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Cell adhesion and migration are regulated through the
concerted action of cytoskeletal dynamics and adhesion
proteins, the activity of which is governed by RhoGTPases.
Specific RhoGTPase signaling requires spatio-temporal
activation and coordination of subsequent protein-protein
and protein-lipid interactions. The nature, location and
duration of these interactions are dependent on polarized
extracellular triggers, such as cell-cell contact, and
intracellular modifying events, such as phosphorylation.
RhoA, RhoB, and RhoC are highly homologous GTPases that,
however, succeed in generating specific intracellular
responses. Here, we discuss the key features that contribute
to this specificity. These not only include the well-studied
switch regions, the conformation of which is nucleotide-
dependent, but also additional regions and seemingly small
differences in primary sequence that also contribute to
specific interactions. These differences translate into
differential surface charge distribution, local exposure of
amino acid side-chains and isoform-specific post-translational
modifications. The available evidence supports the notion
that multiple regions in RhoA/B/C cooperate to provide
specificity in binding to regulators and effectors. These
specific interactions are highly regulated in time and space.
We therefore subsequently discuss current approaches
means to visualize and analyze localized GTPase activation
using biosensors that allow imaging of isoform-specific,
localized regulation.

Introduction

The family of RhoGTPases, part of the superfamily of Ras-
like GTP-binding proteins, was first described 3 decades ago.1

There are approximately 20 RhoGTPases described in mammals,
a small number of which such as RhoA, Rac1 and Cdc42 have
been studied in great detail.2,3 Rho family members show high

amino acid sequence and structural homology, but cellular
responses can be GTPase-specific, even for the isoforms RhoA,
RhoB and RhoC that show 88% sequence homology (Fig. 1).4

RhoGTPases are best known for their regulation of cytoskeletal
dynamics and, as a consequence, of cell adhesion and migra-
tion.5,6 RhoA controls actin stress fiber formation and acto-myo-
sin contraction at the rear of the cell, Rac1 regulates formation of
membrane ruffles and Cdc42 controls formation of filopodial
extensions at the leading edge. RhoB expression is regulated by
growth factors such as EGF, inflammatory cytokines such as
TNFa and stress stimuli including UV radiation.7 RhoB is local-
ized to endosomes as well as to the plasma membrane and has
been implicated in cytoskeletal dynamics and the regulation of
TNFa signaling in primary human endothelial cells. RhoC is
strongly associated with cell motility. MiRNA-mediated regula-
tion of RhoC expression is implicated in metastasis and cancer.8,9

Recent studies using RhoGTPase biosensors, however, indicate a
more complex functional relationship between these proteins (see
below). It is well accepted that GTPase-specific responses (e.g.
cell contraction by RhoA versus protrusion by Rac1) are the
result of tightly controlled spatio-temporal activation and signal-
ing.10 Detailed studies based on structural and mutational analy-
sis have identified a series of regions and amino acid residues
within RhoGTPases that are required for their specific localiza-
tion, activation and downstream signaling. These data imply
that, within a particular cellular context, RhoGTPases find a way
to selectively activate subsets of effector proteins at selected loca-
tions within the cell.

Most RhoGTPases are molecular switches cycling between an
inactive guanine nucleotide diphosphate (GDP)-bound state and
an active guanine nucleotide triphosphate (GTP)-bound
state.2,3,11 In the active conformation, GTPases specifically inter-
act with effector proteins to initiate downstream signaling.
RhoGTPases show a high affinity for guanine nucleotides, and a
slow intrinsic GDP/GTP exchange rate and GTP hydrolysis.
Because this does not allow fast on/off rates, cells use a series of
regulatory proteins to control spatio-temporal signaling by
RhoGTPases. These include Rho guanine nucleotide exchange
factors (RhoGEFs, reviewed in refs. 3, 13), which stimulate the
release of bound GDP and form a complex with the nucleotide-
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free GTPase. Since the concentration of GTP in the cell is higher
than that of GDP, this favors GTP binding and GTPase activa-
tion. Another large group of regulators are the RhoGTPase acti-
vating proteins (RhoGAPs, reviewed in refs. 3, 13), which

accelerate the slow intrinsic GTP hydrolysis which leads to
RhoGTPase inactivation. Finally, most RhoGTPases bind to
chaperones, called guanine nucleotide dissociation inhibitors
(RhoGDIs), which are cytosolic proteins that lack enzymatic

Figure 1. Alignment of the RhoA, RhoB, RhoC, Rac1 and Cdc42 amino acid sequences. G motifs are marked with a blue box. Switch I, switch II, the insert
region and the hypervariable C-terminus are highlighted in gray, sites for lipid modification are underlined. Sequence differences in RhoB and RhoC com-
pared to RhoA are shown in red. Secondary structures (a-helices as cylinders, b-strands as arrows) are referring to RhoA and indicated below the amino
acid sequence.
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activity. GDIs retain RhoGTPases in the inactive conformation,
sequester them from cellular membranes and protect the GTPase
from effector binding and proteolytic degradation.12

