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Introduction

Cellular signaling employs complex networks that are composed 
of cell surface receptors, adaptor proteins, molecular switches, 
and a host of downstream effector pathways that are all spatially 
organized by the actin and microtubule cytoskeleton as well 
as by vesicle transport and membrane dynamics. These effec-
tor pathways may require various types of enzyme that either 
feedback positively or negatively into surface receptors, modu-
late actin dynamics and adhesion molecules, or transfer their 
signal into the nucleus, resulting in transcriptional regulation, 
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Cellular signaling by small GTPases is critically dependent 
on proper spatio-temporal orchestration of activation and 
output. In addition to their core G (guanine nucleotide 
binding)-domain, small GTPases comprise a hypervariable 
region (HVR) and a lipid anchor that are generally accepted 
to control subcellullar localization. The HVR encodes in many 
small GTPases a polybasic region (PBR) that permits charge-
mediated association to the inner leaflet of the plasma 
membrane or to intracellular organelles. Over the past 
15–20 years, evidence has accumulated for specific protein-
protein interactions, mediated by the HVR, that control both 
targeting and signaling specificity of small GTPases. Using 
the RhoGTPase Rac1 as a paradigm we here review a series of 
protein partners that require the Rac1 HVR for association and 
that control various aspects of localized Rac1 signaling. Some 
of these proteins represent Rac1 activators, whereas others 
mediate Rac1 inactivation and degradation and yet others 
potentiate Rac1 downstream signaling. Finally, evidence is 
discussed which shows that the HVR of Rac1 also contributes 
to effector interactions, co-operating with the N-terminal 
effector domain. The complexity of localized Rac1 signaling, 
reviewed here, is most likely exemplary for many other small 
GTPases as well, representing a challenge to identify and 
define similar mechanisms controlling the specific signaling 
induced by small GTPases.
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cell differentiation or growth. The nature of a cells’ intracellular 
response to an outside stimulus is determined early in the signal-
ing cascade, at or near the plasma membrane. This is the site at 
which small GTPases of the Ras and Rho families trigger path-
ways that control cell growth and differentiation, cytoskeletal 
dynamics, adhesion and migration.

The molecular mechanisms that govern GTPase activation, 
inactivation and downstream signaling have been extensively 
studied over the past 25 years. The model describing small 
GTPases as molecular switches that can cycle between an “off” 
and an “on” state is in good agreement with models for other 
guanine nucleotide binding proteins, including elongation factor 
Tu and heterotrimeric G-proteins, that share sequence homol-
ogy and biochemical properties with small GTPases.1,2 The 
GTPase “switch” is represented by the binding to either GTP 
(“on”) or GDP (“off”). Upstream activation of GTPases requires 
GEFs (Guanine Nucleotide Exchange Factors) that promote the 
exchange of bound GDP for GTP, which is in excess in the cyto-
sol. Inactivation requires GTP hydrolysis, an intrinsic but low 
activity that is stimulated by GAPs (GTPase Activating Proteins). 
GTPases of the Rho and Rab families are, in the inactive, GDP-
bound form, associated to cytosolic chaperones called GDIs 
(Guanine nucleotide Dissociation Inhibitors). Other regulators 
include the GDS (Guanine nucleotide Dissociation Stimulator) 
proteins, such as Smg (Small G-protein) GDS or Ral-GDS, that 
also acts as GEFs, activating subclasses of the superfamily of 
small GTPases.3

In the active, GTP-bound, conformation, small GTPases bind 
to effector molecules, translating the upstream signal into down-
stream responses. The regions required for effector binding are 
primarily located in the GTPase N-terminus, from amino acid 
~25–40.4 These interactions are quite specific, as single point 
mutations can generate GTPase mutants that bind to one and not 
another effector protein, as was shown for Rac1.5 Additional regions 
located more toward the C-terminus have been implicated in effec-
tor binding as well.6 Rho GTPases encode a unique “insert region,” 
i.e., amino acids 123–135 (Rac1 numbering), which is not found in 
other small GTPases. This region has been implicated in regulating 
a subset of effector pathways such as actin dynamics7 and activa-
tion of the NADPH oxidase,8 albeit that the relevance of the insert 
region for oxidase activation was not confirmed in other studies.9,10
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has been linked to their degradation.13,25 Rac1 degradation, in 
turn, requires its activation and can be induced by the CNF1 
(Cytotoxic Necrotizing Factor1) toxin from E. coli. CNF1 
de-amidates Rac/Rho GTPases at position 61/63, thereby 
generating a constitutively active GTPase.26 Degradation of 
CNF-activated Rac1, but not Rac2 or Rac3, is dependent on 
the HVR, since the Rac1 HVR, swapped for the Rac2 HVR, 
promotes degradation of a full length Rac2/Rac1 HVR chimera. 
This finding is in good agreement with the absence of a NLS in 
the Rac2 and Rac3 C-termini and the notion that nuclear trans-
location of activated Rac1 is required for proteasome-mediated 
degradation.13,25

Whereas the targeting of small GTPases by a C-terminal 
lipid anchor and charge-dependent association of the PBR to the 
plasma membrane is clearly a key mechanism that controls differ-
ential localization and signaling, evidence has been accumulating 
over the past 15–20 years for supplementary modes of regulation, 
based on specific protein-protein interactions. In all this work, 
the HVR of Rac1 has been the most extensively studied. Here, 
we will review a series of protein partners of Rac1 that require 
the HVR for their association (Fig. 1). This represents a diverse 
group of proteins that reside in various locations, in line with the 
notion that Rac1 exerts distinct functions in different cellular 
compartments.

Protein-Protein Interactions Mediated  
by the Rac1 C-Terminus

Activation by guanine nucleotide exchange factors. Because 
the C-terminal HVR of RhoGTPases is one of the main features 
discriminating these highly homologous family members, it rep-
resents a prime determinant for specific interaction with one of 
the many (~80) RhoGEFs3 that have been identified. However, 
GTPase-GEF interactions are mediated by the switch I and 
switch II regions, rather than by the C-terminus, as was shown, 
for example, for the GEFs Tiam1 as well as Vav1.27 Many GEFs 
can activate several different RhoGTPases,3 that are sometimes 
highly homologous in their N-terminal Switch I/II regions. 
Specificity of GEF-mediated activation is therefore the result of 
cell-specific expression of the GEFs as well as of the GTPases.28 
As exceptions to this, there are at least two GEFs for which there 
is evidence that they also bind to the Rac1 HVR, i.e., smgGDS 
(small G-protein dissociation stimulator) and β-PIX (Pak-
Interacting eXchange factor).

