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Introduction

It has been over two decades since the Rho family of p21 small 
GTP-binding proteins were identified and associated with 
the direct regulation of actin cytoskeleton.1-5 Much has been 
described to date in relation to their regulatory roles on the 
dynamics of actin cytoskeleton rearrangements. Here, we sum-
marize the pathways that Rho, Rac and Cdc42 GTPases regulate 
with respect to the actin cytoskeleton, and introduce the state-of-
the-art approaches to decipher the dynamics of these Rho-family 
GTPase activations.
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The p21 Rho-family of small GTPases are master regulators 
of actin cytoskeleton rearrangements. Their functions have 
been well characterized in terms of their effects toward 
various actin-modulating protein targets. However, more 
recent studies have shown that the dynamics of Rho GTPase 
activities are highly complex and tightly regulated in order to 
achieve their specific subcellular localization. Furthermore, 
these localized effects are highly dynamic, often spanning the 
time-scale of seconds, making the interpretation of traditional 
biochemical approaches inadequate to fully decipher these 
rapid mechanisms in vivo. Here, we provide an overview of 
Rho family GTPase biology, and introduce state-of-the-art 
approaches to study the dynamics of these important signaling 
proteins that ultimately coordinate the actin cytoskeleton 
rearrangements during cell migration.
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Rho GTPases and Regulation by Upstream Factors

The Rho-family of p21 small GTPases are critical to the regula-
tion of a myriad of cellular functions including motility, mito-
sis, proliferation and apoptosis.6-12 Rho GTPases function as 
molecular switches1,13 and can interact with downstream effector 
molecules to propagate the signal transduction in their GTP-
loaded “on” state. The intrinsic phosphatase activity hydrolyzes 
the GTP to GDP, turning the protein “off”. This process is 
accelerated by the interaction with GAPs (GTPase activating 
proteins).14 The interaction with GEFs (guanine-nucleotide 
exchange factors) facilitates the exchange of GDP to GTP.15,16 
The relative affinity difference of the effector molecules from 
GTP versus GDP-loaded states of the Rho GTPase can be as 
much as 100-fold,17-19 resulting in a highly specific interaction 
with its pertinent signaling partner only in its GTP-bound acti-
vated state. Furthermore, GEF/GAP interactions take place 
directly at the same effector binding interfaces (switch I/II) of 
the Rho GTPase.20,21 The binding of GEF or GAP confers slight 
structural changes that act to: (1) displace the Mg+2 and release 
the bound GDP in exchange for GTP in the case of GEFs20 and 
(2) insert a water molecule into the catalytic pocket of the Rho 
GTPase to facilitate the hydrolysis of GTP into GDP by a factor 
of nearly 4,000 fold over the intrinsic phosphatase activity in 
the case of GAPs.22,23 An important consideration for the Rho 
GTPase and the associated upstream regulator interaction is the 
overexpression of the dominant negative (T17N Rac1 or Cdc42 
or T19N RhoA) or the constitutively active (Q61L or G12V 
Rac1 and Cdc42 or Q63L or G14V RhoA) mutant versions of 
the Rho GTPase. This creates a situation in which these mutants 
sequester the upstream GEFs and GAPs.15 These effects are due 
to the high-affinity state of these mutant Rho GTPases toward 
upstream GEFs and GAPs, respectively. Rho GTPases that are 
in the Apo configuration (guanine nucleotide-free) have high 
affinity towards GEFs, while those in the GTP-loaded state have 
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GTPase Isoforms, Classes Important for Motility

Traditionally, the Rho family GTPases, RhoA, Rac1 and Cdc42 
have been primarily associated with cytoskeleton rearrange-
ments based on the seminal work by Hall and colleagues.2-7 
Microinjection of the activated mutants of Rho GTPases into 
starved and quiescent Swiss3T3 cells induced dramatic actin 
cytoskeletal rearrangements where RhoA caused stress fiber and 
adhesion formation, Rac1 induced sheet-like lamellipodial pro-
trusion and Cdc42 produced filopodial protrusions. Since these 
initial studies, various upstream and downstream pathways have 
been elucidated; however, the mechanism by which these path-
ways are coordinated in living cells and in real-time remains 
less characterized due to the technically challenging nature of 
observing multiple protein activities in vivo.