Until recently, analysis of RhoGTPase signaling mostly relied
on biochemical assays or image analysis in combination with
ectopic expression of active or inactive mutants. Over the past
»10 years however, this field has seen a growing set of tools in
the form of isoform-specific antibodies as well as biosensors,
which allow researchers to study agonist-induced, localized sig-
naling by endogenous RhoGTPases in living cells. In this over-
view, we will focus on the structure-function relation of a subset
of RhoGTPases, limiting the discussion to the closely related
family members RhoA, RhoB and RhoC. We will discuss the
GTPase-specific interaction with regulators and effectors and dis-
cuss the use of GTPase-based biosensors in studies on localized
activation and signaling. We will address the main question on
how structural differences may allow specificity between such
highly homologous GTPases. An important conclusion that
emerges from this overview is that the molecular basis of
GTPase-specific output lies in the fact that several regions within
the GTPase structure, including the hypervariable portion out-
side the core G (guanine nucleotide binding) domain, provide
key contributions to signaling specificity.

The Structural Core of RhoGTPases

The G domain
RhoGTPase are monomeric proteins of around 20 kDa.

Their structure comprises the core G domain, a hallmark of
RhoGTPases and other members of the Ras-like GTPase super-
family,2,3,11 next to a short ‘insert region’ and the C-terminal
short hypervariable region (Fig. 1 and 2A–C, G–I). Guanine
nucleotide binding is mediated through the G domain which
contains a 6-stranded mixed b-sheet surrounded by 5 a-helices
and is extended by the helical insert region which is characteristic
for the family of RhoGTPases (Fig. 2A–C, G–I). The G domain
is characterized by 5 conserved sequence motifs G1-G5. The G1
motif (also known as P-loop) coordinates the b-phosphate of the
bound nucleotide and the Mg2C ion which is required for nucle-
otide binding. RhoA, RhoB and RhoC have identical sequences
in this region (Fig. 1). Introducing the steric mutation Gly14Val
in RhoA/B/C leads to a constitutively active, ‘GTP-locked’ pro-
tein whereas the mutation Thr19Asn in RhoA/B/C results in a
low nucleotide affinity which in turn leads to a high affinity bind-
ing to GEF proteins. This renders this mutant dominant nega-
tive. Both mutants have been commonly used in biochemical
and cell biological experiments as tools to identify specific inter-
action partners and explore the biological activities of the
GTPases. In contrast to the G1 motif, low sequence homology
among all RhoGTPases, including RhoA, RhoB and RhoC, has
been observed for the G4 motif and the G5 motif which both
mediate the interaction with the guanine base (Fig. 1).

The isoforms RhoA, RhoB and RhoC have an identical
sequence in the switch I (residues 27–43 in RhoA) and switch II
regions (residues 57–68), except for the positions 29 and 43 which

are both located in switch I (Fig. 1 and 2A–C). Whereas RhoA
and RhoB have a valine at position 43, RhoC encodes a hydropho-
bic, but bulkier, amino acid, an isoleucine (Fig. 2D–F), which
plays a crucial role in RhoGEF and effector binding (see below).
Intriguingly, RhoA and RhoC contain at position 29 a glutamine
whereas RhoB has a negatively charged glutamate residue at this
position (Fig. 2A–C). In contrast, the switch I region among
RhoA, Rac1 and Cdc42 shows only low sequence homology
(Fig. 1). The switch II region contains a highly conserved gluta-
mine (Gln63 in RhoA/B/C) which is remarkably conserved
between all RhoGTPases. This amino acid coordinates the nucleo-
philic water relative to the GTP g-phosphate and is thus required
for the intrinsic and GAP-catalyzed GTP hydrolysis.2,3,11 Mutat-
ing this residue to a leucine or alanine renders a RhoGTPase con-
stitutively active.

The switch I and switch II regions sense whether a GDP or a
GTP molecule is bound, and these regions change their confor-
mation accordingly (Fig. 1 and 2A–C). In detail, the main chain
NH groups of the highly conserved Thr37 (switch I) and Gly62
(switch II) in RhoA form 2 hydrogen bonds with the oxygen of
the g-phosphate in the nucleotide. This phosphate is only present
in GTP but not in GDP. Loss of the g-phosphate following GTP
hydrolysis leads to loss of these hydrogen bonds and to the relaxa-
tion of the entire switch I and switch II regions into the GDP-
bound form. This mechanism, based on these structural changes
in the switch regions, is universal to small GTPases and is known
as ‘loading-spring’ mechanism.2,11,13 Mainly dependent on these
structural differences, regulatory proteins and effectors detect the
nucleotide conformation of the RhoGTPase and interact with
both switch regions. However, although most described interac-
tions involve the switch regions, there is sufficient evidence for
additional portions of small GTPases, such as the insert region or
a polybasic C-terminal domain, to contribute or even determine
specific interactions with Rho GTPases (see below).

