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Preface

In the signaling pathways, the activation or inactivation of the proteins is deter-
mined by several regulatory components. One of the major regulatory controls is
phosphorylation—dephosphorylation cascade mediated by kinases and phospha-
tases; besides this, G proteins including heterotrimeric and small GTPases also act
as essential regulatory switch in the modulation of these signaling pathways. Rho
family of GTP-binding proteins (GTPases) acts as binary molecular switches that
mediate large number of intracellular signals in eukaryotes. They acquire an acti-
vated conformation when bound to GTP (guanosine triphosphate) and are inacti-
vated by hydrolysis of GTP to GDP (guanosine diphosphate). In recent years,
a wealth of information has been generated for understanding Rho protein functions
in plants. Accordingly, GTPases are instrumental in relaying signals ranging from
actin and microtubule arrangement, cell cycle progression, vesicle trafficking, cell
morphology, and root hair elongation in plants.

Chapter 1 provides an overview of small GTPases in eukaryotes. The small
GTPase superfamily has evolved enormously in metazoan lineage and was classi-
fied into five subfamilies (Ras, Rab, Rho, Ran, and Arf) based on their distinct func-
tions in the cell. Three different regulatory proteins (GEFs, GAPs, and GDIs)
control the nucleotide state of Rho proteins. GEFs (guanine nucleotide exchange
factors) are the activation factors that catalyze the exchange of GDP for GTP. On the
other hand, GAPs (GTPase activating proteins) cause Rho proteins inactivation by
inducing their intrinsic GTP hydrolysis activity. Finally, GDIs (guanine nucleotide
dissociation inhibitors) show specific affinity for inactivated GTPases and prevent
them from further activation. Chapter 2 conveys an overview of Rho GTPases in
plants and also discusses their known functional role and cross talk in myriad of
signaling pathways.

Among the six Ras superfamily GTPases classified in animals, five have been
identified in plants, whereas Ras subfamily of GTPases is altogether absent in
plants. Additionally, Cdc42 and Rho subfamilies are absent in plants, but instead
they possess a novel group of Rac-like signaling molecules, also known as ROP
GTPases. More than 90 ROP proteins have been identified in Arabidopsis, and with
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an extensive database search, we could identify 85 ROPs in Oryza sativa. Chapter
3 covers the identification and classification of ROP GTPases in plants.

The evolution of functionally distinct Rac-like GTPases in plants, and, further-
more, due to several gene duplication events, bifurcations of these into distinct sub-
families in both monocots and dicots have generated interest towards their
phylogenic evolution. The detailed comparative phyletic and correlative analyses
between plants and animals as well as their domain organization have been included
in Chapter 4.

During the past several years, remarkable progress has been made towards eluci-
dation of functions that are mediated by Rho proteins in plants. It is not surprising
that the immense cellular functions of ROP proteins in plants encompass develop-
mental and stress responses as well. Chapter 5 consists of the expression analysis of
identified Rho GTPases in Arabidopsis and rice under stress, development, and phy-
tohormone treatment that would be beneficial for gleaning out their specialized and
overlapping functional role. Since then several studies have recognized numerous
signaling pathways that are controlled by Rho proteins. Chapter 6 lists some of the
extensively studied and essential roles of ROPs in plants.

A requisite for the suitable subcellular localization of Rho family GTPases is
their posttranslational lipid modification by hydrophobic side groups. The prenyl-
ation and palmitoylation of the C-terminal CAAX motif is needed as a lipid anchor
to facilitate their plasma membrane association. Chapter 7 deciphers the mechanism
of posttranslational lipid modification and membrane association of ROP GTPases
in plants. The regulatory mechanism of Rho GTPases and their regulator and effec-
tor molecules are discussed in Chapter 8.

Meanwhile, researchers have put a concerted effort to develop new methods and
techniques to study GTPases and their roles in plants. It was speculated that, since
GTPases exist as a multigenic family, they might be functionally redundant and are
possibly involved in signaling cross talk. The level of functional intricacy displayed
by GTPases creates complications in their structural study. Several new genetic and
biochemical approaches have been devised to study their biological functions.
Chapter 9 reviews some of the promising prevailing techniques to study GTPases in
living cells. Finally, the future prospects including importance of elucidation of
regulatory mechanism of ROP proteins to get an insight into their core principles
and actions have been discussed in Chapter 10.

Rho GTPases signaling pathways are a model for cell biologists to elucidate
signal transduction pathways. We hope this book will prove beneficial to both stu-
dents and researchers in this field and will enable them to understand the mecha-
nisms and importance of these versatile signaling molecules in plants.
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Chapter 1
Overview of G Proteins (GTP-Binding

Proteins) in Eukaryotes

Introduction

There is a spectrum of small GTP-binding proteins (G proteins), ranging in size
from 20 to 40 kDa, present in eukaryotic cells that utilize the binding and hydrolysis
of GTP. By virtue of its binding and hydrolysis, the G proteins tentatively behave as
molecular switches and this phenomenon is the basis for many ubiquitous regula-
tory processes in eukaryotes [1]. The high degree of sequential conservation of
G proteins among eukaryotes underscores the similarities in functional control of
cellular processes. They regulate diverse cellular processes like protein synthesis,
early and late secretory pathway, inter- and intracellular signal transduction, cell
proliferation, and differentiation [2].