The Rho-subfamily of GTPases has been shown to regu-
late a variety of cytoskeletal dynamics.6-12,33-35 Based on in vitro 
biochemical observations, inhibitor assays or ectopic expression 
of a variety of mutants of Rho GTPases, it is very tempting to 
conclude that any one of the GTPases (Rac1, RhoA or Cdc42) 
could have distinct and isolated effects on cell motility in vivo.36 
However, it appears more likely that these Rho GTPases exist in 
complex activation cascades with antagonistic regulatory mecha-
nisms that result in coordinated effects with precise interrelation-
ships between each family member in vivo.37,38 An example of 
this effect is the antagonism between Rac1 and RhoA (Fig. 1). 
Historically, Rac1 has been associated with lamellipodial pro-
trusions or membrane ruffles following the microinjection of a 
constitutively active Rac1 into starved Swiss3T3 cells7,11 while 
microinjection of activated RhoA resulted in the formation of 
stress fibers, adhesion plaques and a contractile phenotype.6,9,10 
More evidence suggesting a segregation of protrusive versus 
retractile signals came from the neuronal system where deacti-
vation of RhoA led to the neurite growth cone extension while 
activation of RhoA caused its collapse.39,40 It has been hypoth-
esized that the protrusive phenotype driven primarily by Rac1 
must prevail at the leading edge and the contractile phenotype 
by RhoA primarily drives the tail retraction in locomoting 
cells.10,41-45 Observations of activated Rac1 at the leading edge 
and activated RhoA at the tail had been demonstrated in some 
cell systems.43,46 However, more recent studies of fibroblasts and 
cancer cells appear to indicate a more complex and dynamic pat-
tern of Rac1/RhoA GTPase coordination that appears to be not 
only spatially but also temporally regulated at significantly finer 
time-scales within regions that undergo cytoskeletal rearrange-
ments including protrusion, retraction, ruffling or macropino-
cytosis37,47-50 (Fig. 2). These recent observations support the idea 
that cytoskeletal dynamics and Rac1/RhoA activities are tightly 
coupled at subcellular levels.

Rho GTPase Downstream Targets

The downstream targets of Rho have been well described and 
include kinases, formins, families of WASp proteins, and other 
scaffolding molecules (Fig. 3). Of these major subclasses, the 
Rho-associated coiled-coil kinase1/2 (ROCK), the p21-activated 

high affinity toward GAPs. This is a problem as upstream GEFs 
and GAPs can be and are typically not selective between the 
members of the isoforms of Rho GTPases,15 making the delinea-
tion of the phenotype impossible if more than one isoform of 
GTPases are involved.

Guanine-nucleotide dissociation inhibitors (GDIs) are 
another class of molecules that interact with Rho GTPases in 
the regulatory cycle.2,24-26 GDI binding to a Rho GTPase inhib-
its the dissociation of the guanine nucleotide27,28 and prevents 
activation of Rho GTPases. GDI has been shown to extract 
membrane-bound Rho GTPases that are post-translationally 
modified by the addition of a lipid moiety to the C-terminus.27,28 
This post-translational modification includes almost all of small 
p21-GTPases except for GTPases of the Ran family.28 This lipid 
moiety interacts with the GDI through its insertion into the 
hydrophobic pocket formed by the immunoglobulin-like beta-
sandwich of the GDI. The interaction also brings into contact 
the N-terminal regulatory portion of the GDI against the effector 
binding interface (GTP-regulated switch I and switch II regions) 
of the Rho GTPase,28 preventing any spurious binding of the Rho 
GTPase with its effectors. The binding of GDI to Rho GTPase 
at the plasma membrane causes the bound complex to be pulled 
into the cytoplasm. This shuttling of the Rho GTPase between 
membranes (active fraction) and the cytoplasm (inactive frac-
tion) constitutes one of the major regulatory dynamics of Rho 
GTPases. The spatiotemporal regulation of GTPase-GDI inter-
actions is an emerging field of study. New studies suggest that 
the phosphorylation of GDI and the Rho GTPase plays a key 
role in modulating the relative affinities towards each other.28-31  
Various upstream kinases targeting GDI and Rho GTPases 
including Src,29 PKC,31 PKA,30 have been identified to be able 
to specifically modulate the affinity of GDI toward each mem-
ber of the Rho GTPase family. Additional evidence supports the 
possibility that the GTP-loaded Rho GTPase may be seques-
tered by GDI though at a reduced efficiency.32 This mode of Rho 
GTPase regulation could further complicate the deciphering of 
the spatiotemporal dynamics of the Rho GTPase activation in 
living cells.