The Rho insert region
A hallmark of all members of the RhoGTPase family is the

Rho insert region (residues 123–137 in RhoA) which is located
between the G4 and G5 motif and extends the core G domain by
about 13 residues (Fig. 1 and 2A–C).2,3,11 The insert region is
involved in GEF binding,14 but serves primarily in the binding
and activation of effector proteins such as the NADPH oxidase,15

IQGAP,16 ROCK17 and mDia.18

The insert region of RhoA and RhoC is identical, except for
the Asn123 in RhoA which has, however, a similar side-chain as
the Gln123 in RhoC (Fig. 1 and 2A–C). The insert region of
RhoB differs in 4 amino acids. At position 123, RhoB contains a
serine, a polar but smaller residue than the respective asparagine
in RhoA and glutamine in RhoC. Furthermore, RhoB harbors a
hydrophobic valine instead of a polar threonine in RhoA and
RhoC at position 127 and an arginine at position 133 which is
also a positively charged residue like the lysine in RhoA and
RhoC. More interesting is residue 129 which is a polar threonine
in RhoB, but a positively charged arginine in RhoA and RhoC.
Whether the insert region may indeed mediate RhoB-specific
interactions has not yet been demonstrated. In contrast, it has
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been shown that this region, which is also remarkably different
between RhoA, Rac1 and Cdc42 (Fig. 1), determines isoform-
specific binding of these GTPases to several effector proteins (see
below).

The C-terminus of RhoGTPases
The C-terminus of RhoGTPases comprises, next to the

hypervariable region, the CAAX-box to which a lipid anchor
is attached allowing GTPase binding to membranes

(Fig. 1).2,19 RhoA, RhoB and RhoC differ in this posttransla-
tional lipid modification which has consequences for their
subcellular localization. The lipid anchor regulates the inter-
action with RhoGDIs and with regions within the plasma
membrane (RhoA, RhoC) or endosomal vesicles (RhoB).4,12

RhoA and RhoC are geranylgeranylated, whereas RhoB has
both a palmitoyl anchor and a farnesyl or geranylgeranyl
group.4

Figure 2. 3D structures of
the RhoA, RhoB and RhoC G
domain. (A–C) Ribbon
representation of (A) RhoA
(4–180 aa; Protein Data
Bank (PDB) ID: 1FTN),75 (B)
RhoB (4–185 aa; PDB ID:
2FV8)76 and (C) RhoC (3–
179 aa; PDB ID: 2GCN).77

Structures are shown in the
same orientation. Switch I,
switch II and the insert
region are highlighted in
gray, GDP is shown in yel-
low sticks. Residues marked
in cyan differ among RhoA/
B/C (underlined labeling in
A) and are different com-
pared to Rac1/Cdc42 (label-
ing in C). (D–F) Zooms of
A–C highlighting that RhoA
and RhoB contain at posi-
tion 43 a valine, whereas
RhoC has an isoleucine
which has slightly bulkier
side chain which underlies
isoform-specific GEF- and
effector binding (see text).
(G–I) Electrostatic potential
of the solvent accessible
surface of the G domains of
(G) RhoA, (H) RhoB and (I)
RhoC represented in the
same orientation as in A–C,
lower panels show cognate
structures rotated by 180� .
Note that the hypervariable
C-termini are not included
in this representation. Elec-
trostatic potential was cal-
culated using the Adaptive
Poisson-Boltzmann Solver
(APBS) software, combined
with the PDB2PQR server,
at a pH of 7.5 and a thresh-
old of § 5 kTe¡1 (red – neg-
ative charge; blue – positive
charge).78 Figures were pre-
pared with PyMol (PyMol
Molecular Graphics System,
Schroedinger, LLC).
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The hypervariable region also functions as protein binding site
and determines, at least in part, specific binding to regulatory or
effector proteins (see below). In most RhoGTPases, including
RhoA and RhoC, this region of around 10 residues harbors a
polybasic stretch that binds the inner leaflet of the plasma mem-
brane (Fig. 1). Once more, RhoB shows a special feature since it
does not have positively charged amino acids (lysine, arginine) in
its C-terminal domain but contains mainly polar residues (serine,
glutamine), which may form hydrogen bonds with interaction
partners.