SmgGDS. The armadillo protein smgGDS is an atypical GEF 
that shows selectivity toward some, but not all RhoGTPases.29 
SmgGDS also binds to the inactive N17 mutants of H- and 
N-Ras, but does not promote nucleotide exchange. Further 
experiments showed that the PBR present in the C-terminus of 
RhoA and Rac1 but not in H- or N-Ras, is necessary but not 
sufficient for smgGDS-mediated nucleotide exchange.29 A more 
recent study further confirmed the requirement for the RhoA 
C-terminus for nucleotide exchange by smgGDS.30 This work 
showed that smgGDS is a bona fide GEF for RhoA and RhoC, 
but, in contrast to the study by Vikis et al.,29 does not activate 
other RhoGTPases including Rac1, Rac2 and Cdc42.

Most families of small G-proteins comprise several members 
that can be highly homologous in sequence, in particular in the 
G (Guanine nucleotide-binding)-domain, the core structure of 
small GTPases. In this overview, we will focus on the Rho-family 
of small GTPases (22 members), of which some, such as the Rac1 
and Rac2 GTPases, share over 90% sequence identity.11 This 
identity also includes the effector domains, suggesting that other 
regions determine signaling specificity of the Rac GTPases. The 
most likely region controlling such specificity is the hypervari-
able region (HVR) in the GTPase C-terminus. This small region 
shows striking sequence diversity among related GTPases, which 
has been linked to their differential localization to intracellular 
membranes, nuclear translocation as well as binding to regula-
tory- and effector- proteins.12-15

In the early ‘90s, a series of studies established the functional 
importance of the HVR of Rac GTPases by focusing on its role 
in the activation of the NADPH oxidase complex. This com-
plex was, at the time, already identified as an established Rac 
effector, responsible for production of reactive oxygen species in 
granulocytes.16 Using purified proteins and membrane extracts 
in a cell-free assay, the activity of the oxidase complex could be 
quantified, which allowed the testing of Rac1 and Rac2 mutants 
as well as interfering peptides. Whereas GTP-bound Rac1 binds 
through its N-terminal effector domain to the principal oxi-
dase effector component, p67phox, and to a region more toward 
the C-terminus,17 several studies showed that the hypervariable 
C-terminal domain of Rac proteins was also critical for oxi-
dase activation.18-21 This could relate to the fact that the HVR 
is required for proper targeting of Rac1 in the cell-free assay. 
Targeting of most small GTPases to membranes also requires 
modification of the C-terminus by covalent attachment of a lipid 
anchor.22 However, in the cell-free oxidase assays, most Rac pro-
teins used were made in E. coli and thus not prenylated. Peptides, 
encoding the HVR could interfere with oxidase activation by 
the full-length Rac protein, further underscoring the notion 
that the HVR of Rac1 was responsible for this effect. However, 
whether this result was sequence-specific or due to the highly 
charged nature of the HVR has been subject of conflicting find-
ings.18,19 Differential binding of GTPases to cellular membranes 
and compartments has been demonstrated using GFP (Green 
Fluorescent Protein)-fusion proteins of different HVRs of a 
subset of RhoGTPases. This shows that the HVRs are not only 
required but also sufficient for such targeting. Moreover, differ-
ential localization correlated with the number of basic residues 
in the C-terminus, with highly basic domains targeting preferen-
tially to the plasma membrane.12

Also nuclear localization of Rac1 has been linked, in several 
studies, to its HVR. The Rac1 C-terminus harbors a nuclear 
localization signal (NLS) represented by its PBR.13,23 A fusion 
protein in which the Rac1 C-terminus is coupled to GFP shows 
a nuclear localization, indicating that the Rac1 C-terminus is 
sufficient to drive proteins into the nucleus of MDCK, COS-1, 
porcine aortic endothelial (PAE) cells as well as ECV304 human 
bladder carcinoma, HeLa and NIH 3T3 cells.24 The NLS is 
inactive when Rac1 is bound to RhoGDI, which explains its 
cytosolic localization. Nuclear translocation of Rac GTPases 
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that require the GTP-induced conformational switch to become 
activated (Fig. 3), for some of these an interaction with the 
Rac1 HVR was shown. This suggests that co-operativity exists 
between this region and the N-terminal effector domain in Rac1.

PAK1. Using Far-Western blotting, Knaus et al.,33 showed that 
the HVR is required for efficient binding of GTPγS-loaded Rac1 
to PAK1. In line with this, stimulation of PAK1 auto-phosphory-
lation was severely reduced by a PBRQ mutant of Rac1, in which 
all basic residues in the PBR are mutated to Gln (Q). This sug-
gests that the Rac1 PBR is also involved in PAK1 activation. Use 
of chimeras showed that Rac1 with the intact Rac2 C-terminus 
was less efficient in activating PAK1, whereas a Rac2 chimera 
with the Rac1 C-terminus gained capacity to activate PAK1.33 
In this study, the PBR was proposed to act as a novel “effec-
tor domain.” Whereas this is true for Rac1 effectors in general 
remains to be established, but there are other examples, such as 
for the kinase PRK (see below), that suggest that the PBR in Rac1 
is more than just a membrane-targeting sequence.