Figure 1. Diagram showing the traditional view of Rac1 versus RhoA 
activities in migrating cells. RhoA was thought to be activated mainly 
at the retracting tail (red) to promote tail contraction, while Rac1 was 
thought to be activated at the front of the cell to promote lamellipodial 
protrusion (blue).
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mammalian formins, mammalian Diaphanous formin (mDia) 1 
and 2 have been studied the most to date in the context of cell 
motility.71 mDia1 has been shown to be activated by Rho iso-
forms. However, mDia2 also appears to be activated by Rac1 and 
Cdc42,76 further complicating the upstream signaling pathways 
that result in specific downstream actin cytoskeleton rearrange-
ments in vivo. Interestingly, mDia1 through association with the 
microtubule end capping protein complex EB1/APC, has been 
shown to stabilize dynamic microtubule tips and to stabilize 
adhesions.77-79 mDia2 possesses a microtubule binding ability 
that is independent of its actin polymerization activity,77 directly 
tying the actin cytoskeleton rearrangements to the microtubule 
dynamics in migrating cells.

Rac1 and Cdc42 activate Wiskott-Aldrich Syndrome family 
of proteins including WASP, N-WASP and WAVE1/2.80-85 WASP 
and N-WASP are thought to be directly activated by binding of 
Cdc42 and Rac1 to the CRIB motif within the GTPase binding 
domain and to be subsequently and cooperatively activated by 
interacting with PI(4,5)P2.86 These molecules exist in an auto-
inhibited, closed conformation where the C-terminal VCA motif 
binds to the GTPase binding domain (GBD) in the inactive 
state. Activated upstream Cdc42 or Rac1 competes against this 
auto-inhibition, releasing the VCA from the GBD. The open-
ing of the molecule then allows binding of the Arp2/3 complex 
to the VCA motif and its subsequent activation of the Arp2/3 
complex.83,86-89 However, the localization of WASP and N-WASP 
can also be regulated by the interaction with other binding part-
ners including Grb2,90-92 likely targeting the molecule to sites of 
receptor stimulation and active actin cytoskeleton remodeling. 
Unlike WASP, WAVE proteins do not have a GBD domain86 and 
their activation requires binding of Rac1 to the adapter molecule 
IRSp53, followed by binding of this complex to the WAVE pro-
tein.93 Furthermore, binding of Abi1 appears also to be required 
for the activity of WAVE.94,95 WAVE has a C-terminal VCA 
motif that activates the Arp2/3 complex, promoting dendritic 
actin network formation.86

kinase (PAK), the mammalian 
Diaphanous formin (mDia) and pro-
teins of the WASp family including 
WASp, N-WASp and WAVE, have 
direct effects on actin cytoskeleton 
rearrangements pertinent to motility.

RhoA, B and C activate the immedi-
ate downstream kinase target ROCK.51 
ROCK has been shown to directly 
phosphorylate a number of actin cyto-
skeleton regulators including myo-
sin light chain phosphatase and LIM 
kinase (LIMK).51,52 The direct phos-
phorylation of myosin light chain or of 
myosin light chain phosphatase has a 
immediate impact on the level of phos-
phorylated myosin light chain, which 
contributes to contractility.53 Activation 
of LIMK by ROCK has been linked 
to the phosphoregulation of ADF/
cofilin.52,54-56 ADF/cofilin has been shown to be one of the key 
regulators of actin severing, nucleation and capping within the 
protrusive machinery.57-63