In summary, RhoA, RhoB and RhoC have a very similar
structure of the G domain and the insert region (Fig. 2A–C).
However, the differences in their surface charge distribution in
these domains (Fig. 2G–I; Movies S1–S3), are likely important
for isoform-specific interactions with GEFs, GAPs, GDIs and
effector proteins. Additional charge differences are provided by
the hypervariable C-termini (basic in RhoA/C, polar in RhoB;
not included in the representation in Fig. 2G–I). Moreover, the
differential targeting of RhoA, RhoB and RhoC as determined
by the lipid anchor(s) and/or the hypervariable region will allow
localized GTPase activation and signaling, which further contrib-
utes to signaling specificity.

Sequence Diversity Determines Binding
and Function

RhoGDIs
In contrast to RhoGEFs and RhoGAPs, only 3 RhoGDIs iso-

forms have been described in mammals.12 RhoGDIs consist of 2
domains. The N-terminal regulatory domain interacts with the
switch I and switch II regions of the RhoGTPase. The C-termi-
nal domain, which is required for the membrane extraction of
the GTPase, binds to the switch II region, the a3-helix and the
lipid anchor. Structural and biochemical studies have identified
Thr37, Tyr66, Arg68, Leu69 and Leu72 in RhoA as key residues
for GDI-binding.20-22 These amino acids are identical among
RhoA, RhoB and RhoC (Fig. 1). However, RhoA and RhoC,
but not RhoB, bind to RhoGDI1.12,23 Conversely, RhoB, but
not RhoA and RhoC, forms a complex with RhoGDI3. Further
studies are required to determine whether these isoform-specific
interactions are based on differences in sequence and/or intracel-
lular localization of the Rho proteins.

RhoGEFs
Over 70 different GEFs for RhoGTPases have been described

in mammals.3 RhoGEFs bind to both switch regions of the
GTPase and thus have overlapping binding sites with GAPs,
GDIs and effectors.24 The largest and best-known group of Rho-
GEFs contains a Dbl Homology (DH) domain, often in combi-
nation with a Pleckstrin Homology (PH) domain. Many of these
multi-domain proteins show only limited binding specificity
which makes spatio-temporal regulation necessary to allow spe-
cific signaling. For example, the canonical GEF Dbl as well as
the GEFs Vav1, 2, 3 can activate RhoA, but also Rac1 and
Cdc42.24 However, there are also examples in which other

regions within the GTPase were found to be required for a spe-
cific interaction. Leukemia-associated RhoGEF (LARG) and
p190RhoGEF specifically activate RhoA, RhoB and RhoC, but
not Rac1 and Cdc42, as shown in structural and biochemical
studies25,26 This specificity is mediated through electrostatic
interactions and determined by 2 negatively charged residues,
Asp45 and Glu54, in the b2- and b3-strand of RhoA/B/C
(Fig. 1 and 2A–C). These residues are located in between the
switch I and II regions, underscoring the notion that residues
outside these regions also contribute to signaling (i.e. activation)
specificity. In addition, another residue outside of switch II, the
Asp76 in the a2-helix of RhoA/B/C, is also crucial for LARG
binding (Fig. 1 and 2A–C). The residues at position 45, 54 and
76 in Rac1 and Cdc42 are all polar, rather than negatively
charged, which may explain the selectivity of the GEFs (Fig. 1).
Similarly, the RhoGEF Ect2 (epithelial cell transforming
sequence 2) specifically activates RhoA, but not Rac1 and
Cdc42, as shown in NIH3T3 fibroblast cells and with purified
proteins.27 It was recently described that Ect2 also activates
RhoB in human breast and cervical cancer cell lines.28 However,
which residues in the GTPase determine the specific binding and
whether Ect2 is also an activator for RhoC remains to be
investigated.

RhoGEFs that differentiate between the highly related RhoA,
RhoB and RhoC isoforms are relatively rare. XPLN, which also
belongs to the Dbl-RhoGEF family, shows GEF activity toward
RhoA and RhoB, but not RhoC, and promotes assembly of stress
fibers and focal adhesions in NIH3T3 fibroblasts.29 Studies with
purified proteins and in NIH3T3 fibroblasts indicate that residue
43 defines the isoform distinction, which is one of the very few
sequence differences in the N-terminal part of RhoA, RhoB and
RhoC (Fig. 1 and 2A–F).29,30 Although the structure of the com-
plex of Rho and XPLN has not been resolved yet, it has been sug-
gested that Ile43 in RhoC, which has a slightly bulkier side chain
than Val43 in RhoA and RhoB, interferes with the binding and
activity of XPLN (Fig. 2D–F).

