tandem domains, followed by two 

DEP domains, two PDZ domains, and a C terminal domain that exhibits closest homology to 

inositol polyphosphate-4-phosphatase (IP4P) (Welch et al., 2002) (Fig. 2c).  The IP4P domain 

does not appear to have phosphatase activity (Hill et al., 2005).  A splice variant of P-Rex2, P-

Rex2b, lacks the IP4P domain (Rosenfeldt et al., 2004).  P-Rex1, P-Rex2, and P-Rex2b are all 

directly regulated by Gβγ subunits and PIP3 (Donald et al., 2004; Li et al., 2005; Welch et al., 

2002). 

 P-Rex1 is highly expressed in white blood cells and the brain.  In neutrophils, P-Rex1 

couples GPCRs to Rac-dependent formation of reactive oxygen species (Welch et al., 2002).  

Upon binding chemokines, Gi-coupled GPCRs release Gβγ subunits, which also increase the 

concentration of PIP3 by activating class IB phosphatidyl inositol-3 kinases (PI3Ks).   Thus in 

neutrophils, the activation of Rac can occur independently from activation of tyrosine kinase 

receptors.  P-Rex2 has wide tissue distribution, but is most strongly expressed in skeletal muscle, 

small intestine, and placenta, whereas the splice variant P-Rex2b is expressed highly in the heart 

(Donald et al., 2004; Rosenfeldt et al., 2004).  Neither isoform of P-Rex2 is expressed in 

neutrophils.  Because the cells in which P-Rex2 and P-Rex2b are expressed generally lack class 
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IB PI3Ks, it is believed that P-Rex2 integrates signals generated from both GPCRs and tyrosine 

kinase receptors, the latter of which activates the more ubiquitously expressed class IA PI3Ks 

(Donald et al., 2004). 

 

Mechanism of activation.  In cells, P-Rex1 is activated when both Gβγ and PI3K are over 

expressed, and in vitro, PIP3 and Gβγ act synergistically to activate the enzyme (Welch et al, 

2002).  Not all Gβγ subunit isoforms can activate P-Rex1 equally, although the ones with the 

most activity appear to be the same ones activate PI3K the most (Mayeenuddin et al., 2006).  

Two of the Gγ subunits that were less effective at activating P-Rex1, Gγ1 and Gγ11, are 

farnesylated instead of geranylgeranylated, suggesting that their ability to stably associate with 

the cell membrane is important for regulation by Gβγ.  Phosphorylation of P-Rex1 by protein 

kinase A (PKA) inhibits activation by Gβγ by about 50-fold (Mayeenuddin and Garrison, 2006), 

and thus P-Rex1 can be regulated by GPCRs via both direct (Gβγ) and indirect (PIP3 and PKA) 

pathways. 

 To delineate the regions that are important for Gβγ and PIP3 binding, truncation studies 

of P-Rex1 were conducted.  The isolated DH/PH tandem domain fragment exhibited higher 

activity than the full-length protein, indicating that other domains of the protein are involved in 

autoinhibition of basal activity.  Of all the domains, the PH domain was found to be most 

important for PIP3 activation of P-Rex1, although it lacks obvious sequence signatures for 

phospholipid binding found in other PIP3-binding PH domains, and there was evidence for at 

least one other PIP3 binding site in the protein (Hill et al., 2005). 

Identification of the Gβγ binding-site has not been as clear-cut.  The isolated DH/PH 

tandem domain of P-Rex1 were reportedly activated by Gβγ, as could a variant with the PH 

domain deleted, suggesting that the DH domain was sufficient for binding and regulation by Gβγ 
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(Hill et al., 2005).  However, direct activation of the isolated DH domain was not shown.  Co-

immunoprecipitation assays using various fragments of P-Rex2b suggested instead that the PH 

domain contained the binding site for Gβγ (Li et al., 2005).  A more recent study of P-Rex1, 

again using co-immunoprecipitation, indicated that the DH domain does not directly bind Gβγ.  