PIP-5-K. In search for a link between actin-regulating 
RhoGTPases and actin-regulating lipid kinases, Tolias et al.35,36 
showed that Rac1 binds to PIP-5-K (phosphatidylinositol-
4-phosphate 5-kinase) as well as to DGK (diacylglycerol kinase) 
in a nucleotide-independent manner. In contrast, the association 
of Rac1 with PI3-Kinase was found to be GTP-dependent.35 In 
a subsequent study it was shown that Rac1, but not RhoA or 
Cdc42, associated, through its HVR, to PIP-5-K and DGK. This 
association was subsequently linked to K186 in the Rac1 HVR.37

The interaction of Rac1 with these lipid kinases was stimu-
lated in vitro by a subset of phosopholipids such as PS (phos-
phatidylserine), PA (phosphatidic acid) and PI-3,4-P2, but not 
PC (phosphatidylcholine) or PI-3,4,5,-P3. Moreover, PIP-5-K 

The laboratory of Williams and colleagues has stud-
ied the interaction between smgGDS and Rac1, focus-
ing on the Rac1 C-terminal PBR.23 Rac1 binds smgGDS 
through this region and this interaction controls the 
nucleo-cytoplasmic shuttling of the Rac1-smgGDS 
complex. The Rac1 PBR comprises, in contrast to that 
of RhoA, a nuclear localization signal and Rac1 mutants 
lacking the PBR, do not localize to the nucleus.13 These 
authors further proposed that smgGDS-promoted Rac1 
activation stimulated nuclear translocation of the com-
plex, whereas smgGDS binding to and activating RhoA 
would promote its cytoplasmic accumulation, due to 
the absence of a NLS in RhoA.

The functional consequences of the nuclear shut-
tling of the Rac1-smgGDS complex are not clear. 
Lanning et al. proposed that the complex would disso-
ciate upon nuclear entry releasing Rac1 from smgGDS 
to allow local signaling.13 Later studies have linked 
nuclear translocation of activated Rac1, dependent on 
its PBR and its interaction with the armadillo protein 
karyopherin α2, to Rac1 degradation (See below; refs 
13 and 25; Fig. 2).

Beta-PIX. The Rac1/Cdc42 GEF β-PIX (also 
known as ArhGEF7) binds to the Rac1 C-terminal 
proline-rich region, directly N-terminal of the PBR.31 
This finding was based on the notion that this region is similar 
to an earlier defined PIX-binding motif in PAK, which is in fact 
an atypical SH3 domain binding motif.32 We could show that the 
SH3 domain of PIX was required for efficient binding to the pro-
line stretch in the Rac1 C-terminus, and that in HEK293 cells 
this sequence was required for targeting the activated V12Rac1 
mutant to Focal Adhesions (FAs) (Fig. 2). In addition, β-PIX also 
serves as a genuine Rac1-targeting protein, since a Rac1C186S 
mutant, that cannot be prenylated and localizes primarily to the 
nucleus, shows increased cytosolic and membrane localization 
upon co-transfection with β-PIX.31

Since PAK also uses a proline-rich domain for β-PIX bind-
ing, these interactions will result in competition between PAK1 
and Rac1. This suggests that, following β-PIX-mediated activa-
tion of Rac1, Rac1 will bind through its effector domain to PAK, 
which may then replace Rac1 from binding to the β-PIX-SH3 
domain, allowing Rac1 signaling and subsequent inactivation. 
Interestingly, an earlier study had shown that the Rac1 PBR is 
also required for PAK1 binding.33 This suggests that, perhaps 
transiently, a trimeric complex can form comprising Rac1, PAK 
and β-PIX. However, formal proof will require additional bio-
chemical studies using the appropriate mutants.

Previously, PAK was proposed to function upstream of Rac1, 
mediating CDC42-dependent Rac1 signaling. Thus, the PIX-PAK 
complex may well be part of a positive feedback loop, potentiating 
Rac1 signaling at FAs. The notion of such a signaling pathway is 
supported by work from Romer and colleagues, who showed that 
Focal Adhesion Kinase (FAK) can phosphorylate βPIX, promot-
ing its binding to Rac1 as well as the targeting of Rac1 to Fas.34

Downstream effectors: Protein- and lipid-kinases. Although 
most protein kinases in Rac1 signaling pathways act as effectors 

Figure 1. Overview of Rac1-interacting proteins. In the left part of the figure, 
proteins known to bind to the effector domain (ED) of Rac1 via their CRIB domain 
or not are listed. In the right part of the figure, proteins known to bind to the hy-
pervariable (HV) region are listed. These proteins are clustered dependent on their 
known interactions. See text for details.
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proline-dependent interactions did require the PBR. 
This is in agreement with other SH3 domain-based 
interactions wherein one or more downstream basic 
residues are required to stabilize the binding to the pro-
line-rich sequence.44,45

PRK. The PRK kinases (Protein Kinase C-related 
kinase, also known as Protein Kinase N, PKN) are 
established effectors of both RhoA and Rac1.46,47 These 
kinases regulate cytoskeletal dynamics, as well as tran-
scriptional activity and mitogenesis.48 The analysis by 
scintillation proximity assays and NMR of the inter-
action between Rac1 and PRK1 supported a model 
in which the Rac1 PBR mediates specific interactions 
with effector proteins.15,49 In these analyses, the rel-
evance of any of the basic residues for the interaction 
were underscored and a model depicting the specific 
contribution of the Rac1 C-terminus in PRK1 bind-
ing was presented. Intriguingly, the analysis by Modha 
et al. suggested that the Rac1 C-terminus has a rather 
fixed structure comprising a proline-based α-helix, fol-
lowed by an extended stretch of large basic residues.15 
Importantly, the C-terminal portion of this region (Lys 
183-Arg185) was proposed to loop back to interact with 
the core G-domain, in particular with portions of the 
switch II region and the region C-terminal to helix 3. 
In addition, several of the basic residues in the PBR con-
tact the cognate binding region in PRK1.15 Since the 
Rac1 C-terminus is predicted to interact with its switch 

II region (i.e., Pro73, Gln74), it is likely that GTP binding does 
affect the relative position of the C-terminus, and thereby the 
affinity for effectors such as PRK1. Reminiscent of this is our 
own finding that Rac1 binding to the ubiquitin ligase Nedd4, 
for which the Rac1 C-terminus is sufficient, is more efficient for 
activated Rac1 (Q61 mutant) as compared with inactive Rac1 
(N17 mutant).