Based on their subunit structure and molecular weight, these can be divided into
heterotrimeric G proteins and Ras superfamily of monomeric small GTPases. The
Ras superfamily in humans has a catalogue of 150 proteins that are also conserved
in Drosophila, C. elegans, Dictyostelium, and plants [3]. The Ras proteins were
identified as mutated forms of oncogenes that stimulate proliferation of cultured
cells. They were discovered early owing to their high oncogenic potential when
transduced into retroviruses like the Harvey and Kirsten sarcoma viruses that pos-
sess H-ras and K-ras, respectively. Even some mutated forms affected differentia-
tion of neuronal cells [4]. In the case of yeast, two genes were identified, Ras1 and
Ras2, that are critical for viability. More importantly, the Ras mutants of yeast could
be complemented by human homologs [5]. Even though Ras oncogenes were the
first ones to be identified, the whole superfamily is divided into five subfamilies:
Ras, Rho, Rab, Arf/SAR, and Ran. Active Ras proteins can switch on/off, variety of
downstream effectors, thereby regulating gene expression networks and cytoplas-
mic signaling to control cell proliferation, differentiation, and viability. There are a
variety of complex pathways regulated by small GTPases owing to the array of
posttranslational modifications, differential subcellular localization, and effector/
regulators [2].

© The Author(s) 2015 1
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2 1 Overview of G Proteins (GTP-Binding Proteins) in Eukaryotes

The discovery of homologs of Ras proteins (Rho) in yeast, YPTI and marine
snail Aplysia, Rho, leads to the finding that these proteins share about 30 % homol-
ogy to the Ras family of proteins. The mutant of yeast YPT] is defective in the bud-
ding process during the life cycle, indicating the possibility of defective cytoskeleton
reorganization [6]. In the mammalian Rho proteins, Racl was first identified to be
required for the activation of NADPH oxidase of phagocytic cells [4]. Many of the
mammalian Rho proteins were figured using a C3 exoenzyme of Clostridium that
can uniquely ADP-ribosylate Rho proteins at specific amino acid of effector region,
which could prevent the interaction with its downstream regulators [7]. These pro-
teins were further demonstrated to be involved in stress fiber modification and Ca**
regulation during smooth muscle contraction [4]. Further, their roles have been
established in integrating the extracellular signal information into the gene expres-
sion circuitry.

The Rab proteins were first described as Ras-related proteins in brain. They form
the largest subfamily contributing to Ras superfamily in most eukaryotes. These
were identified as conserved chief regulators of intracellular vesicle trafficking in
yeast. Along with Rab, SEC4 and Yptl proteins in yeast were shown to control the
vesicle transport between Golgi and plasma membrane [8]. They promote vesicle
formation by facilitating budding from the donor membrane, targeting to the accep-
tor compartment, and releasing of the vesicle into the receptor compartment. Their
function starts with the localization of the Rab proteins in distinct intracellular com-
partments. Interestingly, this localization is dependent on the level of prenylation of
the protein and divergence of C-terminal domain [2]. In yeast, many Rab proteins
are reported to be involved in cell viability.

ARF (ADP-ribosylation factors)/SARI (secretion-associated RAS-related pro-
tein 1) family of proteins is closely related with the Rab proteins in terms of its
function especially on vesicle transport. The active form of Arf can interact with
vesicle coat proteins to regulate distinct downstream regulators. This interaction
promotes sorting of cargos while affecting formation and release of vesicle. While
Rab controls any single step in vesicle trafficking, Arf has been shown to regulate
multiple stages of vesicular transport. The SAR1 gene of yeast has shown to be
involved in ER—Golgi network transport by COPII-mediated pathway affecting its
assembly and disassembly [9].