Cofilin-mediated actin nucleation through severing of preex-
isting actin fibers is an important regulatory mechanism through 
which cells regulate the protrusive dynamics of the leading 
edge.64-67 Cofilin is regulated by a direct phosphorylation at Ser3 
through the LIMK.63 This phosphorylation is thought to form 
an intramolecular salt-bridge with a pair of Lys126/127 to block 
the actin binding interface, preventing its actin binding function 
(inactive).63 Furthermore, unphosphorylated (active) cofilin has 
been shown to bind to PIP2 as well as to cortactin,63 imparting an 
additional level of activity modulation through directly seques-
tering the activated cofilin. Feeding directly into this pathway, 
Rac1 and Cdc42 activate p21 activated kinase1 (PAK1), which 
also activates LIMK.68 The Slingshot and Chronophin family of 
phosphatases activated by Rac1 can dephosphorylate cofilin to 
activate it;69,70 however, how these multiple pathways are coordi-
nated and in turn regulate ADF/cofilin through upstream Rho 
GTPases within the leading edge protrusions remains unknown.

Another critical downstream effector of RhoA, B and C iso-
forms is the Formin family of proteins. Formins produce straight, 
unbranched actin fibers through the formin homology domain 2  
(FH2) that is responsible for the initiation of actin filament 
assembly.71 FH2 is persistently associated with the tip of the 
growing actin filament, accelerating the incorporation of actin 
monomers as well as protecting the ends from actin capping pro-
teins.71-75 Formin homology 1 (FH1) delivers the profilin-bound 
actin monomers to the FH2 to incorporate them into the grow-
ing tip of the actin filament.73 These actin filaments are typically 
evident in actin stress fibers, filopodia, actin cables and cytoki-
netic actin rings.71 The mode of activation of formins typically 
involves binding of the upstream activated Rho GTPases which 
in turn displaces the autoinhibitory domain.71 This relaxes the 
autoinhibited and closed conformation, allowing for the FH1/
FH2 to process the actin polymerization. Out of the identified 15 

Figure 2. Sample fluorescent biosensor data showing the complex activation patterns of RhoA at the 
leading edge (A) and in a subcellular structure of a macropinosome (B). Images taken from Pertz et al.48
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compare the active fraction to the total Rho GTPase on immu-
noblots. However, one must consider that this approach provides 
population averages and snapshot views of GTP-loading states 
in whole populations of cells. Since Rho GTPase activations are 
often rather subtle and highly localized to various subcellular 
compartments,100 isolation of peripheral protrusions from the cell 
body using porous filters can be used to address these issues.103 
The second major consideration is the time-scale resolution in 
these assays. The dynamics of Rho GTPase activations in living 
cells are often in the time-scales of few seconds to tens of seconds, 
making the preparation of cell lysates difficult in order to resolve 
these finer time-scale events.

The direct visualization of proteins in their native environ-
ment has been a critical tool in cell biological studies for over two 
decades.104 The development of the fluorescent biosensors allowed 
the first observations of protein post-translational modification 
dynamics in living cells under native conditions.46-48,105-107 The 
applicability of biosensors was greatly expanded by the discovery 
of the green fluorescent protein (GFP) from the jellyfish Aequoria 
victoria108,109 and by the development of mutant versions of GFP 
with enhanced photo-physical properties that can undergo fluo-
rescence resonance energy transfer (FRET). Non-radiative FRET 
between different spectral variants of fluorescent proteins is 
strongly dependent on the distance and orientation between the 
GFP mutants. This property can be used to design genetically 
encoded biosensors that report post-translational modifications 
and conformational changes, rather than simply tagging proteins 
to follow changes in their localization. There are now multiple 
biosensors available based on FRET between GFP mutants.110-115 
(Fig. 4).

Factors Influencing FRET Efficiency

FRET is sensitive to both the distance and the orientation of the 
two fluorophores within the biosensor. When the fluorophores 

Methods to Study the Dynamics of Rho GTPases

Dominant negative (DN) and constitutively activated (CA) 
mutant versions of the Rho GTPases have been widely used in 
living cells to produce cell phenotypes that are strongly driven by 
these mutant Rho GTPases. However, these approaches require 
caution in interpreting the cell phenotype due to overwhelming 
effects of the DN and CA mutations.1,13,96 There are additional 
mutations that may not necessarily confer the DN or the CA 
effects, such as effector-binding mutations, GDI-binding and 
GEF/GAP binding mutants.97 The usage of these versions of 
Rho GTPase would necessitate an siRNA-knockdown/rescue 
approach to specifically remove the endogenous wild-type back-
ground. There are further observations that the KD of the endog-
enous Rho GTPase may cause a compensatory overexpression of 
other Rho GTPases in some systems.98

