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ROPs/RAC:s are the only known signaling Ras superfamily small
GTPases in plants. As such they have been suggested to function
as central regulators of diverse signaling cascades. The ROP/RAC
signaling networks are largely unknown, however, because only few
of their effector proteins have been identified. In a paper that was
published in the June 5, 2007 issue of Current Biology we described
the identification of a novel ROP/RAC effector designated ICR1
(Interactor of Constitutive active ROPs 1). We demonstrated that
ICR1 functions as a scaffold that interacts with diverse but specific
group of proteins including SEC3 subunit of the exocyst vesicle
tethering complex. ICR1-SEC3 complexes can interact with ROPs
in vivo and are thereby recruited to the plasma membrane. ICR1
knockdown or silencing leads to cell deformation and loss of the root
stem cells population, and ectopic expression of ICR1 phenocopies
activated ROPs/RACs. ICR1 presents a new paradigm in ROP/
RAC signaling and integrates mechanisms regulating cell form and
pattern formation at the whole plant level.

Introduction

Cellular polarity governs cell growth and shape, the orientation
of cell division, cell differentiation and pattern formation of multi-
cellular organisms. The Rho family of small GTPases have emerged
as master regulators of cell polarity that coordinate actin organization
and dynamics, vesicle trafficking as well as establishment of Ca*
and ROS gradients.! Plants posses a single Rho subfamily, designated
either ROPs (Rho of Plants) or RACs.>? Studies using dominant
active mutants ROP/RAC demonstrated that these proteins regulate
cell shape by enhancement of actin polymerization, inhibition of micro-
tubule polymerization, induction of Ca®* gradients and inhibition
vesicle cycling at the plasma membrane.!1 ROPs/RACs have been
shown to localize at the apex of tip growing cells and at the cell plate
in dividing cells.>'? Some activated ROPs/RACs are transiently
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S-acylated and consequently partition into detergent resistant mem-
branes (DRM) that are likely to be lipid rafts.!® Lipid rafts are
membrane microdomains that act as platforms for fast exocytosis and
regulate membrane trafficking.'%!> Thus, ROP/RACs are suggested
to direct the exocytotic machinery and the cytoskeleton to the sites
of fast membrane expansion.

In yeast, Rhol, Rho3 and Cdc42 regulate late exocytosis
events by interaction with subunits of the exocyst vesicle tethering
complex.!®1? All the putative subunits of the exocyst complex
have been identified in plants but direct interaction of ROP/RACs
with either exocyst subunits has not been reported.?®?! Auxin
dependent signaling was shown to determine localization of ROP/
RAG:s in trichoblast prior to root hair initiation.?? A direct role for
ROPs/RACs in pattern formation has not been established,
however, likely due to their functional redundancy and the fact
that only limited number of their effectors have been identified.

Results and Discussion

In a paper that was recently published in Current Biology™® we
described the identification of a novel ROP/RAC effector that was desig-
nated ICR1 (Interactor of Constitutive active ROP 1). ICR1 is a member
of a small family consisting of five proteins that are composed of
coiled coil domains and no other recognizable catalytic or structural
domains (Lavy and Yalovsky, unpublished data). The coiled coil
domains of the ICRs bear similarity to the coiled coil domain of Rho
associated Coiled Coil containing Kinase 1 (ROCK1),%4 suggesting
that it is an ancient interaction module of Rho GTPases. ICR1
interacted with the GTP-bound activated ROPs/RAC:s in vitro, in
yeast and in plants. Bimolecular Fluorescence Complementation
(BiFC) and colocalization assays demonstrated that ROPs/RACs
recruit ICR1 to the plasma membrane.?3 Coiled coil proteins have
emerged as key regulators of vesicle trafficking acting as scaffolds for
the formation of multi-protein complexes. We therefore hypothesized
that ICR1 could be an important link between the ROP/RAC
GTPases and specific proteins or protein complexes.