The Ran (Ras-like nuclear protein) family of small GTPase is perhaps the small-
est subgroup and its function is envisaged to regulate nucleocytoplasmic transport.
The evidence is based on the mutants’ inability to import a reporter construct
containing nuclear localization signal of a simian virus 40T antigen. They are struc-
turally similar to Rab family of proteins but have distinct features like spatial gradi-
ent regulation of active GTP-bound form meaning they are asymmetrically
distributed between nucleus and cytoplasm [10]. The Ran protein facilitates nuclear
import and export controlled by upstream activators and downstream effectors. This
is usually achieved by its interaction with importin and exportin to promote cargo
import and export, respectively. Ran proteins lack sites for posttranslational modifi-
cations unlike other small GTPases and hence do not require lipids for membrane
binding or for its activation [11].
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Small GTPases are monomeric molecules that can form stable complex by binding
to GTP or GDP, while they are poor catalysts on their own and require GTPase
activating protein (GAP) for their inactivation. The active or inactive state of these
proteins is defined by their ability to bind GTP or GDP at any given time, where
guanine nucleotide binding causes distinct conformational changes in the protein
structure. The available three-dimensional structures of small G proteins have shed
light on the protein regulation and activity. Approximately, 20 kDa size of con-
served domain (G domain) is responsible for binding and hydrolysis of guanine
nucleotides. The domain is built of five alpha-helices (denoted al—a5), six beta-
strands (denoted B1—f6), and five hydrophobic loops (denoted G1-GS5). Perhaps the
contrarian of G domain is that the loops (G1-G5) are more conserved than helices
and sheets. The conservation pattern of G domain beginning at the N-terminus is:
G1, GXXXXGKS/T; G2, T; G3, DXXGQ/H/T; G4, T/NKXD; G5, C/SAK/L/T
[12, 13]. The comparison of loop structures between GTP-bound and GDP-bound
forms revealed two distinctive functional regions: Switch I and Switch II flanking
the gamma-phosphate of the guanine nucleotide [14]. The loop connecting 1
strand and a1 helix is G1 loop (alternatively, P loop) responsible for binding to a-
and p-phosphate groups. Another distant loop, G3 loop, provides binding elements
to Mg?* and y-phosphate groups. In fact, these two G1 and G3 loops hold structural
similarity to Walker A and Walker B boxes of erstwhile nucleotide-binding motifs
that are not related to small G proteins. The G4 and G5 loops account for the speci-
ficity of guanine residue. The Lys and Asp residues of G4 conserved loop directly
bind with the nucleotide while a part of G5 loop is held for guanine specificity [1].
Comparison of several G protein structures would reveal that G domain forms the
basal structure for all these functional similarities while variations could be
accounted on this canonical structure. With the structural availability of GTP-bound
and GDP-bound G domains, the prerequisite for molecular switch has been defined.
The dynamics of structural changes from Switch I to Switch II differs significantly
between GTP- and GDP-bound forms in NMR (nuclear magnetic resonance), EPR
(electron paramagnetic resonance), and FTIR (Fourier-transform infrared spectro-
scopic investigation) spectroscopy [15]. The minimal G domain catalytic apparatus
maintains the ability to hydrolyze GTP, and the released energy could be utilized
for the conformational change in the effector regions that are suffice for the cycling
of alternate forms. Among five loops, three loops, G1, G2, and G4, are flexible
enough to allow localized polysterism critical for the functioning of G domain
apparatus [15]. The dissimilarities among these small GTPase superfamily mem-
bers mainly border on variations in nucleotide-binding region including extra
a-helix in N-terminal region (like in Rho proteins), antiparallel p-sheet in switches
I and II (like in Arf proteins), and ways to coordinate magnesium ion (like in Arf
proteins) [1].
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Biochemical Regulation of Small GTPases

Their readily available protein structures provide the clue that they exist in at least
two forms: GTP-bound active and GDP-bound inactive GTPases. The signaling
pathways regulated by GTPases emphasize the significance of external signals in
converting their inactive form to activated form. There are upstream regulators like
cell membrane receptor protein complexes that favor the dissociation of GDP to
become GTP-bound form. This GTP-bound form can cause conformational changes
to the protein, essentially triggering the downstream effector regions. The intrinsic
GTPase activity can revert this conformational change by displacing GTP with
GDP. This activation and inactivation brings a cycle complete for the small GTPase.
To regulate this cycle positively and negatively, there are many dedicated proteins
in eukaryotes readily available favoring GTP-bound or GDP-bound form [16, 17].
The proteins that facilitate the displacement of GDP with GTP were named guanine
exchange factors (GEF) that are chiefly positive regulators for small GTPase activ-
ity. In this reaction, GEFs bind with Ras-GDP to release GDP while forming a
binary complex with the small GTPase that can facilitate GTP to bind small GTPase.
A lot of cooperativity has been reported with GEFs where one GEF can transduce
signal to Ras as well as Rho proteins playing a critical role in cross-talk signaling
mechanisms. At the same time, a signal from a single receptor could be amplified
by two or more GEFs. This type of versatility exists to accommodate signal diver-
gence or convergence.

Along with positive regulation, there are another two functionally distinct groups
of proteins existing to negatively regulate the small GTPase activity by dissociating
the GTP from the active form with GDP. The negative regulation is mainly the resul-
tant of GTPase dissociation inhibitors (GDIs) and GAPs. As the name suggests,
GAP proteins promote the intrinsic GTPase activity, which promotes the rate of
GTP hydrolysis activity converting it into GDP-bound inactive form. GDIs act as
negative regulators by sequestering the available small GTPase proteins in cell
membrane by binding with them in the cytosol. The mode of sequestration keeps the
small GTPase in inactive GDP-bound form. This model of secluding the available
GTPase from the membrane thereby creates a differential GTPase pool between
cytosol and membrane and is physiologically significant than favoring the actual
biochemical GTP dissociation [1, 4].

Guanine Exchange Factors

GEF proteins accelerate the dissociation of GDP bound to the small G protein and
therefore facilitate its conversion to active GTP-bound state. GEFs are multiple
domain-containing proteins that are critical for its protein—protein and protein—lipid
interactions. GEFs have a catalytic DH domain arranged in tandem with a PH
domain. PH domain is a common feature of signaling molecules where an
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interaction with this domain could target the complex to membrane. It is also
suggested that PH domain could fulfill a catalytic role assisting DH domain for
GEF activity [1, 18].

GTPase Activating Proteins

GAP proteins, dominantly made up of a-helices, play a role in surging the rate of
GTP hydrolase activity up to 4-8 orders of magnitude. Switch I and Switch II of G
proteins contribute to GAP proteins’ interaction. This surge in hydrolysis is possible
due to an Arg residue supplied by GAP protein a-helices. BH domains of GAP
proteins’ C-terminal region interact with GTPase proteins. Additionally, SH2, SH3,
and PH domains contribute to GAP function. Catalytic residues are positioned in
GAPs to accelerate GTP hydrolysis [4, 19] .