mTor. The mTor kinase is part of the mTORC1 and 
mTORC2 complexes that relay growth factor signaling, nutri-
ent status and oxygen concentration into cellular responses 
such as gene translation and protein synthesis.50 The mTORC2 
complex signals toward the Akt kinase and regulates the actin 
cytoskeleton through RhoGTPases.51 Recent work showed that 
RhoGTPases, in particular Rac1, can also function upstream 
of mTOR.52 These authors showed that Rac1 binds in a nucle-
otide-independent fashion to mTOR though the Rac1 HVR, 
specifically through the PBR, but not the proline-rich region. 
Importantly, it was shown that Rac1 controls the subcellullar 
localization of mTOR, recruiting the kinase to the plasma mem-
brane and, in parallel, activating the kinase. These data suggest 
a model in which activated Rac1, which localizes to membranes, 
recruits and activates mTOR and thereby both mTORC1 and 
mTORC2 complexes, through the binding via the Rac1 PBR. 
Rac1 thus acts both upstream and downstream of mTOR and is 
among a growing group of small GTPases, including Rheb and 
RalA, that regulate different aspects of TOR-mediated signal-
ing.53 It is likely that this novel interaction between Rac1 and 
mTOR is of relevance for many biological systems, including 

and DGK were found to complex both with Rac1 and with 
RhoGDI. Rac1 associates to RhoGDI through a series of protein-
interface-based interactions, as well as through its geranylgeranyl 
anchor.38,39 In this complex, the HVR appears to be relatively 
exposed, allowing interactions with other proteins, such as the 
lipid kinases discussed here. In fact, our lab has also shown that 
a Rac1 C-terminal peptide does not bind to RhoGDI, but does 
compete for an association between PIX and RhoGDI.31 This 
suggests that Rac1 simultaneously binds to PIX, through its 
C-terminus, and to RhoGDI, using both its lipid anchor and 
regions in the Rac1 N-terminus.

The model proposed by Tolias et al. suggested that the DGK-
PIP-5-K axis generates, once at the membrane, the phospholip-
ids that would promote dissociation of RhoGDI allowing Rac1 
activation.36 Later studies suggested various lipid-based feed-back 
loops in the complex. Tolias et al.37 showed that PIP-5-K acts as 
a Rac1 effector, producing PIP2 that promotes actin uncapping 
and local actin polymerization.37 More recently, Chae et al.40 pre-
sented a model in which phosphatidic acid, derived from integ-
rin-regulated phospholipase D but which can also be synthesized 
by DGK, binds to the HVR of Rac1, leading to GDI dissociation 
and recruitment of GTP-bound Rac1 to the plasma membrane.

Our own lab later confirmed the PIP-5-K binding of Rac1 
through its HVR and identified the proline-rich region in the 
HVR, as a region in Rac1 that can bind to SH3 domains (as in 
Crk, PIX, CD2AP and PACSIN2).31,41-43 We showed that pro-
tein-protein interactions that required the PBR did not neces-
sarily require the proline-rich domain but that, conversely, the 

Figure 2. Rac1 interactions at focal adhesions and in the nucleus. Figure provides 
a model of the different local interactions of Rac1 with the various C-terminal-
interacting proteins. The various regions that focus Rac1 activity and regulation 
are indicated by the different colors. Integrin-mediated Rac1 activation, possibly 
by PIX, leads to its targeting to FAs and recruitment of Caveolin1. Caveolin1 subse-
quently regulates Rac1 ubiquitylation and internalization. Internalized Rac1 may 
associate to Karyopherin α, translocate to the nucleus for further ubiquitylation 
and proteasomal degradation.
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regulates membrane curvature such that internalization of the 
plasma membrane is induced. Expression of F-BAR domains 
induces the formation of tubulo-vesicular organelles that arise at 
the plasma membrane and move toward the cell center.66,70

Like CD2AP, PACSIN2 binds to the Rac1 C-terminus through 
a SH3 domain in its C-terminus. PACSIN2 binds to Rac1 in 
a nucleotide-independent fashion.43 We showed that PACSIN2 
co-localizes with Rac1 in membrane ruffles, on tubules and on 
early endosomes (Fig. 3). We found an interesting bi-directional 
regulatory crosstalk between PACSIN2 and Rac1. An activated 
mutant of Rac1, Rac1Q61, inhibited formation of PACSIN2-
positive tubulo-vesicular structures which was promoted by an 
inactive mutant of Rac1, Rac1N17. Based on live-cell imaging 
using GFP-tagged PACSIN2, we concluded that these tubules, 
upon inward movement, break and form early endosomes. 
Conversely, we found that expression of PACSIN2 in cells reduced 
the levels of endogenous GTP-bound Rac1 and Rac1-mediated 
spreading of epithelial cells. These effects were dependent on an 
intact SH3 domain in PACSIN2, suggesting that its binding to 
Rac1 was required. In contrast, siRNA-mediated knockdown of 
PACSIN2, or expression of a PACSIN2 mutant with a mutated, 
inactive BAR domain, promoted RacGTP loading, epithelial cell 
spreading and migration in a wound-healing assay. These find-
ings suggest a model in which PACSIN2 becomes recruited to 
areas of Rac1 activity, such as membrane ruffles, where PACSIN2 
promotes membrane internalization, transporting membranes 
and activated Rac1 toward early endosomes. Subsequent inacti-
vation of Rac1 may occur either on these early endosomes, or on 
another intracellular compartment. Intriguingly, there are several 
RhoGAP proteins that encode BAR domains, such as srGAP3/

platelet activation as well as cancer cell motility and 
metastasis.54,55

Regulation of Rac1 by adaptor proteins. CD2-
associated protein. CD2-associated protein56 (CD2AP, 
also known as CMS: Cas ligand with multiple Src homol-
ogy 3 (SH3) domains) is an adaptor protein implicated 
actin dynamics, cell adhesion and receptor traffic.57-59 
CD2AP harbors three SH3 domains in its N-terminus 
and an actin binding region, proline-rich domains and 
a coiled-coil region in its C-terminus. CD2AP is also 
closely related to CIN85 (Cbl-interacting protein, also 
known as Ruk, SETA, SH3KBP1).56 CD2AP is best 
known for its role in the kidney, where it links neph-
rins, homotypic cell-adhesion proteins that are critical 
for renal filtration, to the actin cytoskeleton. As a result, 
mice lacking CD2AP show kidney failure and die at 6 
weeks of age.60,61 Interestingly, nephrin was previously 
shown to bind to the Rac1 effector IQGAP1 suggesting 
Rac1 signaling affects podocyte cell-cell contacts.62 This 
is further supported by the analysis of the Rac1GAP 
ArhGAP24, which is mutated in glomerulosclerosis, 
in line with the notion that the balance between Rac1 
and RhoA signaling is important for proper kidney 
function.63