Rather, an intramolecular complex formed by the second DEP, first PDZ, and IP4P domains 

creates a binding site for Gβγ.  PKA phosphorylation, presumably at consensus sites found in 

these domains, weakened these interdomain contacts and thus inhibits Gβγ binding (Urano et al., 

2008).  This latter result, however, is difficult to reconcile with the fact that P-Rex2b appears to 

be regulated by Gβγ and altogether lacks a IP4P domain (Li et al., 2005), and that the DH/PH 

tandem domains of P-Rex1 are sufficient to observe PIP3 and Gβγ-mediated membrane 

translocation (Barber et al., 2007).  Thus, although PIP3-mediated membrane recruitment 

represents one component of the activation mechanism for P-Rex subfamily RhoGEFs, the 

molecular basis for allosteric control of enzymatic activity by Gβγ remains obscure, except that it 

likely results in the release of the inhibition mediated by domains C-terminal to the DH domain 

(Fig. 3c). 

 

B) p114RhoGEF.  p114RhoGEF is another member of the Lbc subfamily of RhoGEFs that can 

be activated via stimulation of LPA or M3-muscarinic receptors.  Beyond the characteristic 

tandem DH/PH module, the protein contains no other recognized structural domains, but does 

contain a C-terminal proline-rich region (Blomquist et al., 2000).  The protein is widely 

expressed (Blomquist et al., 2000; Niu et al., 2003), and a shorter variant was detected in 

placenta and smooth muscle (Niu et al., 2003).  There are conflicting reports on whether it is 

selective for RhoA (Blomquist et al., 2000; Nagata and Inagaki, 2005) or both RhoA and Rac1 

(Niu et al., 2003).  However, it should be noted that its DH/PH domains are closely related in 
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sequence to those of other Lbc subfamily RhoGEFs, which are thought to be specific for RhoA.  

The physiological roles of p114RhoGEF are unknown, but it has been identified as a binding 

partner for septin 9b, a protein involved in cytokinesis.  This interaction is believed to be 

mediated by regions C-terminal to the DH/PH domains (Nagata and Inagaki, 2005). 

 Initial studies indicated that p114RhoGEF activity is directly regulated by Gβγ, and not 

Gα12/13 subunits (Niu et al., 2003).  A subsequent study, however, found no evidence that the 

enzyme could be activated by Gβγ (Ueda et al., 2008).  The reason for this discrepancy is not 

clear.  Truncations of p114RhoGEF demonstrated that the DH/PH module has higher basal GEF 

activity than wild type, suggesting that the C-terminal region is inhibitory (Niu et al., 2003), and 

hence Gβγ binding would be anticipated to release autoinhibition.  To identify the Gβγ binding 

site, an N-terminal fragment containing the DH/PH domains, and C-terminal fragments (with and 

without the proline-rich region) were co-expressed in the presence or absence of Gβγ in NIH3T3 

cells (Niu et al., 2003).  Although the N-terminal catalytic fragment (residues 1-647) was as fully 

responsive to Gβγ activation as WT in driving SRF-mediated transcription, co-

immunoprecipitation from cell lysates suggested that Gβγ could bind to either N or C-terminal 

fragments. 

 

C) Common-site lymphoma/leukemia guanine nucleotide exchange factor (Clg).  Clg (also 

known as PLEKHG2 or FLJ00018) is a widely-expressed GEF that is selective for Cdc42, 

although some activity for Rac1 has been demonstrated (Himmel et al., 2002; Ueda et al., 2008).  