Another example is the atypical GEF SmgGDS which was
found, using purified proteins and studies in HEK293 cells, to
activate RhoA and RhoC but not RhoB.31 The C-terminal poly-
basic region of RhoA and RhoC, in conjunction with the N-ter-
minal portion of the GTPase, is required for the nucleotide
exchange by SmgGDS. The lack of exchange activity of
SmgGDS toward RhoB may be explained by the different hyper-
variable region of RhoB which consists mainly of polar residues
(see above). This would be reminiscent of the activation of Rac1
by the GEF b–PIX, which is also dependent on the Rac1 hyper-
variable region32, albeit that structural evidence for the direct
binding of SmgGDS to the C-terminus of a RhoGTPase is cur-
rently lacking.

RhoGAPs
Although around 80 different RhoGAPs are known in mam-

mals,3 only a few GAPs have been described to show specificity
for the different Rho-like GTPases. In particular, RhoGAPs
which are able to differentiate among RhoA, RhoB and RhoC
have not yet been identified. Several structural and biochemical
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studies showed that RhoGTPases interact with RhoGAPs
through the P-loop, the switch I and switch II regions.3,33 For
example, p190RhoGAP specifically inactivates RhoA, but not
Cdc42 and Rac1, as shown with purified proteins and in fibro-
blasts where it inhibits stress fiber formation.34 Even the GAP
domain alone shows this behavior suggesting that certain residues
in RhoA determine the isoform specificity. However, the crucial
amino acids remain to be identified. In contrast, p190RhoGAP
is not able to distinguish between RhoA, RhoB and RhoC, as
was shown in several cell types such as fibroblasts, human bladder
cancer, breast cancer and melanoma cells.35,36

The RhoGAP ARHGAP21 (also known as ARHGAP10)
shows specificity for RhoA and RhoC, but not for Cdc42, to con-
trol cancer progression in human PC3 prostate cancer cells.37 In
contrast, previous studies using purified proteins and in HeLa
cells revealed that ARHGAP21 inactivates predominantly Cdc42
and much less RhoA and Rac1 to regulate cytoskeletal dynamics
at the Golgi complex.38 This indicates that the cellular context is
a key factor in controlling GTPase specificity of ARHGAP21.
Which cellular factors or residues in the RhoGTPase determine
the isoform-specific binding to ARHGAP21 have not been inves-
tigated in these studies.

Effector proteins
In literature, the role of structural determinants in the binding

of activated GTPases to downstream effectors has been most
extensively analyzed. For RhoA, RhoB and RhoC, these effectors
comprise protein kinases such as ROCK (Rho-associated kinase)
and PKN/PRK (Protein kinase C-related kinase), as well as sev-
eral formins, such as mDia (mammalian diaphanous) or FMNL
(formin-like). The studies that have addressed the regions in
RhoGTPases that are essential for Rho-effector interactions have
usually focused on the so-called effector domain in the N-termi-
nus (amino acids 27–41 in RhoA), which overlaps with the
switch I region (Fig. 1). The switch I and II regions show the
largest conformational change associated with GTP binding and
it is therefore not surprising that these regions are most relevant
for effector binding. However, additional regions are also impor-
tant for isoform-specific downstream signaling.

Studies based on mutational analysis using chimeras of RhoA
and Rac1 demonstrated already in 1995 that these GTPases com-
prise additional effector-binding regions in the C-terminal por-
tion of the protein.39 Later studies identified the region in the
a5-helix (residues 167–179 in RhoA) as being important for
effector binding such as shown for the CRIB (Cdc42/Rac1 inter-
active binding) effectors such as PAK1 (p21 activated kinase 1)
or WASP (Wiskott-Aldrich syndrome protein).33,40,41 Similarly,
binding of the NADPH oxidase, which belongs to another effec-
tor group, to Rac1 is dependent on residues in the a3-helix and
the a5-helix and thus regions outside of the classical interaction
sites such as the switch regions.42

The hypervariable C-terminus has also been implicated in
effector binding. This was initially shown for Rac1, using pepti-
des binding to the p67 subunit of the neutrophil NADPH oxi-
dase.43 Later, a similar finding based on biochemical and
structural data has been reported for Rac1 binding to the PRK1

kinase.44 A recent study using purified proteins in scintillation
proximity assays analyzing the interactions of RhoA, RhoB and
RhoC with the binding domains of the PRK1–3 effector kinases
(the HR1 domains) showed that the hypervariable region of
RhoB, but not that of RhoA or RhoC, promotes the interaction
with the HR1 domain of PRK3, but not of PRK1 or -2.45 The
hypervariable region of RhoB allows a distinct, in this case prefer-
ential, type of interaction since it harbors primarily polar residues
instead of a polybasic stretch as in RhoA and RhoC (Fig. 1). Co-
immunoprecipitation experiments indicate, in contrast, that pre-
dominantly RhoC, and less RhoA and RhoB, forms a complex
with PRK3 in various epithelial cancer cells to promote tumor
invasion and metastasis.46