We found CD2AP in a screen for proteins binding to 
the peptide encoding the Rac1 C-terminus.42 This bind-
ing is very efficient, most likely because the proline-rich region in 
the Rac1 peptide can bind to all three SH3 domains. Mutating 
each of these individually in the context of full-length CD2AP 
did not dramatically block binding of Rac1, indicating that Rac1 
can bind to either SH3 domain in CD2AP. Interestingly, we 
found that in epithelial cells expressing activated Rac1, CD2AP 
co-localizes with active Rac1 in membrane ruffles in single cells, 
and at cell-cell contacts in confluent cells. The latter effect pro-
motes cell-cell adhesion, since knockdown of CD2AP resulted 
in a reduction in transepithelial resistance42 (Fig. 4). These find-
ings are in line with the role of CD2AP in podocytes and are in 
good agreement with findings in Drosophila, where the CD2AP 
ortholog Cindr promotes E-cadherin localization to junctions 
and stimulates junctional stability.64 CD2AP may, in conjunc-
tion with Rac1 activity, induce actin rearrangements, as CD2AP 
binds to the actin capping proteins CapZ and the cortical actin 
regulator cortactin.58,59 In fact, we could show that CD2AP links 
Rac1 to CapZ and cortactin.42 Finally, E-cadherin itself could 
promote CD2AP recruitment by acting as a junctional “anchor,” 
since it was shown to bind to CD2AP in gastric epithelial cells.65

PACSIN2. The BAR (Bin/Amphiphysin/Rvs)-domain con-
taining adaptor protein PACSIN2 is a member of a large fam-
ily of regulatory proteins (adaptor proteins, GAPs and GEFs) 
that comprise various forms of BAR domain.66,67 BAR domains 
bind to phospholipids in intracellular membranes and sense and 
promote membrane curvature. BAR domain proteins reside on 
the inner leaflet of the plasma membrane and on intracellular 
vesicles and regulate protein traffic and local cell signaling.68,69 
The PACSIN proteins (i.e., PACSIN1,2,3) encode a so-called 
F-BAR (FCH-BAR e.g., Fes/CIP4 homology BAR) domain that 

Figure 3. Internalization of activated Rac1 and binding to effector kinases. Acti-
vated Rac1 may interact with a series of protein kinases at the plasma membrane. 
These represent primarily effector kinases such as PAK, PRK, PIP-5-K and mTor. 
Active Rac1 at the membrane also associates with PACSIN2, which regulates  
Rac1 internalization toward early endosomes, paralleled by GAP-mediated Rac1 
inactivation.



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com	 Small GTPases	 83

group on PACSIN2-positive, microtubule-
dependent tubules in HeLa cells.43 This sug-
gests that the Rac1-PACSIN2 interaction, and 
the Rac1-Calmodulin interaction are com-
ponents of the same internalization pathway. 
Moreover, both PACSIN2 and calmodulin 
act as negative regulators of Rac1 signaling, 
further linking pathways driving membrane 
internalization to the inhibition of Rac1  
(Fig. 3).

Caveolin1. The membrane-associated adap-
tor Caveolin1 is a key regulator of cell signaling, 
due to its role in membrane domain organiza-
tion and traffic of cell surface proteins, includ-
ing integrins, growth factor receptors and 
cadherins.76 Caveolin1 has been implicated 
in cell spreading and migration, cell growth, 
EMT (epithelial-mesenchymal transition), 
tumor cell metastasis, inflammation and car-
diovascular disease.14,76-81 Caveolin1 connects 
integrin function with Rac1 traffic and activ-
ity since integrin-mediated adhesion reduces 
Caveolin1-dependent membrane internaliza-
tion. Conversely, cell detachment promotes 
Caveolin1-mediated membrane internaliza-
tion, leading to the inhibition of Rac1.82,83

We found Rac1 binding to Caveolin1 ser-
endipitously in the context of our work on the 

actin-binding protein filamin, which associates to ICAM-1 in 
endothelial cells.84 Filamin associates with and is regulated by 
Caveolin184-87 and we tested binding to the Rac1 C-terminus as 
a control for Rac1 or ICAM-1 binding to Filamin. Caveolin1 is 
in many cells a polarity marker, which accumulates in the back 
of migrating cells. This is in good agreement with the notion 
that Caveolin1 positively regulates RhoA activity.83 However, in 
cells expressing activated Rac1, cell polarity is lost and Caveolin1 
becomes more diffusely localized.14,83 Detailed confocal analysis 
showed that endogenous Caveolin1 is recruited to FAs in cells 
expressing active Rac1, which localizes to these FAs as well. In 
line with earlier findings,82,83 we found that Caveolin1 is a nega-
tive regulator of Rac1 as siRNA-mediated downregulation of 
Caveolin1 increases basal levels of Rac1GTP. Surprisingly how-
ever, we found that this correlated with an increase in total Rac1 
protein levels. In other words, Caveolin1 regulates Rac1 expres-
sion, which is reflected in concomitant changes in the levels of 
GTP-bound Rac114 (Fig. 2).

Because of this latter finding, regulation of Rac1 ubiquity-
lation was investigated. Rac1 is known to be ubiquitylated at 
Lys14788 and this occurs primarily on activated Rac1.89,90 Analysis 
of Rac1 ubiquitylation showed that loss of Caveolin1 promotes 
mono-ubiquitylation of Rac1.14 Poly-ubiquitylation was, how-
ever, reduced under these conditions, resulting in an accumu-
lation of mono-ubiquitylated and non-ubiquitylated, activated 
and non-activated Rac1 protein. It is not clear how Caveolin1 
regulates the poly-ubiquitylation of mono-ubiquitylated Rac1, 
but this may require Rac1 internalization or targeting toward 

MEGAP71,72 and these may well reside on similar membrane 
compartments as PACSIN2, regulating GAP-mediated inactiva-
tion of Rac1.