The enzyme was singled out in a screen for RhoGEF enzymes whose ability to augment SRF-

mediated transcription could be enhanced by the co-expression of Gβγ subunits.  The existence 

of such an enzyme could help explain how Gi-coupled receptors induce cell-spreading in 

NIH3T3 fibroblasts (Ueda et al., 2001).  In addition to the DH/PH tandem domains, putative 
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formin homology and PDZ domains are predicted in the C-terminus of Clg.  The importance of 

these motifs is not known, although the C-terminus of the enzyme clearly plays a role in 

inhibition of basal GEF activity (Ueda et al., 2008).  Constructs of Clg that contain only the DH 

domain do not activate transcription, indicating that the PH domain is necessary for activity in 

cells, perhaps via the direct interactions of this domain with the Rho GTPase or the cell 

membrane.  Treatment with wortmannin demonstrated that Clg activity is not dependent on PIP3, 

which is known to interact with the PH domain of P-Rex1. 

 To identify the binding site for Gβγ, a series of fragments of Clg with increasing portions 

of the C-terminus removed were expressed, purified, and tested for their ability to bind Gβγ 

(Ueda et al., 2008).  A DH domain fragment was also tested.  All fragments except the DH 

domain fragment could bind Gβγ in a GST-pulldown assay.  The smallest fragment that retained 

nearly full ability to bind Gβγ spans residues 1-134, which includes a small portion of the DH 

domain.  This fragment could inhibit the ability of Clg to promote SRF-dependent gene 

transcription and induce cell spreading in a concentration dependent manner, supporting its 

identification as the Gβγ binding site (Ueda et al., 2008). 

 

D) Tim/Arhgef5.  Tim, also known as Arhgef5, was first identified in a screen for focus forming 

genes in NIH3T3 cells (Chan et al., 1994), and more recently in an si-RNA based screen for 

enzymes essential for macrophage chemotaxis (Wang et al., 2009).  The enzyme is selective for 

RhoA and related GTPases (Snyder et al., 2002; Wang et al., 2009; Xie et al., 2005).  Tim is a 

relatively simple RhoGEF, having in addition to the DH/PH domains a C-terminal SH3 domain 

that interacts with an N-terminal proline-rich region of the protein (Yohe et al., 2008).  In 

addition, a helix N-terminal to the DH domain is predicted to bind directly to the DH domain to 

autoinhibit activity (Yohe et al., 2007).  Both release of the SH3 domain (e.g. via competition 
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with other proline rich motifs) and tyrosine phosphorylation of the N-terminal helix are 

postulated to be required for full activation of Tim (Yohe et al., 2008). 

 Because Gβγ subunits are known to be involved in leukocyte chemotaxis, the ability of 

Gβγ to bind and regulate the activity of Tim was tested.  In co-immunoprecipitation assays, Gβγ 

was shown to bind to fragments that contained the PH domain and the preceding DH/PH linker 

region.  Pull-down assays using purified proteins demonstrated that the interaction between Tim 

and Gβγ was direct.  Gβγ also activated Tim in an SRE response assay as well as in vitro using 

purified proteins (Wang et al., 2009).  It remains to be seen how regulation by Gβγ is integrated 

into the layers of autoinhibition already mediated by the SH3 domain and N-terminal helix motif, 

or if it simply provides a mechanism to bypass them.  It also remains to be seen if other members 

of the Tim subfamily of RhoGEFs, which includes ephexin/NGEF, neuroblastoma, WGEF, 

SGEF, and Vsm-RhoGEF (Rossman et al., 2005), are also regulated by Gβγ. 

 

V) Conclusions 

Crystal structures and other biophysical studies of RH-RhoGEFs and p63RhoGEF have yielded 

substantial new insights into the molecular mechanisms governing their regulation by 

heterotrimeric G proteins.  The current data suggest that in most cases heterotrimeric G proteins 

interact directly with the catalytic core of the enzyme to stimulate activity.  For example, the 

Gα13-RH domain complex is expected to bind to the DH/PH domain in RH-RhoGEFs, and Gαq 

forms direct contacts with both DH and PH domains of p63RhoGEF in the Gαq-p63RhoGEF-

RhoA crystal structure.  The binding of heterotrimeric G proteins does not always have to be 

stimulatory, as it has been proposed that Gα12 and Gα16 can antagonize signaling by their closely 

related paralogs.  These proteins bind with high affinity to the same sites as Gα13 and Gαq, 
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respectively, yet somehow fail to induce a conformation change that leads to RhoGEF activation.  