GTPase Dissociation Inhibitors

GDI proteins stand out from other GTPase regulators that they recognize posttrans-
lational modifications on small GTPase. So much so that small GTPases occur as
GDI-bound form in cytosol. It recognizes the geranylgeranyl moiety on G proteins
for binding. GDI function in general does not share structural similarities: like in
RabGDI and RhoGDI. One isoform of GDI, a-isoform, is made up of two domains:
smaller a-helical domain and a larger f-domain. The larger domain contains GCD
domain responsible for interaction with GTPases and a conserved region for bind-
ing with posttranslational modifying enzymes. The smaller domain structure resem-
bles monooxygenases [1, 4, 20].

Localization and Posttranslational Modifications

A few members of small GTPase display tissue-specific expression: Rab17 of
humans is expressed in epithelial cells while Rab3A is expressed in secretion path-
way cells such as neurons, neuroexocrine cells, and neuroendocrine cells. Most G
proteins are present either in cytosol or nucleus. RanGTPase, however, is distributed
between cytosol and nucleus. Mammalian Ras proteins are present on the lower
membranes facing the cytosol. Posttranslational lipid modifications on small
GTPases play a significant role in targeting these proteins to cell membranes.
Majority of Ras and Rho proteins end with a tetrapeptide on their C-terminal region
comprising a conserved code CAAX (C, Cys; A, aliphatic residues; X, any resi-
dues). The amino acid sequence immediately upstream of cysteine residue under-
goes lipid modification where the conserved tetrapeptide is recognized by modifying
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enzymes like geranylgeranyltransferase I and farnesyl transferase [2]. Other Rab
family members possess other C-termini residues such as CC, CCX, CXC, CCXX,
and CCXXX that are recognized by geranylgeranyltransferase II. Members of Arf
family are modified with myristate group on its N-termini region with all these lipid
modifications becoming critical for biological activity of small GTPases. However,
Ran proteins are not subjected to lipid modifications since they are not membrane-
bound proteins [2, 21].
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Chapter 2
Overview of Small GTPase Signaling
Proteins in Plants

Introduction

During the past few years, studies on plant RHO-type (ROP) GTPases have
generated new insights into their role in diverse processes such as cytoskeletal orga-
nization, polar growth, and development to stress and hormonal responses. Studies
have shown that plants have evolved specific regulators and effector molecules.
ROP GTPases possess the ability to interact with these multiple regulator and effec-
tor molecules that ultimately determine their signaling specificity. Recently, genome
wide studies in plants have shown that the Arabidopsis genome encodes 93 and rice
has nearly 85 small GTPase homologs. We have been able to identify four new
homologs in the rice genome. Here, we are focusing on the complete phylogenetic,
domain, structural, and expression analyses during stress and various developmen-
tal processes of small GTPases in plants. The comparison of gene expression pat-
terns of the individual members of the GTPase family may help to reveal potential
plant-specific signaling mechanisms and their relevance. Also, we are summarizing
the role of currently known ROP GTPases and their interacting proteins with brief
description, simultaneously, comparing their expression pattern based on microar-
ray data. Overall, we will be discussing the functional genomics perspective of plant
Rho-like GTPases and their role in regulating several physiological processes such
as stress, hormone, pollen tube, root hair growth, and other developmental responses.

Historical Aspects

The discovery of G proteins as the pivotal signaling molecule in 1980 has turned
out to be a major breakthrough in this area of research [1]. Since their discovery,
contrary to other subgroups ROP/RACs have been subjected to intense research due
to their multifunctional role.
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GTPases act as molecular switches where binding with GTP causes an “active”
state transition and hydrolysis of GTP to GDP renders them back to an “inactive”
state. GTPases exist ubiquitously in eukaryotes constituting a superfamily with five
subfamilies Ras, Rho, Rab, Sarl/Arf, and Ran and are among the largest known
families of signaling proteins [2]. G proteins are divided into two types, heterotri-
meric and monomeric GTPases based on the composition of subunits as well as on
their relative molecular mass [3-5]. The heterotrimeric GTPases have been impli-
cated in diverse cellular responses in animals but their functions are not as wide-
spread as in plants. Intriguingly, attempts to identify small GTPases in plants have
failed to find any member of Ras GTPase subfamily; alternatively, they have a
unique subfamily of Rho-family GTPases, called ROPs (Rho-related GTPases from
plants) [6]. The regulatory function of Rho GTPases has been found to be evolution-
ary conserved while they also act as the master switches for the transmission of
extracellular and intracellular signals in plants [4, 5] (Fig. 2.1).

Similar to animals and yeast, Rho GTPases interact with several upstream regu-
lator and effector molecules. Perhaps, the ability to interact with multiple interac-
tors accounts for the functional versatility of small GTPases in plants [7]. Functional
conservation of Rho GTPase in plants and animals also extends to the upstream and
downstream interactor proteins, yet plants also have evolved unique regulatory
GEFs (guanine nucleotide exchange factors) and effector proteins perhaps with
novel functions. Emerging roles for ROP/RAC signaling in plants include various
developmental responses such as cell morphogenesis, polarized cell growth, endo-
cytosis, and meristem maintenance [8§—10]. Moreover, a subset of G proteins is also
found to be associated with stress responses such as oxygen deprivation responses
and hormonal and defense responses [11-15]. Existence of varying levels of func-
tional divergence in plants indicates a possible gain of new or related function
within them [16]. Thus, with the availability of information of structure, sequences,
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and expression of GTPases in representing members of plant species, it will be
interesting to look into the degree of expansion and conservation of these genes in
different lineages. A detailed functional genomics account of ROP in plants will
unearth the complexity of regulation of various physiological and developmental
processes.