Calmodulin. A recent study by Vidal-Quadras et al.73 showed 
that Rac1 binds to calmodulin in a calcium-dependent manner. 
This interaction required both the PBR in the Rac1 C-terminus, 
as well as the lipid anchor. Binding appears to be selective for acti-
vated, membrane-associated Rac1, since an activated Rac1V12 
mutant, lacking the C-terminal prenylation site (Cys 189), did 
not associate to calmodulin.73 This interaction of Rac1 and 
calmodulin is reminiscent of the interaction between calmodulin 
and K-Ras 4B, which also requires the K-Ras4B HVR.74 Notably, 
efficient interaction of K-Ras4B with calmodulin was nucleotide-
dependent and required the catalytic region of the GTPase. This 
co-operativity between the hypervariable C-terminus and the 
N-terminal effector domains in K-Ras4B is again similar to the 
interactions described for Rac1 and PRK,15 for Rac1 and Nedd475 
and may also apply to the interaction Rac1 and calmodulin.

The functional consequences of Rac1 interacting with 
calmodulin were analyzed for the Rac1-PIP5K interaction. 
Inhibiting calmodulin function with an antagonist (W13) 
enhanced the binding of Rac1 to PIP5K in co-immunoprecip-
itation experiments.73 Moreover, W13 induced the formation 
of Arf6-positive and Rac1-positive membrane tubules in COS 
cells, which is regulated by Rac1 activity, PIP-5-K and micro-
tubules. Expression of an inactive Rac1N17 mutant promoted 
tubule formation, whereas an activated Rac1V12 mutant reduced 
tubule formation. These findings are identical to results from our 

Figure 4. The nuclear connection for Rac1 and its role in cell-cell contacts. Activated Rac1 
recruits the nuclear protein SET and/or a Rac1-SET complex from the nucleus to the plasma 
membrane to regulate cell migration. Conversely, at cell-cell contacts, activated Rac1 recruits 
CD2AP as well as Nedd4 (N4) to promote intercellular adhesion. The latter pathways also 
involves Nedd4-mediated ubiquitylation of the adaptor protein disheveled (Dvl1).
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ubiquitylation and degradation of the adaptor protein Dishevelled 
(Dvl1)75 (Fig. 4). Expression of Dvl1, and in particular a K-R 
Dvl1 mutant that is not ubiquitylated by Nedd4, reduced tran-
sepithelial resistance in HeLa cells. This is in good agreement 
with earlier reports that identified Dvl1 as a negative regulator 
of epithelial cell-cell contact in MDCK cells104 and in developing 
mouse embryos.105 The mechanism by which Dvl1 regulates epi-
thelial cell-cell contacts is currently unknown, but could involve 
cooperation with Rho signaling components, such as RhoKinase, 
as was recently shown for adherens junctions dynamics, required 
for neural plate closure.106

Rac1 signaling and the nucleus. Whereas RhoGTPases are 
generally accepted to signal at the plasma membrane or on intra-
cellular vesicles, there is increasing evidence for GTPase signal-
ing in the nucleus. GTPases are known to regulate transcription 
and proliferation although this does not necessarily require their 
localization in the nucleus.107-110 Nuclear localization of endoge-
nous GTPases has been difficult to establish rigourously, because 
the quality of available antibodies has been poor24 and because 
some secondary antibodies induce nuclear background staining. 
Expression of tagged, active mutants of Rac1 has been observed 
by many to result in nuclear localization of a fraction of the 
expressed protein. The work by Michaelson and colleagues24 fur-
ther confirmed that also endogenous Rac1 can be detected in the 
nucleus, as concluded from fractionation experiments. However, 
the exact location of Rac1 in the nucleus is unknown.

Nuclear translocation of proteins occurs through the nuclear 
pore complex (NPC), which acts as a gatekeeper. While small 
molecules and peptides (< ~40 kD) can pass the nuclear pore by 
diffusion, active nuclear import of protein complexes is medi-
ated by karyopherins.111 Proteins with a basic, “classical” NLS 
are imported by the karyopherins β1 and -α (also known as 
importin β and importin α). Most NLS-containing proteins 
bind to importin α and this complex binds to importin β. Once 
inside the nucleus, RanGTP binds to importin β and the com-
plex dissociates.112 The Rac1 HVR binds at least two proteins 
that are associated with nucleo-cytoplasmic shuttling. These are 
karyopherin α2 (importin α-1) and the PP2A inhibitor SET/
I2PP2A.

Karyopherin α2. Using a two-hybrid-based interaction 
screen, Sandrock and colleagues found Rac1 to bind directly to 
the armadillo protein Karyopherin α2 in a nucleotide-indepen-
dent fashion.25 Mutational analysis showed that the interaction 
was specific for Rac1 over Rac2 and Rac3 and required the Rac1 
HVR, which harbors the NLS. Interestingly, Sandrock et al. 
showed that nuclear translocation of Rac1 required its activa-
tion, even though the binding to Karyopherin α2 did not.25 
This suggests that the interaction is required but is not suffi-
cient for nuclear import of Rac1. Moreover, siRNA-mediated 
loss of Karyopherin α2 blocked nuclear import and prevented 
the degradation of Rac1 that follows its activation by the E. 
coli toxin CNF. These data suggest that one of the functions of 
the nuclear import of activated Rac1 is to promote its degrada-
tion, which is in good agreement with the data from Lanning 
et al., who previously showed that the Rac1 PBR is required 
for nuclear translocation and degradation13 (Fig. 4). Since 

a Rac1 E3 ligase. Recently, the HACE1 and the cIAP/XIAP 
ubiquitin ligases were found to target Rac1.91-93 Interestingly, 
Caveolin1 binds to XIAP in the context of VEGF-induced cell 
survival of endothelial cells.94 XIAP also binds to Rac1, in a 
nucleotide-independent fashion91 but the domain in Rac1 that 
is required for this association was not identified. Importantly, 
Caveolin1 links XIAP to integrins and FAK (Focal Adhesion 
Kinase), regulating integrin function and adhesion in endothe-
lial cells.95 Given that Rac1 binding to Caveolin1 is stimulated 
by cell adhesion, it may well be that integrin-mediated Rac1 acti-
vation is accompanied by the recruitment of both Caveolin-1 
and XIAP to Focal Adhesions, resulting in the local ubiquity-
lation of active Rac1.