The molecular basis for this failure to activate is not yet understood. 

Based on the available structural data from the RH-RhoGEFs and p63RhoGEF, the 

conformation of the α6-αN linker, and hence the relative orientation of their DH and PH 

domains (Fig. 1e,f,g), is expected to play a role in tuning activity.  In RH-RhoGEFs, the PH 

domain augments the activity of the adjacent DH domain, even in the absence of heterotrimeric 

G proteins, by trapping the linker region in a more optimal conformation.  In this case, it is 

tempting to speculate that the role of heterotrimeric G proteins may primarily be to displace 

autoinhibitory elements from the DH/PH core domain.  In TrioC RhoGEFs, the PH domain and 

linker adopt a conformation that instead inhibits the binding of RhoA in the basal state.  

Confronted with this scenario, heterotrimeric G proteins must bind directly to the DH/PH core 

and constrain the DH and PH domains in a manner that relieves inhibition in a manner that does 

not block the binding of RhoA and that allosterically activates nucleotide exchange (Fig. 1g). 

As in other Gα-effector complexes, the effector docking site of Gα forms the principal 

binding site for binding downstream RhoGEFs.  The effector docking site of Gα13 appears to be 

conformationally flexible, not only in response to GTP loading and hydrolysis, but also when 

challenged by the unique docking motifs presented by p115RhoGEF and PDZ-RhoGEF (Chen et 

al., 2008) (Fig. 1b,c).  Thus, even closely-related effectors need not necessarily have well 

conserved Gα-binding motifs.  Contacts made with Gα outside of the effector docking site 

mandate specificity, and can also contribute to regulation, as in the case of RH-RhoGEFs and 

p63RhoGEF. 

 Unfortunately, the structural data reported thus far are still not definitive with regards to 

the mechanism of signal transduction for any heterotrimeric G protein-regulated RhoGEF.  In no 

case are structures known for both the inactive and active forms of these enzymes, and future 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on October 30, 2009 as DOI: 10.1124/mol.109.061234

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #61234 

 32

efforts will likely focus on obtaining other snapshots of these enzymes along their reaction 

coordinates.  Structures of RH-RhoGEFs that include the RH domain in addition to the DH/PH 

domains, and of apo-p63RhoGEF would be especially informative.  This is a challenging task, 

especially when considering domains that are connected by long, unstructured linkers.  High 

resolution spectroscopic studies, such as those employed by (Zheng et al., 2009), hold promise in 

these situations.  Our understanding of the molecular basis for regulation of the Gβγ-regulated 

RhoGEFs lags even farther behind those that are regulated by Gα subunits.  Structural analysis 

of these enzymes and their Gβγ complexes will be important for rapidly advancing our 

understanding of the molecular mechanisms that control their activity. 
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Figure Legends 

Fig. 1  Structural studies of heterotrimeric G protein-regulated RhoGEFs (see Table 2).  a) 

Structure of Gα13 in its active, GDP-AlF4
--bound conformation.  The Ras-like domain is colored 

cyan, and the α-helical domain is grey.  The three nucleotide-dependent Switch regions (Switch 

I-III) are red.  The canonical effector docking site, a shallow canyon formed between Switch II 

and the α3 helix, is indicated by the transparent yellow ellipse.  b) The p115RhoGEF rgRGS 

domain in complex with Gα13/i1·GDP·AlF4
-.  The Gα subunit is shown as a molecular surface 

and is colored as in Fig. 1a.  The p115RhoGEF RH domain (orange) binds to the effector 

docking site of the Gα13/i1 chimera with its α8-α9 loop (yellow).  Non-canonical helices that 

extend the C-terminus of the RH domain are colored in gold.  The N-terminal motif responsible 

for GAP activity (green) binds to the α-helical domain with its IIG motif, followed by residues 

that stabilize catalytic residues in the GTPase active site.  c) The rgRGS domain of PDZ-