Immunofluorescence localizations of Rho family GTPases 
have been challenging due to their generally diffuse cytoplasmic 
distribution patterns and the nature of Rho GTPase regulation 
in which active/inactive material shuttles between the mem-
brane and the cytoplasmic compartments. This shuttling often 
mobilizes only a small fraction of the total Rho GTPase popula-
tion to the sites of activation.99 GFP-fusion of Rho GTPases has 
been used previously to describe the general localization patterns 
of various Rho GTPases and their mutants.100 However, this 
approach does not differentiate between active and GTP-loaded 
versus inactive and GDP-loaded GTPase localizations in vivo, 
and fails to capture the real-time transitions between such active 
versus inactive states in living cells.

Affinity precipitation of activated Rho GTPases using the 
GST-fusion of small binding domains derived from various 
downstream effector targets (i.e., RBD from Rhotekin or PBD 
from PAK1) has been the main workhorse of determining the cel-
lular content of activated Rho GTPases.101,102 These approaches 
can pull down specifically activated Rho family GTPases and 

Figure 3. Downstream effector targets of Rho family of GTPases.
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trade-offs between brightness, FRET efficiency, folding and mat-
uration rates, photostability and the pH dependence of fluores-
cence characteristics.116,117 Higher brightness improves the overall 
signal to noise ratio in cells during imaging but is not an advan-
tage if it comes at the cost of FRET efficiency (which affects 
the dynamic range or the difference between the activated and 
inactivated states of the biosensor).118 The enhanced Cyan and 
Citrine yellow fluorescent proteins (ECFP and CitYFP)117,119 are 
relatively fast maturing, pH stable, bright GFP mutants that have 
been useful in many FRET biosensors.118

In biosensors, activation of the targeted protein affects FRET 
efficiency by altering the distance and/or the orientation of the 
two fluorophores. FRET efficiency is sensitive to the distance 
between the pair of fluorophores by the inverse sixth depen-
dence.120 Changes in the relative angular orientations of the 
dipoles produce a smaller but important effect. The dipole ori-
entations of the fluorophores can be considered not to have an 
effect on the FRET efficiency only when both fluorophores are 
free to rotate isotropically during the excited state lifetime of the 
fluorophore. Therefore, a change in the rotational mobility or 
the fixed angle of the fluorophores in different biosensor states 
can also affect FRET.120,121 The fluorescent proteins are relatively 

are sufficiently far apart or have orthogonal dipole orienta-
tions, excitation of the donor leads to the fluorescence emission 
from the donor rather than resulting in the FRET emission 
from the acceptor. However, when the distance is sufficiently 
small (typically, less than 10 nm), and the orientations of the 
FRET pair of fluorophores enable sufficient dipole-dipole 
coupling, there exists a finite probability that the excitation 
energy is transferred from the donor to the acceptor through 
a quantum mechanical process, leading to a decreased donor 
emission and an increased emission from the acceptor. This 
produces a characteristic FRET excitation/emission spectrum  
(Fig. 5), which is different from that of the donor or acceptor 
alone.

There has been a continuing evolution of useful GFP mutants 
suitable for FRET in living cells. Mutants incorporate different 