FHOD1. The Formin Homology (FH) domain proteins are 
established regulators of cytoskeletal dynamics. This family 
includes the diaphanous proteins, effectors of active RhoA (see96 
for a review on formins), that promote actin nucleation and for-
mation of short, unbranched actin fibers. Rac1, but not Rac2, 
Rac3 and RhoA, associates to FHOD1 (formin homology-2 
domain containing protein) and frl (formin-related gene in leu-
kocytes) in a nucleotide-independent manner.97-99 In addition, 
the interaction required the Rac1 C-terminal HVR.97 Moreover, 
an activated mutant of Rac1 recruites FHOD1 to membrane ruf-
fles.99 In the initial functional studies on this interaction, both 
active and inactive Rac1 mutants were found to reduce FHOD1-
mediated activation of the SRE (Serum-Response Element), sug-
gesting Rac1 signaling affects FHOD1 function in a complex 
fashion.97 A subsequent study98 showed that FHOD1 expression 
stimulates migration of melanoma cells on different substrates, 
but did not affect integrin expression or integrin-mediated adhe-
sion. Moreover, expression of Rac1N17 as well as inhibition of 
RhoA or ROCK, inhibited the induction of action stress fibers in 
NIH3T3 cells by an activated mutant of FHOD1.98 Conversely, 
FHOD1 is also a substrate for ROCK, and its thrombin-induced 
phosphorylation in endothelial cells mediates the formation 
of actin stress fibers.100 Together, these findings suggest that 
FHOD1 binds selectively to Rac1, but operates in Rac1 and 
RhoA signaling pathways and may function upstream as well as 
downstream of these GTPases.

The ubiquitin E3 ligases Nedd4. In addition to XIAP and 
HACE1, Rac1 also binds to another E3 ubiquitin ligase, Nedd4.75 
Nedd4 is, like HACE1, a member of the HECT (“Homologous to 
the E6-AP Carboxyl Terminus”)-domain family. However, Rac1 
is not ubiquitylated by Nedd4.75,93 Nedd4 has been implicated in 
various physiological processes including heart development,101 
adaptive immunity102 and development of the neuromuscular 
junction, a specialized form of cell-cell contact.103 In line with 
this latter finding, our lab showed that Nedd4 is required for 
the formation of stable cell-cell contacts in epithelial HeLa cells, 
which is a Rac1-dependent process.75 Nedd4 binds, via its WW 
domains, to the HVR of Rac1 and this interaction is largely 
nucleotide-independent, although we detected increased interac-
tion of Nedd4 with an activated mutant of Rac1.

Subsequent functional studies showed that expression of 
Rac1 recruits Nedd4 to cell-cell contacts and that Nedd4, but 
not Nedd4-2, is activated by GTP-bound Rac1, resulting in the 
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Concluding Remarks

The above line-up of Rac1-interacting proteins discusses some 
unusual associations, but also reveals a few common themes. 
Most Rac1 C-terminal interactors identified so far are non-enzy-
matic adaptor proteins. Caveolin1, PACSIN2 and calmodulin 
all serve as “brakes” on Rac1 signaling, reducing the levels of 
RacGTP by different means. These proteins are also, in differ-
ent ways, connected to membrane traffic, in good agreement 
with previous data that suggested that internalization of mem-
brane domains is a prime event required for Rac1 inactivation.130 
This has previously been linked mainly to Caveolin1, which 
controls integrin-dependent Rac1 targeting and sustained Rac1 
signaling.83 Since Caveolin1 co-localizes with Rac1 at FAs, this 
inactivation pathway may well be relevant for the pool of active 
Rac1 that is integrin-controlled. PACSIN2 is not in FAs, but is 
in membrane ruffles,43 suggesting that PACSIN2 is involved in 
inactivation of a different pool of active Rac1. PACSIN2 and 
calmodulin, but not Caveolin1, are on internal tubular struc-
tures, further reflecting distinct internalization and inactivation 
pathways.

The association of Rac1 to FAs appears very similar to what 
was described for R-Ras, which contains a FA-targeting domain 
in its HVR.131 R-Ras is, like Rac1, tightly linked to integrin-
mediated adhesion, the stimulation of which requires the bind-
ing of R-Ras to SH3-domain-containing proteins such as Nck, 
through the proline-rich domain in its HVR.132 Also Rac1 
shows a number of proline-SH3 domain dependent interac-
tions, even though the proline-rich region in Rac1 is an a-typical 
SH3 domain binding motif. Rac1 binds to Crk, CD2AP and 
PACSIN2 via their SH3 domains and also binds to the SH3 
domain of β-PIX, which is one of the FA-targeting proteins for 
activated Rac1.31,34

Some of the proteins that bind the Rac1 C-terminus promote 
its downstream signaling. CD2AP and Nedd4 co-localize with 
Rac1 at cell-cell contacts in epithelial cells and appear to stimu-
late Rac1-induced cell-cell adhesion. This involves different path-
ways, with Nedd4 controlling stability of the junction-inhibiting 
protein Dvl1 and CD2AP acting by promoting the remodelling 
of junctional F-actin through its association to CapZ42 and its 
regulation of surface protein internalization.57 The interaction of 
Rac1 with the nuclear/cytoplasmic PP2A inhibitor SET/I2PP2A 
appears to be unique but also serves to amplify Rac1 signaling, 
since SET is a positive regulator of cell migration.