Several studies have implicated the insert region (residues
123–137 in RhoA) in effector binding or regulation. The insert
region was found to promote activation of ROCK by RhoA and
thus to induce stress fiber formation in NIH3T3 fibroblasts,
albeit that the insert region is not involved in ROCK binding.17

A detailed structural and biochemical analysis focusing on the
interactions between RhoGTPases and formins, showed that
specificity in binding of RhoA and RhoC to mDia1 is deter-
mined by the insert helix and Phe106 in the Rho a3-helix
(His104 in Rac1/Cdc42) and by Glu40 in the effector domain
(Asp38 in Rac1/Cdc42) (Fig. 1 and 2A–C).18,47 RhoB, which
was not included in this study, also contains the residues Phe106
and Glu40. A previous study indeed showed that RhoB directly
interacts with mDia1.48 This interaction was proposed to regu-
late actin assembly on vesicular membranes and vesicle traffic in
human MelJuso melanoma cells.49

The formin FMNL2 specifically binds activated RhoC, but
not RhoA or RhoB, to control tumor invasion in MDA-MB435
breast cancer cells.50 Part of this selectivity in effector binding
was linked to the RhoC-specific isoleucine at position 43, which
is also crucial for specificity in RhoGEF binding (see above,
Fig. 1 and 2A–F). Mutating this residue to a valine as in RhoA
and RhoB, reduced binding to FNML2, which suggests that this
amino acid cooperates with the effector domain in controlling
effector specificity. The related FMNL3 was also found to be a
specific effector for activated RhoC, but not RhoA, to control
cell shape and invasion of human PC3 prostate cancer cells.51

However, the structural basis for this selectivity was not further
investigated.

Regulation of RhoGTPases by phosphorylation
and ubiquitylation

As an additional layer of complexity determining specificity of
signaling, RhoA/B/C are posttranslationally modified in several
ways. The best-studied event is the PKA- and PKG-mediated
phosphorylation of RhoA on Ser188, which is located in the
hypervariable C-terminus (Fig. 1). This phosphorylation serves
as a Rho-inactivating signal, as it promotes GDI binding and
membrane dissociation and protects RhoA from proteolytic deg-
radation.52 In addition, this phosphorylation interferes with
RhoA binding to ROCK,53 further underscoring a role of the C-
terminus in effector interactions. It is important to note that this
Ser188 is not present in RhoB (Asn191) or RhoC (Arg188)
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(Fig. 1), which provides the cell with a specific means to regulate
RhoA output.

RhoC, but not RhoA, was recently shown to be phosphory-
lated on Ser73 in the a2-helix by the kinase Akt in SUM149
breast cancer cells54 although Ser73 is highly conserved among
all 3 Rho-isoforms. Intriguingly, phosphorylation of RhoC was
required for downstream signaling and invasiveness, which con-
trasts markedly with the inactivating phosphorylation at Ser188
in RhoA.

Finally, wild type and activated RhoA is ubiquitylated on Lys6
and Lys7 in the b1-strand (Fig. 1 and 2A–C) by the E3 ubiquitin
ligase Smurf1 resulting in local RhoA degradation.55 These resi-
dues are also present in RhoB and RhoC and similar regulation
at these sites may be expected. A recent study identified activity-
independent RhoA ubiquitylation by the FBXL19 ubiquitin E3
ligase as an alternative pathway toward RhoA degradation.56 In
this case, poly-ubiquitylation takes place on Lys135 in the insert
helix, which is highly conserved among RhoA, RhoB and RhoC
(Fig. 1 and 2A–C). However, whether FBXL19 can also ubiqui-
tylate RhoB and RhoC remains to be investigated. Although
ubiquitylation likely serves to induce proteolytic degradation,
there is ample evidence for ubiquitylation to serve as an anchor
for protein binding or to drive internalization and lysosomal deg-
radation of membrane-associated proteins.57 Whether ubiquity-
lation serves such distinct roles in RhoGTPase signaling remains
to be established.

Visualization of RhoGTPase Activation
and Downstream Signaling

The above overview underscores that signaling specificity
involves several different regions within the small RhoGTPase
structure, including the well-established effector region, the insert
region and the hypervariable C-terminal domain. In addition,
regulatory proteins such as GEFs and GAPs contribute to signal-
ing specificity and localized activation and output, although this
notion is only partly developed. An important tool in the analysis
of GEF-mediated specificity has been the development of
GTPase biosensors, which allow visualization of localized
GTPase activation. Below, we discuss the available information
on biosensors for RhoA/B/C GTPases.