Small GTPase Complement in Plantae

Small GTPase superfamily endows plants with the ability to modulate several plant-
specific cellular and molecular processes. Even though small GTPases are well con-
served across eukaryotic lineage at both sequential and functional levels, sporadic
lineage-specific functional variation in some plant species has been observed. In
plants, small GTP-binding genes were generally grouped in four main subfamilies:
Arf/Sar, Rab, Rop, and Ran [16]. In addition to four main subfamilies, a distinct
class of GTPases named as MIRO GTPases has also been recently identified in
plants [17]. The physiological functions of many of GTPases have been studied in
plants. As assumed, all of the conserved GTPase proteins regulate same general
processes in plants as well as in animals [18-20].

The Arf subfamily of GTPases functions as regulators of membrane trafficking
and actin remodeling [21, 22]. Many studies based on Arf GEFs and ARF GAPs
have elucidated their involvement in protein trafficking from cytosol to the plasma
membrane. GNOM has been identified as an Arf GEF essential for targeting PIN1
(PIN-FORMED), an auxin efflux carrier to polar regions [23]. Similarly, ARF
GAPs were reported to mediate AUX1 (AUXIN-RESISTANT 1) endosome traf-
ficking to regulate auxin-mediated plant development stimulated by microfilament
disruptions [24].

Remarkably, Rab subfamily of small GTPases represents the highest number of
GTPase proteins in plants. Arabidopsis genome encodes 57 Rab proteins divided
into eight distinct clades [25]. Moreover, most of the Rab proteins in these clades
have functionally evolved to the extent that each clade could contain distinct pro-
teins [25, 26]. Many functional studies centered on Rab GTPases have confirmed
their potential role in endosome organization, post-Golgi targeting to the plasma
membrane and vacuoles, and in cytokinesis [27-29]. As seen in tomato, expression
of antisense RNA of Rab11 in plants inhibits secretion of an important enzyme sug-
gesting a role in bona fide secretory trafficking pathway.

Ras and Rho act as the signal transducers in animals and in lower eukaryotes
[30]. However, no Ras subfamily representative has been identified to be encoded in
the plant genome. Rho signaling proteins are functionally diverse and control gene
expression, ROS production, cell wall synthesis, vacuolar trafficking, and cell dif-
ferentiation in eukaryotes [31, 32]. Remarkably, none of the plant Rho GTPases
are direct homolog of any of the animal and fungal Rho GTPases. Instead, plants
contain a unique subfamily of plant Rho-like GTPases named Rop (Rho-related
GTPases from plants).
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Possibly, the origin of Rops in plants occurred prior or subsequent to the evolution
of angiosperms since lower nonvascular plant such as Physcomitrella patens also
encodes three ROP genes in its genome [33]. The large number of ROP proteins
suggests their implication in numerous pathways as well as potential functional
redundancy.

Functional versatility of ROPs required them to interact with various upstream
regulators and downstream effectors in both plant and non-plant organisms. As
anticipated, few of these interactors are conserved throughout eukaryotes but many
of these ROP regulators are specific to plants, coherent to the plant-specific Rho
GTPases in plants [7, 34]. The activating RhoGEFs family is divided into two
classes in animals. One class also known as Dbl family consists of DH and PH
domains [35], which are absent in plants. The second class includes two conserved
domains named as dock homology regions 1 and 2 [35]. A dock-like RhoGEF has
also been found in Arabidopsis called SPIKE1 (SPK1) functioning as activating
GEEF for ROP proteins [36]. Apart from this, plants have evolved a unique subfamily
of RhoGEFs also known as ROPGEFs within them for the activation of ROP pro-
teins [37, 38]. These distinct forms of GEFs, also known as PRONE (plant-specific
ROP nucleotide exchanger domain) proteins, bear absolutely no homology with the
animal GEFs [37, 38]. In Arabidopsis, nearly 14 ROPGEFs have been found to
consist a central PRONE domain [38].

In animals, relaying of extracellular signaling responses through plasma mem-
brane to RhoGTPases is facilitated by transmembrane receptor tyrosine kinases
(RTKs) [39]. Interestingly, RTK family is not found in plants. However, plants
encode a large family of receptor-like kinases (RLKs) with different extracellular
and serine-threonine kinase cytoplasmic domain proteins implicated in myriad of
signaling responses [40, 41]. Beside, various specific components of signaling
responses, plants also constitute several novel ROP interacting partners. For exam-
ple, in rice, OsRAC1 shows specific interaction with OsCCR1, which is an enzyme
involved in lignin biosynthesis [42]. This suggests that plants indeed have evolved
many novel ROP regulators, effectors, and signaling pathways, which are yet to be
characterized.