Figure 4. Schematic representations of various design approaches 
used in FRET biosensors. (A) Single-chain, genetically-encoded biosen-
sor for Rho family GTPases based on the design of Raichu-sensors for 
Ras.135 This design places a CAAX box from K-Ras at the C-terminal end 
of the fluorescent protein to constitutively place the probe into the 
plasma membrane (depicted in black zig-zag lines). Upon activation of 
Rho GTPase through GDP-GTP exchange, the binding domain derived 
from a downstream effector target (blue) binds to the GTPase, changing 
the relative proximities of the FRET pair of yellow and cyan fluorescent 
proteins. (B) Single-chain, genetically-encoded biosensor for Rho 
GTPase.48 This design places the FRET pair of fluorescent proteins within 
the internal portion of the single-chain construction. This approach 
maintains the native C-terminus of the Rho GTPase where proper post-
translational lipid modification can take place. This feature maintains 
the interaction between the GTPase and the guanine nucleotide dis-
sociation inhibitor. This allows for the proper shuttling of the biosensor 
between the cytoplasm (inactive) and the plasma membrane (active), 
in a manner analogous to the endogenous protein. Upon activation 
of the GTPase through GDP-GTP exchange, the binding domain (blue) 
binds to activated Rho, changing the relative orientations between the 
cyan and yellow fluorescent proteins to affect FRET. (C) Bi-molecular, 
genetically encoded biosensor for Rho GTPases.37 This design separates 
the FRET donor and acceptor moieties into two molecules which 
must be expressed separately. While the quantitative analysis is more 
cumbersome due to non-equimolar distribution of the FRET donor and 
acceptor pairs, the total change in dynamic range can be much greater 
than any single-chain versions of the biosensor. (D) Solvent-sensitive 
dye-based biosensor for detecting the activity of an endogenous Rho 
GTPase.47 This approach uses an organic dye that changes the fluores-
cence emission intensity as a function of the local solvent polarity. By 
placing the dye within the binding domain (blue) derived from a down-
stream target protein, the binding of this biosensor to the activated, un-
labeled, endogenous Rho GTPase causes the dye to change the fluores-
cence intensity of emission. By monitoring the ratio of this fluorescence 
emission intensity modulation over the non-responsive fluorescence 
(e.g., green fluorescent protein shown in green), one can monitor the 
effector-binding state of the Rho GTPase. (E) Substrate-based FRET bio-
sensor for the kinase activity. The FRET pair of fluorescent proteins flank 
the phosphorylation motif of the target upstream kinase (gray circles). 
Upon phosphorylation, the conformation of the molecule is slightly 
altered and affects the FRET between the two fluorescent proteins. 
This approach can also include an appropriate binding site adjacent to 
the kinase phosphorylation motif for the upstream kinase of interest 
in order to improve the selectivity (not shown). The main caveat to this 
approach is that it is not as specific for the “kinase activity” because it 
simply monitors the balance of the relative upstream kinase and the 
local phosphatase activities in live-cell situations.
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of fluorescent proteins if more than one set of biosensors is used 
at the same time. Recent attempts to overcome this problem 
involve using compatible pairs of fluorescent proteins including 
CFP/YFP and mOrange2/mCh combinations.124 However, these 
approaches require critical optical component design in order to 
minimize the spectral bleed-throughs between different chan-
nels of fluorescence. Newer techniques are beginning to emerge 
promising separations of multiple wavelengths far in excess of 
standard epifluorescence (i.e., spectral deconvolution, fluores-
cence lifetime microscopy, etc.),125-128 however, these modes of 
imaging are often accompanied by other issues (including slow 
acquisition rates, large irradiation dose, etc.,) making them not 
yet amenable to live cell imaging of relatively fast kinetics.

The approach for multiplexed visualization of Rho GTPase 
biosensors has limitations as discussed above. Recently, Machacek 
et al. devised a computational approach to virtually multiplex the 
biosensor readouts to reconstruct the leading edge dynamics of 
Rac1, Cdc42 and RhoA GTPase activities in the mouse fibro-
blast.37 Using a set of computer algorithms to precisely track the 
leading edge motion, the authors were able to produce “dynam-
ics maps” of protein activities and leading edge velocities37,129  
(Fig. 6). The central premise for their approach is that if protein 
activities are measured individually against a common fiduciary 
timer, and if a conserved relationship between such a fiduciary 
marker and the protein activation dynamics exists, then it would 
be possible to later reconstruct the full dynamics of all Rho 
GTPases thus measured independently.37 Using this assumption, 
the authors have recreated a precise map of the activation dynam-
ics of Rac1, Cdc42 and RhoA GTPases during a single cycle of 
a constitutive leading edge protrusion/retraction. Interestingly, 
RhoA activity was shown to be directly correlated to the lead-
ing edge protrusion/retraction cycles with an almost insignificant 
time lag, whereas Rac1 and Cdc42 were delayed in activation 
by approximately 40 seconds. Based on these observations, the 
authors suggested that the stabilization of the protruded lamel-
lipodia through Rac1/Cdc42-driven mechanisms may require 
additional time and other factors including formation of adhe-
sions at the leading edge in order to initiate the stabilization of 
the dendritic actin network.37 The finding that RhoA activation 
appears to coincide directly with the leading edge motion seems 
to suggest that RhoA/ROCK/mDia-mediated actin polymeriza-
tion may be the critical initiator of the leading edge protrusions 
in fibroblasts. However, Rac1/Cdc42-driven mechanisms appear 
to be more important in establishment of the persistence of pro-
trusions in order to produce the directionality required during 
cell edge motion.