RhoGEF in complex with Gα13·GDP·AlF4
-.  A short α helix (αE, colored yellow) binds in the 

effector docking site, which is expanded relative to the effector docking site in the Gα13/i1-

p115RhoGEF complex.  The N-terminal motif follows the same path as in the complex with 

p115RhoGEF, but there is no productive interaction with catalytic residues, explaining the 

absence of GAP activity.  d) The LARG PDZ domain.  The plexin B1 C-terminal octapeptide 

binds in a cleft formed between the βB strand and the αB helix, with only the last five residues 

of the peptide being well defined.  Ligand binding induces an atypical conformational change in 

the domain that expands the ligand binding cleft, particularly at the base of the domain (towards 

bottom of panel).  e) The structure of the tandem DH/PH domains of LARG in their RhoA-

bound conformation.  Elements characteristic of the Lbc subfamily (Fig. 2a) include an N-

terminal extension (teal) that coalesces around a buried tryptophan side chain (Trp769), and a 

hydrophobic patch on the surface of the PH domain (light green) that was recently shown to be 
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critical for RhoA signaling in cells (Aittaleb et al., 2009).  The α6 helix of the DH domain is 

fused to the αN helix of the PH domain to create a continuous, flexible helix that links the two 

domains.  Residues in the α6-αN linker region form critical contacts with Switch II of RhoA.  f) 

The LARG DH/PH-RhoA complex.  The tandem DH/PH domain is shown as a molecular 

surface and is colored as in panel e.  RhoA binds principally to the DH domain, although the PH 

domain also contributes a small amount of buried surface area.  Arg68 from Switch II of RhoA 

(ball and stick model) interacts with residues in the α6-αN hinge.  The complex is oriented such 

that the expected plane of the membrane is along the top of the panel.  g) Atomic structure of the 

Gαq-p63RhoGEF-RhoA complex.  Gαq is shown as a molecular surface and its domains are 

colored as for Gα13 in panel a.  The DH (magenta) and PH (purple) domains both contact Gαq, 

with the extended αC helix of the PH domain binding in the effector docking site.  Nucleotide-

free RhoA binds on the opposite surface of the DH domain from Gαq. 

 

Fig. 2  Domain structure of RhoGEFs reported to be directly regulated by heterotrimeric G 

proteins.  The amino acid numbers shown above each protein correspond to the human ortholog.  

For domains that have not been structurally characterized, identified domain boundaries were 

assigned based on sequence alignment with their closest homologs of known structure unless 

otherwise indicated.  a) RhoGEFs regulated by Gα12/13 subunits.  p115RhoGEF, LARG, and 

PDZ-RhoGEF constitute the RH-RhoGEF subfamily, and are characterized by an N-terminal RH 

domain.  Short sequence motifs that appear to play functional roles are shown as small bars and 

are color coded according to the key at the bottom of the panel.  b) RhoGEFs regulated by Gαq 

subunits.  All three RhoGEFs have closely related DH/PH domains that constitute the TrioC 

subfamily.  c) RhoGEFs regulated by Gβγ subunits.  None of these RhoGEFs are closely reltaed, 

although p114RhoGEF belongs to the Lbc subfamily of RhoGEFs and hence its DH/PH domains 
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are closely related to those of the RH-RhoGEFs and Lbc. The boundaries for the PDZ domains 

and the domains shown in grey were assigned based on the GenPept entry for each protein.   