Plant-Specific Functions of ROPs

Even though phylogenetic analysis of ROP/RAC proteins in eukaryotes suggests a
distinct ROP subfamily in plants, many regulatory components such as RhoGAP,
RhoGDYI, and dock-type RhoGEF essential for ROP activity were found to be con-
served between them. However, few pathways unique to plants mediating signaling
response from plasma membrane to ROP were also found to exist. In addition, a RLK
and a RhoGEF family were found to exist exclusively in plants. ROP proteins in plants
and animals perform similar functions such as polarity establishment, ROS produc-
tion, and cell morphogenesis irrespective of their mechanisms. At the same time, plant
ROPs are specialized for functions unique to plants such as lignin biosynthesis.
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Although functional characterization has been carried out for some of the ROP
proteins, there is still very limited knowledge about other members. Among the
effector proteins RICs belong to the most interesting group mediating actin dynam-
ics and calcium levels in the cytosol. More studies are needed to decipher the
detailed mechanism by which they regulate cross talk between different signaling
pathways. Additionally, in-depth analysis of processes such as hormonal responses,
stress, and defense responses may aid in identifying unknown effectors of ROPs in
plants.
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Chapter 3
Identification and Classification of Rho
GTPases in Plants

Introduction

As found in animals, out of five classes of small GTPases, Ras family proteins have
not been recognized in plants. However, Ras and Rho have only been known to be
signaling-related proteins in yeast and animals while others play a role in cellular
trafficking. In the signaling context, plant genomes are not endowed with many of
G protein-coupled seven-transmembrane receptors, and virtually no receptor tyro-
sine kinases that are critical in animal signaling modules have been identified till
date. Instead plants have evolved a dedicated class of receptor-like serine/threonine
kinases (RLKs) for mediating the signal transduction. Recently, a single homolog
of GPCR known as GCR1 was found in Arabidopsis involved in the regulation of
ABA signaling in guard cells [1].

Another special class of signaling molecules of particular interest is Rho GTPases
of plants (ROPs). They are specific to plants and have emerged as important signal-
ing switch with respect to plants. The GTP hydrolysis-based switch has become the
ideal control of signaling switch to control the external signal response [2]. The first
Rho GTPase, RholPs, was identified from pea plant in 1993; thereafter many such
Rho GTPases have been identified in lower plants like mosses and higher plants.
The Arabidopsis genome has been found to consist of 11 ROP genes encoding
Rho-like proteins. These members of ROP were found to be similar to Rac-like
proteins (70 % homology), rather than showing much similarity to Cdc42 and Rho
of animals [3].

Nomenclature

Naming of ROP genes has been inconsistent in literature with several synonyms
like AtRac, AtRho, AtRop in use. Subsequent to Arabidopsis, all the plant species
have been found to contain multiple ROP proteins by different studies [4]. ROP
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Table 3.1 List of the ROP (Rho of plants) genes, their nomenclature, synonyms in literature, and
the corresponding gene identification numbers

Gene name (Yang [4]) Synonyms Locus ID

AtROP1 AtRACI11, Aracll At3g51300
AtROP2 AtRAC4, Arac4 At1g20090
AtROP3 AtRACI, Aracl At2g17800
AtROP4 AtRACS, Arac5 Atlg75840
AtROPS5 AtRAC6, Arac6, AtRac2 At4g35950
AtROP6 AtRAC3, Arac3, AtRacl At4g35020
AtROP7 AtRAC2, Arac2 At5g45970
AtROPS8 AtRACY, Arac9 At2g44690
AtROP9 AtRAC7, Arac7 At4g28950
AtROP10 AtRACS, Arac8 At3g48040
AtROPI11 AtRACI10, Arac10 At5g62880

proteins of plants have drawn great attention because a single class of protein has
evolved to perform the roles of a variety of Rho-related proteins like Cdc42, Rac,
and Rho in controlling actin organization, cell polarity, and transduction of external
signals. This also explains why ROP proteins have diversified themselves while
some of the proteins showed overlapping functions, indicating plant cell requires
numerous ROP proteins. Moreover, the mutants of ROP genes did not display obvi-
ous phenotype in forward-genetic screens indicating multiple genes involved in a
single pathway and complementation of other ROPs in one’s absence. Various ROP
proteins and their synonyms have been listed in Table 3.1.

Small GTPase Complement in Arabidopsis

The full small GTPase complement in Arabidopsis was published in 2001 where the
genome was scanned for the presence of G domain and the identified members were
further classified into one of the small GTPase families [5]. This report grouped
BLASTP-based found members into one of the accepted families of small GTPase
proteins. According to this report, 93 genes were identified as small GTPase encod-
ing genes in Arabidopsis classified as 11 members of Rho, 57 of Rab, 21 of Arf, and
4 members of Ran. While the majority of members belong to the Rab family of
small GTPase, ROP (signaling GTPases) family members were equally diversified.

ROP family members were differentially expressed in many plant organs and
growth stages. Given there are many members of ROP in plants, it is quite possible
that they can serve as effective responsive switch, which is mediated by RAS and
heterotrimeric G proteins in animals. The unique cycling features of small GTPases
between two forms lead to the identification of their significant role in cell signal-
ing. The class of mutants that was operative after these two active or inactive form
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is designated as DN dominant negative (inactive GDP-bound form) mutant and CA,
constitutively active (active GTP-bound form) mutants. These mutant types were of
tremendous significance for deciphering ROP GTPase function in plants. The great-
est progress in understanding the role of ROP proteins in cell signaling came from
the investigation of pollen tube growth. Pollen cell has long been considered as
excellent single-cell-based study owing to its striking polar growth due to tip-based
gradient of Ca?* concentration. Supporting its role in polar growth is the localization
of several Rop proteins in plasmalemma.

Furthermore, AtRopl specific for pollen cells and AtRop6 specific for root
hair cells were shown to induce depolarized growth. Most importantly, ROP related
to animal and yeast Rho, Cdc42, Rac proteins is involved in cell polarity
establishment.