Activating the Rho GTPases in Vivo  
by Optical Manipulations

The detection of either the endogenous Rho GTPase activity 
or that of a biosensor analogue provides glimpses into the sig-
naling regulation of cells in conditions that most closely mimic 
the native environment. Recent studies have taken the inverse 
approach to this, and have produced methods to transiently acti-
vate the Rho GTPases in cells through photomanipulations.130,131 

large and do not rotate freely during a typical excited-state life-
time. Hence, in order to optimize the dipole-dipole coupling 
angle, approaches including circular permutation of fluorescent 
proteins122 have been extremely useful to reorient the attach-
ment angles of the FRET pair of fluorophore dipole moments 
in relation to each other. One critical point is that effects of the 
fluorophore separation (linear displacement) versus the angular 
reorientation cannot be readily delineated in live-cell studies. 
Therefore, FRET changes should not be used to determine the 
precise distance between proteins but instead the extent of FRET 
produced by the fully active versus the inactive target protein. 
These values are then used to interpret the relative FRET changes 
and resulting activation state of the target proteins within cells.

Biosensors for Detecting  
Rho Family GTPase Activity

There are now several fluorescent biosensors available for detect-
ing the Rho GTPase activity in living cells.46-48,123 Figure 4 shows 
several examples of these approaches. The major advantage of 
these biosensors is that they enable the direct visualization of 
protein “activation” (usually by way of effector-binding inter-
actions) in the native condition of living cells and in real-time. 
Using optimized versions of the fluorescent proteins with supe-
rior photo-physical properties, it is now possible to observe these 
cells in extended time-lapse experiments, often spanning hours 
and capture events at subcellular resolutions.37,47-49

In order to observe the coordinate regulation of these Rho 
GTPase activities that are often very tightly coupled both in 
space and time, it would be highly informative to observe mul-
tiple Rho GTPase activities at the same time in a single living 
cell. One of the primary limitations of the FRET biosensors in 
living cells is the spectral overlap between multiple FRET pairs 

Figure 5. Characteristic FRET emission response observed in spec-
trofluorometric measurements for a sample biosensor. The 525 nm 
emission peak is visible only when the biosensor is activated (blue line), 
due to FRET. When the biosensor is inactive, the FRET peak at 525 nm is 
substantially reduced (red line).
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Figure 6A–L. For figure legend, see page 177.
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activation through strobing the irradiation.130 One key point in 
designing this type of photoactivatable system is the stability of 
the LOV-Jα complex over the active site of the target molecule in 
its dark state so that any spurious “leakiness” is controlled. Wu 
et al. showed that the LOV-Jα in the dark state of the photoac-
tivatable Rac1 was particularly stable because of the formation 
of a hydrophobic cluster of amino acid residues between Rac1 
and the LOV domain in the dark state.130 Therefore, in order to 
extend this system to other family members of Rho GTPases (as 
well as to other potentially regulatable targets), introduction of 
appropriate mutations within the target protein may be necessary 
to stabilize the dark state, abrogating the leakiness of the system. 
Levskaya and colleagues took a different approach in which a 
protein-protein interaction between the optimized version of the 
Arabidopsis thaliana Phytochrome B (PhyB) and its immediate 
downstream target Phytochrome interaction factor 6 (PIF6) can 
be triggered or disrupted by different wavelengths of light.131 By 
introducing a constitutively membrane anchored PhyB and coex-
pressing a constitutively activated fragments of Tim, Tiam-1 and 