To test our hypothesis we searched for proteins, which interact
with ICR1 and ICR2, using either one as bait in yeast two-hybrid
screens. Either of the two ICRs interacted with completely different
set of proteins (Lavy and Yalovsky, unpublished data). Furthermore,
ICR1 interacted with itself but not with ICR2. ICR2, however, did
not interact with itself.?? These results suggested that ICR1 and
ICR2 have unique functions. The data further suggested that the
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Figure 1. Possible function of ICR1 and ROPs in localized exocytosis. (1) Activated, GTP-bound, ROPs are transiently acylated on an internal cysteine residue
and as a result partition into detergent resistant membranes (DRM) that could be lipid rafts.!3 (2) ICR1T monomer or dimer interacts with SEC3 in the cytoplasm
and in turn this complex interacts with ROPs at the plasma membrane.23 The ROPICR1-SEC3 complex could then serve a landmark for the formation of the exo-
cyst complex. Alternatively, ICR1 may inferact with SEC3-exocyst complex or may be a part of the exocyst complex or sub-complex. (3) Upon GTP hydrolysis
the ICR1 is released from the ROP and the ICR1-SEC3-exocyst complexes return back to the cytoplasm. The ROP is deacylated and partitions into defergent
soluble membranes. The rate of ROP activation/inactivation cycle depends primarily on ROP-GAPs2? and ROP-GEFs and the possible activation/inactivation
of the latter by receptor protein kinases in the plasma membrane.3931 In addition to prenylation and transient acylation, membrane localization of ROPs

very likely depends on function of RhoGDIs32 and interaction of the Cerminal polybasic domains of ROPs with phosphatidylphosphoinositides (PIPs).33

ICRs function as scaffolds, responsible for the formation of
specific protein complexes that are recruited to the plasma
membrane by ROPs.

Two of the proteins that were identified in the screens with
ICR1 as bait were AtSEC3A subunit of the exocyst?® complex
and reassuringly AtROP2 (Lavy and Yalovsky, unpublished
data). We further demonstrated that when transiently
expressed in Nicotiana bethamianaleaf epidermal cells, ICR1
and AtSEC3A form complexes in the cytoplasm and that
following coexpression with AtROP9 the ICR1-AtSEC3A
complexes are recruited to the plasma membrane.?? These
results strongly suggested that ICR1 forms the missing link
between ROP/RAC GTPases and the exocyst complex in
plants (Fig. 1).

ICR1 is predicted to contain two coiled coil
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domains. A mutant in the C-terminal domain compro-
mised dimerization of ICRI and its interaction with
ROPs and AtSEC3A.23 Ectopic expression of ICR1 in
Arabidopsis induced cell and organ deformation very
similar to those that are induced by activated ROP/
RAC mutants. Trasngenic plants expressing the C-terminal
coiled-coil domain Zer/ mutant were virtually indistinguishable from
wild type plants, indicating that the capability to interact with
ROPs/RACs and SEC3 is required for ICR1 gain of function.??
Mutations that disrupted the N-terminal coiled-coil domain of
ICR1 compromised its homodimrization but not its interaction with
either ROPs or AtSEC3A.23 This raises an interesting possibility that
dimerization of ICR1 may not be required for its interaction with
ROPs and AtSEC3, implying that an ICR1 monomer could be part
of the exocyst complex (Fig. 1).

ICRI loss of function in a T-DNA insertion mutant and RNAi
plants leads to growth arrest of the primary root and development
of numerous adventitious roots.?? Similar to mutants with compro-
mised polar auxin transport,25’26 the root cap cells of 7cr/ mutant
and RNAI plants loose the columella identity and root hairs develop
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Figure 2. ICR1 maybe part of a polar auxin transport mechanism. The maintenance
of the root apical meristem depends on polar auxin transport and formation of an auxin
maximum at the root tip2’28 (arrows, A). The collapse of the root apical meristem in icr]
mutant seedlings (B) suggests that ICR1 is required for polar auxin transport.

close to the apical root tip. The adventitious roots develop to length
of few centimeters and then, as in the primary roots, their apical
meristem collapses and their growth ceases. Thus, the collapse of
the root apical meristem in 7e7/ mutant and RNAI plants is a gradual
process, suggesting that polar auxin transport could be compromised
(Fig. 2).27-28 The phenotypes of the /CRI mutant and RNAi plants
and of the /CRI overexpressing plants indicate that ROPs/RAC
GTPases regulate molecular mechanisms that affect both cell
structure as well as pattern formation at the whole plant level.

The ICRs expands the plethora of ROP/RAC effector proteins.
Their function as scaffolds that interact with a wide array yet specific
groups of proteins, present a new paradigm of ROP/RAC function.
Our future studies will be aimed at identifying the protein complexes
in which the ICRs function, how the interactions of ICRs with
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different proteins are regulated and define the processes that are

regulated by the ROP/RAC and ICRs.
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