ROP GTPase Complement in Rice

Rice small GTPases were first documented in a comparative analysis with
Arabidopsis, human, Drosophila, and yeast [6]. As the map-based genome of rice
was available since 2005, the continued effort of annotation is underway. The report
on rice small GTPase was not based on locus-based analysis and hence many small
GTPases have been misannotated by overrepresenting the numbers on some family.
Hence there is a need to redefine this study on the rice small GTPase genes. RGAP
(Rice Genome Annotation Project) was used as a focal point for all the gene identi-
fication processes. Keyword search was performed using “ras-related”, “adp-
ribosylation factor”, “miro”, “ras family domain containing protein” to fetch out
small GTPase genes. With already 111 reported small GTPase genes in rice [6],
based on the cDNA accession numbers, these data were also used to fetch out the
corresponding locus IDs from the RGAP database using Basic Local Alignment
Search Tool (BLAST). Genes that had only BAC clone positional information [6]
were retrieved from the respective clones and BLAST searched in RGAP database
to retrieve the corresponding locus IDs.

Furthermore, to enrich the collection, the HMM profile pattern was generated for
more sequence similarity searches. Extensive database search for small GTPase
genes in the rice genome yielded 85 genes (Fig. 3.1). The distribution of small
GTPase genes among the four families is as follows: Rop, 9; Arf, 22; Rab, 43; Ran,
3; Miro, 4; unclassified, 4.

Among all, RAB constitutes the largest family, as in other eukaryotes followed
by ARF, ROP, and RAN. In our study, we found that Jiang et al. [6] have reported
five genes as multiple entries, which leads to the identification of higher numbers of
genes in ARF and RHO families. This misinterpretation on the number of genes in
the respective subfamily might be due to the lack of inclusion of information on
actual BAC and cDNA clone by Jiang et al. [6]. This study also shed light on four
novel small GTPase genes including one each of RAB, ARF, and ROP for the first
time.
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Fig. 3.1 Chromosomal distribution of small GTPases in rice. Jiang et al. [6] nomenclature was
used to name the genes. However, novel genes identified were named as Os_sGTPase 1-4.
Segmentally duplicated genes are connected by blue lines while the tandemly duplicated genes are
marked in red color as consecutive red characters

GTP binding is a very common cellular functional activity and there are many
proteins that fall into this criterion including initiation and elongation factors of
protein synthesis besides «-subunit of heterotrimeric G protein. In the literature,
small GTPase term is often also designated as small GTP-binding protein. Hence to
account this, many GTP-binding proteins were initially retrieved and the number
has almost gone up to 117 (data not shown). However, the domain prediction tools
such as SMART, InterPro, and Pfam did not predict any functional GTPase domain
in the additional members other than the reported 85 genes in this search. However,
the additional members had GTP-binding activity. Also, there are many GTP-
binding proteins that are too large in size (>30 kDa) than the universally designated
size of GTPase to be called as small GTPase.

There is also another reason for concluding these 85 genes as small GTPase
superfamily, which includes the result of phylogenetic tree of retaining additional
members comprising GTP-binding domain. These additional members formed a
separate clade because of evolutionary distance and sequence unrelatedness while
the highly related typical small GTPases formed perfect clades among one another
indicating similar evolutionary origin and close homology among themselves.
These are some of the prerequisite characteristic features of small GTPase super-
family that are fulfilled by the 85 reported genes but not by the additional gene
family members in this analysis.
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Chapter 4

Sequence, Structure, and Domain Analysis
of GTPases in Plants

Introduction

Protein sequences ultimately determine the domain folding and proper structure
formation for the rightful function of the GTPases. The sequence similarity among
small GTPases is strikingly regular among the members of the superfamily. The
sequence similarity of the small GTPase domain and conservation pattern can be
deduced in plants to study the significance of such conservation in relation to the
function. In addition, domain identification from its coded protein sequence is criti-
cal for the grouping of new small GTPase protein into an existing family. To begin
with, Arabidopsis small GTPase proteins were classified into existing families
by aligning to the already classified small GTPase proteins of yeast and human by
ClustalW [1]. The phylogenetic analysis (neighbor-joining method) of small
GTPases with yeast and human members revealed that they do not cosegregate with
any of the Ras family proteins indicating they are evolutionarily divergent to the
existing plant small GTPases [2].

Domain Identification and Confirmation
of Rice Small GTPases

To verify the presence of small GTPase domain in the enriched gene collections, the
protein sequences were mined out from the RGAP for entire corresponding locus
IDs. Simple Modular Architecture Research Tool (SMART), InterPro, Pfam data-
bases were used for domain confirmation. Moreover, all these databases act as filters
in order to find the functional small GTPase. The list of small GTPases determined
at the end of the analysis is presented in Table 4.1 along with the corresponding
locus IDs.
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Table 4.1 Eighty-five small
GTPase genes identified in
the study with their RGAP
locus identification number
and synonym as used by
Jiang et al. [2]

Locus Id

LOC_0s01g62570
LOC_0s01g35850
LOC_0s01g12900
LOC_0s02g58730
LOC_0s02g50860
LOC_0s02g20850
LOC_0s02g02840
LOC_0s03g59590
LOC_0s05g43820
LOC_0s06g12790
LOC_0s01g47730
LOC_Os01g12730
LOC_0s01g08450
LOC_0s01g37800
LOC_0Os01g51700
LOC_0s01g54590
LOC_0s01g62950
LOC_0s02g43690
LOC_0s02g21710
LOC_0s02g37420
LOC_0s03g46390
LOC_0s03g05280
LOC_0s03g05740
LOC_0s03g09140
LOC_0s03g60530
LOC_0s03g60870
LOC_0s03g62600
LOC_0Os04g49530
LOC_0s04g39440
LOC_0s05g44050
LOC_0s05g27530
LOC_0s05g01490
LOC_0s05g01480
LOC_0s05g20050
LOC_0s05g38630
LOC_0s05g44070
LOC_0s05g46000
LOC_0s05g48980
LOC_0s06g35814
LOC_0s06g47260
LOC_0s06g50060
LOC_0s07g13530
LOC_0s07g09680