In both of these approaches by Wu and Levskaya and their col-
leagues, components from plant proteins that are responsible 
for the phototropism (Light-oxygen-voltage: LOV-domain) 
and photoreceptor signaling network (phytochrome signal-
ing, protein-protein interaction triggered or disrupted by light), 
respectively, were used in approaches to achieve the photo-reg-
ulation of Rho GTPase activities. The direct derivatization of 
Rho GTPases with the LOV domain was performed by Wu and 
colleagues in a way such that the combined LOV-Jα domains 
in the dark-state obstructed the Switch I/II regions of the Rho 
GTPase.130 The derivatized Rho GTPase additionally contained 
mutations to eliminate GEF/GAP interactions (E91H and 
N92H mutations in Rac1) and a constitutive activation muta-
tion (Q61L for Rac1). Upon irradiation at 458~473 nm light, 
the Jα helix unraveled thereby exposing the obstructed Switch I/
II towards endogenous downstream effector targets and initiated 
the signaling. The activation has a distinct half-life of approxi-
mately 43 seconds for the photoactivatable Rac1, allowing for a 
multiple activation/inactivation cycling as well as a continuous 

Figure 6M–N (for parts A–L, see opposite page). Dynamics mapping and cross-correlational approach to determining the spatio-temporal 
coordination of GTPases (Taken from Machacek et al.).37 (A, D and G) Edge tracking of the leading edge protrusion/retraction, sampling window 
numbers 1 ~ 35 are designated. Scale bar = 10 μm. Dynamics maps of the average velocity and Rac1 (B and C), Cdc42 (E and F) and RhoA (H and I) 
activities at the leading edge during random protrusion and retraction cycles of MEF/3T3 cells. (J–L) Cross-correlation coefficient distribution between 
the edge velocity map and the Cdc42 activity map is shown as a function of time shifts. (M) Reconstruction of Rho GTPase dynamics. Timing of 
Rac1, Cdc42 and RhoA activation relative to edge velocity, as determined with time-lag dependent cross-correlation coefficients; green line, edge 
movement correlation with Rac1; blue line, edge movement correlation with Cdc42; black line, edge movement correlation with RhoA; dashed 
lines, edge velocity. (N) Timing and location of GTPase activation during protrusion and retraction (not drawn to scale) determined from the cross 
correlation maxima and the auto correlation width. Green, Rac1 activation; black, RhoA activation; blue, Cdc42 activation.
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are: Which of these two approaches will likely produce more  
physiologically realistic signaling dynamics and how does one 
quantitatively characterize the activation kinetics and the extent 
of protein activation using these new tools in light of obtaining 
realistic cellular phenotypic readouts?

Summary

Here, we provide an overview of Rho GTPases and their role 
in the regulation of the actin polymerization machinery that 
drives cell motility and describe recent approaches to study Rho 
GTPases dynamics utilizing state-of-the-art methods. Additional 
details of fluorescent biosensor design and usage including the 
computer algorithms required for biosensor data analysis are 
described in references 132–134.
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Intersectin GEFs (GEF for RhoA, Rac1 and Cdc42, respectively) 
derivatized with the PIF moiety, authors were able to achieve a 
reversible plasma membrane recruitment of the constitutively 
activated GEF fragments upon irradiations at 650/750 nm, for 
binding and release, respectively.131 The binding and release 
kinetics were optimized through screening approaches wherein 
different combinations of PhyB and PIF domains were tested and 
an optimal pair was found to possess fast binding and release 
kinetics suitable for in vivo use in living cells. Here, the approach 
in which the upstream activators of Rho GTPases are photo-
switched, poses an interesting alternative to directly activating 
the Rho proteins through the photoactivatable Rho GTPase ana-
logues. Activation of the endogenous Rho GTPases by providing 
the photoswitched, activated upstream GEF will naturally limit 
the signal propagation in the pathway if the rate limiting step is 
the interaction of active GEF with an available endogenous Rho 
GTPase at the plasma membrane. However, this will not be the 
case for the direct photoactivation of the Rho GTPase analogs, 
as these will result in a transient, local pseudo-overexpression 
of constitutively activated material. The questions that remain 
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