Protein-protein interactions through the Rac1 C-terminus 
were initially suggested to be independent from nucleotide bind-
ing, since the HVR was not considered a stable portion of the 
Rac1 3D-structure. Moreover, analysis of Rac1 in complex with 
RhoGDI suggested that the HVR is not part of the interaction 
surface and may be available for additional interactions with 
regulatory proteins. Yet, signaling specificity has been, in several 
studies, clearly linked to the C-terminus of RhoGTPases, both 
in vitro as well as in vivo.133-135 More recently, several studies have 
shown for Rac1 that there is a functional connection between 
the C-terminus and the effector domain in the N-terminus15 
and that some C-terminal interactions are influenced by 

nuclear import required binding of Karyopherin α2 to the Rac1 
C-terminus as well as Rac1 activity, additional factors must 
control nuclear accumulation of activated Rac1. These may be 
Rac1 effector domains, but could also be the (mono-)ubiquity-
lation of Rac1. This will require analysis of the nuclear targeting 
of the Rac1Q61-K147R mutant, an activated Rac1 mutant that 
cannot be ubiquitylated.

SET/I2PP2A. A very abundant interactor of Rac1 is the PP2A 
inhibitor SET, also known as TAF1β (Template Activating 
Factor 1β).113,114 SET is a ubiquitously expressed, versatile pro-
tein that has been implicated in growth of myeloid leukemias, 
chronic lymphocytic leukemia and non-Hodgkin lymphoma and 
is thus characterized as a proto-oncogene, inhibiting the PP2A 
tumor suppressor.115,116 In addition, SET promotes granzyme 
B-expression in natural killer cells, thereby enhancing cytotoxic-
ity,117 inhibits granzyme A-activated DNase118 and plays a role in 
histone acetylation as part of the INHAT (Inhibitor of Histone 
AcetylTransferase) complex, thus regulating transcription.114 
Finally, SET is a substrate for Casein Kinase II (CKII)119 and for 
PI-3-kinase γ.120

Rac1 binds, through the PBR in the C-terminus, to the NAP 
(Nucleosome Assembly Protein) domain in SET.121 This interac-
tion is enhanced using a SET mutant that encodes a S9E muta-
tion, which was used to mimic phosphorylation of SET.120,121 In 
addition, this mutant of SET does no longer dimerize, but still 
binds to PP2A suggesting that phosphorylation of SET on Ser9 
promotes monomerization, binding to Rac1 and PP2A concomi-
tant with shuttling toward the cytoplasm. Using a membrane-
targeted SET mutant, we could show that increased plasma 
membrane localization of SET cooperated with active Rac1 to 
stimulate cell migration121 (Fig. 4).

SET encodes a bipartite, cryptic NLS in its C-terminal por-
tion (amino acids 168–181).122 A SET mutant lacking the NLS 
was found to promote cell migration in a wound-healing assay 
(BD Lam, unpublished data). Although the SET-regulated 
pathway that promotes cell migration is not yet identified, it is 
tempting to speculate that inhibition of PP2A plays an impor-
tant role. PP2A is a regulatory phosphatase for several kinases, 
implicated in cell motility, including the Rac1 effector PAK1. 
Moreover, several studies have confirmed a role for PP2A in 
the control of cell migration.123,124 Finally, proteomic analyses 
have identified SET in complex with a host of cellular proteins 
including the Rac/Cdc42 GEF βPIX and the Rac/Cdc42 effec-
tor PAK1,125 actin and dynamin-2119 and a β1-integrin-filamin 
complex.126

A recent study by Switzer et al.127 showed that a SET-binding 
peptide (COG112) does not only block the Rac1-SET inter-
action, but also reduces EGF-induced Rac1 activation and 
serum-induced cell migration and invasion. The same COG112 
peptide, an apo-lipoprotein E mimetic, also inhibits inflamma-
tory responses by blocking signaling through NFkappaB, the 
activity of which is regulated, in turn, by activated Rac1 as well 
as by PP2A.128,129 Thus, it may well be that the Rac1-SET com-
plex outside the nucleus, in conjunction with PP2A, regulates 
cell motility and affects inflammatory responses by modulating 
NFkappaB activity.
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of this modification for proper Rac1-mediated signaling toward 
the actin cytoskeleton.

The complexity of Rac1 regulation that is discussed here is 
reflected by its signaling at different locations in the cell. It is 
very likely that such complexity is not unique for Rac1, but is 
similar for other small GTPases. For some of these such as RhoA 
and Rap1, phosphorylation within the HVR has been shown, 
expanding the options for membrane- and effector-protein inter-
actions.139-141 The same is true for modifications such as (mono-, 
di-, poly-) ubiquitylation and acetylation that will further expand 
the cells’ options to regulate the targeting, output and stability of 
active GTPases.

As alluded to in the Introduction, small GTPases are key 
players in cellular decision-making following stimulatory or 
inhibitory events. The surprising range of options to tune the 
localization and signaling capacity of small GTPases, in addition 
to the surplus of GEFs and GAPs, presents us with an exceptional 
challenge to chart local GTPase signaling. Use of novel tools, 
such as dedicated biosensors142 may eventually allow us to visu-
alize local activation, post-translational modifications as well as 
GTPase output in live cells.
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nucleotide binding. This shows that the functional relevance of 
the C-terminal targeting domain in activated Rac1 lies in part in 
its binding to membrane domains but also in its specific binding 
to a subset of effector proteins. The recent study by Abankwa and 
colleagues showed that the orientation of the G-domain of active 
Ras is determined in part by the C-terminal HVR, contributing 
to effector interactions.136 This further supports the notion that 
the HVR in small GTPases is an important aspect of the overall 
GTPase structure.

Finally, recent studies have highlighted that additional regu-
latory mechanisms, controlling Rac1 function, impinge on its 
C-terminal region. Castillo-Lluva showed that Rac1 can be 
sumoylated on lysine residues in the PBR, promoting its activa-
tion and the induction of cell migration and invasion.137 This 
post-translational modification is distinct from Rac1 ubiquity-
lation, which occurs on Lys147 and triggers its degradation.88 
Preventing Rac1 sumoylation did not alter its localization to 
membranes, nor the binding to GEFs and effector proteins, but 
did reduce GTP binding. Rac1 binding to GTP, as well as its 
partitioning in “liquid-ordered plasma membrane domains,” is 
also stimulated by palmitoylation of Cys178, which is imme-
diately N-terminal of the HVR.138 Moreover, a palmitoylation 
mutant of Rac1 cannot rescue the spreading and migration 
defects in Rac1-deficient fibroblasts, supporting the requirement 
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