Over the past 2 decades much time has been devoted to devel-
oping biosensors to image RhoGTPase activation in living cells.
The dominant approach, based on F€orster resonance energy
transfer (FRET), employs the property that a fluorescent donor
molecule can transfer its energy to a nearby energy acceptor
when they are in close proximity (»10 Angstrom). When fluores-
cent donors and acceptors are used and the emission and excita-
tion spectra of the 2 fluorophores overlap, FRET can be
detected.58 By introducing in vivo FRET probes comprising
RhoGTPases, researchers can now study the activation of these
small proteins with high spatio-temporal resolution.

Current RhoGTPase biosensors display similarities in that 4
specific domains are required. These domains consist of the
GTPase of interest, a RhoGTPase-binding domain (RBD)

derived from an effector protein and 2 fluorescent proteins, fused
to the GTPase and to the RBD in a single chain or bimolecular
format. Thus, these probes show where in cells GTPase activation
occurs and therefore are essentially “GEF-activity sensors.” One
of the first examples of a GTPase biosensor originates from a
study of Kraynov et al. who used a bimolecular sensor to detect
Rac1 activity in living cells.59 In this study, the sensor consisted
of Rac1 fused to a green fluorescent protein (GFP) and a portion
of the Rac effector protein Pak1 labeled with Alexa-546
(Fig. 3A). By using this approach, increased FRET was observed
when the individual molecules came in close proximity, revealing
Rac1 activation in the leading edge of migrating fibroblasts.

The major disadvantage of a bimolecular biosensor is poten-
tially uneven expression of the 2 constructs. Therefore, Mochi-
zuki et al. introduced the first intramolecular GTPase FRET
probe: a Ras and interacting chimeric unit (Raichu-Ras).60 In
this approach, the 4 required FRET probe domains were fused to
create a single GTPase FRET chain (Fig. 3B). The RBD and the
GTPase were here placed in the inner core of the molecule,
flanked by a yellow-emitting mutant of GFP (YFP) and a cyan
emitting mutant of GFP (CFP), respectively. In addition, the C-
terminal region of Ras was coupled to the CFP, thereby constitu-
tively targeting the construct to the plasma membrane. A similar
strategy was used to make additional Raichu FRET probes for
the RhoGTPases Rac1 and Cdc42.61 However, the Ras C-
terminal region of the original Raichu FRET probe induces
enforced, constitutive membrane targeting of the sensor and pre-
vents regulation by a RhoGDI, thus interfering with proper tar-
geting of the GTPase. Therefore, this region was replaced with
the corresponding C-terminal region of the sensor GTPase to
create more representative sensors for RhoA, Cdc42 and Rac1.62

In contrast to the design of these GTPase FRET probes, Pertz
et al. introduced a RhoA biosensor where the 2 required fluoro-
phores were placed at the central portion of the biosensor,
thereby leaving full-length RhoA intact for binding to RhoGDIs
and the plasma membrane (Fig. 3C).63 The localization of this
sensor closely mimics that of endogenous RhoA and as a result,
many of the current RhoGTPase biosensors rely on this ‘free C-
terminus’ design. In addition to these cellular studies, structural
modeling also shows that this is not trivial, since the hypervari-
able C-terminus may become mislocalized relative to the rest of
the GTPase structure (i.e., the G-domain) when a FP is inserted
(Fig. 3D compare to Fig. 3F). Figure 3D–F reflect predictions,
based on structural modeling, because such fusion protein struc-
ture has not yet been resolved by crystallography or NMR. Since
the GTPase C-terminus, in conjunction with more N-terminal
regions, contributes to the binding to the GDI and to some of
the GEFs, GAPs and effectors, also this region needs to be cor-
rectly positioned relative to the rest of the protein in FRET sen-
sors (Fig. 3E compare to Fig. 3G). Finally, additional parameters
can be fine-tuned in order to develop biosensors with an opti-
mized FRET efficiency. For example, Fritz et al. used circularly
permutated fluorescent protein variants and optimized linker
lengths to create a high efficient RhoA biosensor.64

RhoA regulates actin stress fiber formation and acto-myosin
contraction at the rear of the cell. However, the use of biosensors
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has revealed a more complex
relationship between the global
function of RhoA, i.e. contrac-
tion, and its site of activation.
Several studies not only observed
localized RhoA activation at the
contractile rear, but also at the
front of randomly migrating
cells.63,65-67 More specifically,
RhoA activation was detected
during the protrusive phase of
membrane ruffling where it
requires simultaneous Cdc42
activation and where it antago-
nizes Rac1 activity. Detailed spa-
tio-temporal analyses revealed
that RhoA activation is mainly
present within a region of 2 mm
at the cell edge and highest Rac1
and Cdc42 activation was
observed just behind this 2 mm
boundary with a delay of 40 sec-
onds.67 Based on these findings,
Machacek et al. suggested RhoA
to be involved in initial protru-
sive events, while Rac1 and
Cdc42 may be essential in the
strengthening and stabilization
of these protrusions.