 

Fig. 3  Models of RhoGEF activation.  a) LARG/PDZ-RhoGEF activation.  Membrane 

recruitment and RhoA activation is mediated by receptors or other proteins that interact with the 

PDZ domain, such as the plexin B1 receptor, or by activated Gα13 subunits, which interact with 

the RH domain.  Plexin B1 signaling to RhoA does not appear to require Gα13 (Perrot et al., 

2002).  Although membrane recruitment is one aspect of signal transduction to RH-RhoGEFs, 

additional interactions at the cell membrane involving the various structural domains and 

sequence motifs of the RH-RhoGEF are likely required for full activation (Bhattacharyya et al., 

2009; Bhattacharyya and Wedegaertner, 2003).  Indeed, there is evidence that Gα13 interacts 

with other regions in addition to the RH domain (indicated by red arrows) to stabilize a high 

affinity complex and stimulate GEF activity (Suzuki et al., 2009b).  Autoinhibition of basal 

activity is believed to be imposed by the cooperative actions of the N-terminal region and C-

terminal tail of the RhoGEF, as well as by an acidic sequence in the RH-DH linker region 

(Zheng et al., 2009).  Not included in this schematic is the hydrophobic patch of the PH domain, 

which is required for RhoA activation in cells and likely mediates protein-protein interactions at 

the membrane surface (Aittaleb et al., 2009).  b) p63RhoGEF/TrioC subfamily activation.  

Unlike in RH-RhoGEFs, p63RhoGEF appears to be membrane associated and the PH domain of 

p63RhoGEF autoinhibits basal activity, in part due to unfavorable interactions between Switch II 

of RhoA and residues in the α6-αN linker region of p63RhoGEF.  The bridging interactions of 

the Gα subunit are proposed not only to fix the PH domain in a less inhibitory conformation but 

also to activate the DH domain allosterically.  c) Activation of P-Rex1 by Gβγ subunits in 

neutrophils.  In neutrophils, P-Rex1 is a Rac2 specific GEF (Dong et al., 2005; Welch et al., 
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2005) that can be fully activated by GPCRs because of the presence of class IB PI3K (Donald et 

al., 2004), which are likewise activated by Gβγ subunits.  The mechanism of activation shown is 

based on that proposed by Urano et al. (Urano et al., 2008) with Gβγ binding to an 

intramolecular complex formed by the second DEP, first PDZ, and IP4P domains.  Binding to 

Gβγ is expected to relieve the inhibition imposed by the DEP and PDZ domains (Hill et al., 

2005) and recruit the enzyme to the cell surface. 
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Table 1   Heterotrimeric G proteins that directly regulate Dbl family RhoGEFs 

Heterotrimeric G 
Protein Family 

RhoGEF Known Physiological Roles Rho family 
Substrate 

Gα12/13 p115RhoGEF/Lsc Neutrophil migration, leukocyte homeostasis 
(Francis et al., 2006; Girkontaite et al., 2001); 
regulation of apoptosis in thymocytes 
(Harenberg et al., 2005) 
 

Rho 

 LARG Signal transduction downstream of thrombin 
receptors (Wang et al., 2004); growth cone 
collapse (Hata et al., 2009; Swiercz et al., 2002); 
induction of salt-induced hypertension in 
vascular smooth muscle (Wirth et al., 2008; 
Ying et al., 2006) 
 

Rho 

 PDZ-RhoGEF Signal transduction downstream of LPA 
receptors (Wang et al., 2004); Ca2+ sensitization 
in smooth muscle (Derewenda et al., 2004); 
neutrophil polarization (Wong et al., 2007); 
neurite retraction (Togashi et al., 2000) ; 
angiotensin II induced contraction in vascular 
smooth muscle cells (Hilgers et al., 2007; Ying 
et al., 2009) 
 

Rho 

 Lbc Promotion of cardiac hypertrophy (Appert-
Collin et al., 2007; Carnegie et al., 2008) 
 

Rho 

Gαq/11 p63RhoGEF Gαq/11-dependent activation of RhoA in smooth 
muscle cells (S. Lutz, personal communication) 
 

Rho 

 TrioC In C. elegans, the C-terminal DH/PH domain of 
UNC-73 promotes acetylcholine vesicle release 
at neuromuscular junctions (Williams et al., 
2007) and regulation of pharynx pumping, speed 
of locomotion, and egg-laying (Steven et al., 
2005) 
 

Rho 

 KalirinC Neurite extension and neuronal morphology 
(Penzes et al., 2001) 

Rho 

Gβγ P-Rex1 ROS generation and rate of chemotaxis in 
neutrophils (Dong et al., 2005; Welch et al., 
2005); Purkinje cell morphology and cerebellar 
function (Donald et al., 2008) 
 

Rac 

 P-Rex2 Purkinje cell morphology and cerebellar 
function (Donald et al., 2008) 
 

Rac 

 p114RhoGEF Unknown 
 

Rho/Rac|| 

 Clg/PLEKHG2 Unknown 
 

Rac/Cdc42|| 

 Tim/Arhgef5 Dendritic cell chemotaxis, allergenic airway 
inflammation (Wang et al., 2009) 

Rho 

||GTPase specificity has not been demonstrated in vitro. 
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Table 2   Structural Analysis of Heterotrimeric G protein-Regulated RhoGEFs 

RhoGEF Domain(s) Functional insights PDB 
entry 

p115RhoGEF RH domain Along with 1HTJ, confirmed structural homology of the 
RhoGEF RH domain to those of RGS proteins 
 

1IAP 

 Gαi/13-rgRGS 
domain complex 

Showed bipartite interaction of the rgRGS domain with an 
activated chimeric Gα subunit, with the RH domain docking in 
the effector binding pocket (unlike RGS proteins), and the N-
terminal GAP motif interacting primarily with Switch I (like 
RGS proteins). 
 

1SHZ 

LARG DH/PH domains Along with 1X86, demonstrated flexibility in the α6-αN linker 
between the DH and PH domains and, along with 1XCG, 
revealed unique, potentially regulatory features. 
 

1TXD 

 DH/PH-RhoA 
complex 

Along with 1XCG, showed that both DH and PH domains of 
RH-RhoGEFs directly engage RhoA, helping to explain the 
positive signaling role of the PH domain in this subfamily. 
 

1X86 

 PDZ domain Along with 2DLS, confirmed expected PDZ domain fold in the 
RH-RhoGEF subfamily. 
 

2OMJ 
(NMR) 

 PDZ domain-Plexin 
B1 C-terminal 
octapeptide 

Described interaction between the PDZ domain and a C-
terminal peptide from one of its receptor targets, and the 
conformational changes induced by ligand binding. 
 

2OS6 
(NMR) 

PDZ-
RhoGEF 

RH domain Along with 1IAP, confirmed structural homology of the 
RhoGEF RH domain with those of RGS proteins. 
 

1HTJ 

 Gα13-rgRGS domain 
complex 

Although the Gα binding motifs of PDZ-RhoGEF and 
p115RhoGEF are structurally distinct, the effector docking site 
of Gα13 changes shape to accommodate either.  The GAP motif 
of PDZ-RhoGEF is shown to interact differently with Gα13 in 
its GDP, GDP·AlF4

-, and GTPγS bound states.  An explanation 
for why PDZ-RhoGEF lacks GAP activity was provided. 
 

3CX6 
3CX7 
3CX8 

 DH/PH-RhoA 
complex 

Along with 1X86, showed that both DH and PH domains of 
RH-RhoGEFs directly engage RhoA, helping to explain the 
positive signaling role of the PH domain in this subfamily. 
 

1XCG 

 PDZ domain Along with 2OMJ, confirmed expected PDZ domain fold in the 
RH-RhoGEF subfamily. 
 

2DLS 
(NMR) 

p63RhoGEF Gαq-DH/PH-RhoA 
complex 

Revealed that Gαq interacts with both the DH and PH domains 
of TrioC subfamily RhoGEFs.  The αC helix of the PH domain 
binds in the effector docking site of Gαq, whereas additional 
contacts mediated by the DH domain appear required for 
activation. 

2RGN 
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