Neither RhoB nor RhoC has
been thoroughly studied using
biosensors. Currently, there is
one published example of a
RhoB biosensor, consisting of a
CFP-RhoB and YFP-mDia2
construct.68 By expressing these
constructs in a murine cell line,
an interaction was observed
between activated RhoB and
mDia2 specifically on endo-
somes. Zawistowski et al. have
recently characterized the first
RhoC biosensor69 and com-
pared this FRET probe with an
already established RhoA bio-
sensor.63 While comparable
RhoA and RhoC activation pat-
terns were observed at the cell
edge, temporal differences were
shown in the more distal region.
Here, RhoC preceded RhoA
activation during the formation
of cell protrusions, suggestive for
a distinct function of these
GTPases. Earlier studies had
shown that high RhoC

Figure 3. The structure of RhoGTPase FRET biosensors. Schematic representation of (A) an intermolecular FRET
probe and (B and C) intramolecular FRET probes based on (B) Yoshizaki et al.62 and (C) Pertz et al.63 (D–G) The
insertion of a fluorescent protein (FP) in the RhoA G domain may lead to mislocalization of the RhoA C-terminus
andmay impair binding of interaction partners such as RhoGDI. Homologymodel, calculated using the Phyre2 pro-
tein structure prediction server,79 of RhoA-(1–180 aa)-FP-RhoA-C-terminus-(181–193 aa) alone (D) and in complex
with RhoGDI (E) as well as of FP-RhoA-(1–193 aa) alone (F) and in complex with RhoGDI (G). Models are based on
the structure of RhoA-GDP (PDB ID: 1FTN)75 and GFP (PDB ID: 1H6R)80 as top-scoring prediction events. Position of
RhoGDI and GDP (from the complex Rac1-GDP-RhoGDI, PDB ID: 1HH4)81 was obtained through the overlay of Rac1
and RhoA. GDP in yellow sticks; RhoA in green; FP in cyan, GDI in orange. Figures were prepared using PyMol.
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activation was observed in the areas around invadapodial struc-
tures where it regulates cofilin activity.70,71 This cofilin pathway
is essential in the cancer-related processes of tumor cell invasion,
migration and metastasis. By restricting cofilin activity to the
inner core of invadopodia, RhoC is suggested to be a key player
in invadopodia-mediated cancer cell invasion.

FRET imaging in 3 dimensions
Although major progress has been made regarding the use of

RhoGTPase biosensors in live cell imaging, the ultimate goal is
to use this novel technique in living organisms. The scattering of
light in tissues complicates the applicability of this technique,72

but there are already a few examples of RhoGTPase biosensor
imaging in 3 dimensional (3D) structures. In a study of Ponik
et al., a RhoA biosensor was expressed in breast epithelial cells
embedded in a 3D collagen matrix.73 These analyses showed
active RhoA at cell-extracellular matrix adhesions, with an inac-
tive RhoA pool at cell-cell contacts. Another example is provided
by a study in glioblastoma, the most common and aggressive
tumor type in the field of brain cancer.74 Glioblastoma cells that
stably expressed a FRET GTPase biosensor (either Rac1, Cdc42
or RhoA) were inoculated into rat brains and different activation
patterns of these GTPases were subsequently observed using 2-
photon imaging during tumor cell penetration of a specific brain
area.

In summary, the introduction of FRET biosensors into the
field of GTPase biology has provided us with sophisticated
reagents to study the activation of these proteins with high spa-
tio-temporal resolution. Over the past years the design of these
FRET sensors has been further optimized, resulting in a biologi-
cal applicable tool for broad use in live cell and tissue imaging.

Concluding Remarks

An emerging concept from these studies is that specific inter-
actions of small RhoGTPases, inactive or active, with regulators

and effectors are not mediated by a single, well-defined part of
the protein (i.e., the effector domain). Rather, these interactions
may involve several portions of the GTPase at the same time.
This is true for interactions with the GDI, some of the GEFs,
GAPs as well as a subset of the effectors. Moreover, the classical
view of the hypervariable C-terminus driving membrane associa-
tion through its lipid anchor and a polybasic region is most likely
correct but at the same time incomplete. Although some interac-
tions occur in the absence of the GTPase C-terminus, its hyper-
variable nature is exquisitely fit to contribute to signaling
specificity. This portion of the protein acts in concert with the
switch I and II regions and perhaps even with the insert region in
allowing efficient and selective interactions with upstream regula-
tors and downstream effectors. Thus, the specific outcome of
RhoGTPase signaling is the sum of protein-protein and protein-
lipid interactions, mediated by a several interacting regions that
control selective binding to cellular membranes, localized GEFs
and effectors.
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