Synonym
OsRhol
OsRho2
OsRho3
OsRho4
OsRho5
OsRho6
OsRho7
OsRho9
OsRho10
OsRhol 1
OsRabl
OsRab2
OsRab3
OsRab4
OsRab5
OsRab6
OsRab7
OsRab8
OsRab9
OsRab10
OsRabl1
OsRab12
OsRabl13
OsRab14
OsRabl15
OsRabl6
OsRab17
OsRab18
OsRab19
OsRab20
OsRab21
OsRab22
OsRab23
OsRab24
OsRab25
OsRab26
OsRab27
OsRab28
OsRab29
OsRab30
OsRab31
OsRab32
OsRab33

(continued)
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Table 4.1 (continued)

Locus Id

LOC_0Os07g31370
LOC_0s07g33850
LOC_0s07g44040
LOC_0Os08g41340
LOC_0s09g15790
LOC_0s09g35860
LOC_0s09g10940
LOC_Os10g14150
LOC_0s10g30520
LOC_0Os10g31830
LOC_Os12g43550
LOC_0s01g23620
LOC_0Os01g15010
LOC_Os01g16030
LOC_0Os01g59790
LOC_0s02g22140
LOC_0s02g03610
LOC_0s02g47110
LOC_0s02g49980
LOC_0s03g59600
LOC_0Os03g13860
LOC_0s03g59740
LOC_0s03g27450
LOC_0s03g10370
LOC_0s05g41060
LOC_0s06g12090
LOC_0s06g02390
LOC_0s07g12200
LOC_0s07g42820
LOC_Os08g15040
LOC_0Os10g04580
LOC_0Os10g42940
LOC_Os11g37640
LOC_0Os12g38130
LOC_0Os12g37360
LOC_Os01g42530
LOC_0s05g49890
LOC_0Os06g39875
LOC_0s07g12170
LOC_0Os08g41250
LOC_0s10g23100
LOC_Os11g19800

23

Synonym
OsRab34
OsRab35
OsRab36
OsRab37
OsRab38
OsRab39
OsRab40
OsRab41
OsRab43
OsRab44
OsRab45
OsArfl
OsArf2
OsArf3
OsArf4
OsArf6
OsArf7
OsArt9
OsArf10
OsArfl1
OsArf13
OsArfl14
OsArfl5
OsArfl16
OsArf20
OsArf25
OsArf26
OsArf29
OsArf30
OsArf31
OsArf32
OsArf34
OsArf37
OsArf41
OsArf42
OsRanl
OsRan3
OsRan4
Os_sGTPasel
Os_sGTPase2
Os_sGTPase3
Os_sGTPase4
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Multiple Alignment and Phylogenetic Analysis

In order to capture the whole evolutionary history of this superfamily in rice, the
phylogenetic analysis was performed. The protein sequences of all the small GTPase
genes identified were downloaded from the RGAP v6.1. These sequences were then
aligned using stand-alone ClustalXv2.1 (For Mac OSX) software. The aligned out-
put was used for further analysis. The phylogeny was constructed using the
Molecular Evolutionary Genetics Analysis, MEGA v5.0, [3] software for Mac
OSX. An un-rooted neighbor-joining tree was constructed using 1,000 bootstrap
replications as test of phylogeny. The output was exported to Newick (New
Hampshire tree) format for further viewing and editing in FigTree v1.3.1 software
(Mac OSX version). The final output phylogenetic tree is shown in Fig. 4.1.

EO0E @@

Miro Am—_

Fig. 4.1 Phylogenetic neighbor-joining tree of small GTPase superfamily, as deduced by aligning
protein sequences in ClustalX and subsequently the tree construction in MEGA [3]. Bootstrapped
for 1,000 times, the reliability for the test of phylogeny of the clades is marked with the maximum
possible value of 100
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Comparative Phyletic Analysis of Rice Small GTPase Genes

For the purpose of constructing the evolutionary history of rice small GTPase genes
with other species like Arabidopsis, human, and yeast, the protein sequences of the
other species excluding Hastings Research, Inc. were retrieved from the supplemen-
tary data of Yuksel et al. [4]. Each subfamily sequence of rice, Arabidopsis, human,
and yeast was multiple aligned using ClustalX v2.1 and the aligned output was used
for constructing an un-rooted neighbor-joining tree with MEGA v5.0 software [3].
All the subfamily comparative phylogenetic trees were bootstrapped for 1,000 rep-
lications for their reliability on the evolutionary history. The numbers of gene
sequences used for the analysis are given in Table 4.2. The output of phylogeny of
four distinct small GTPase families is shown in separate figures (Figs. 4.2, 4.3, 4.4,
and 4.5).

Table 4.2 List of different number of GTPase subfamily members in four different species used
for the phylogeny prediction

Families
Organism Arf Rab Rop or Rho Ran Total
Oryza sativa 22 43 9 3 77
Arabidopsis thaliana 21 57 11 4 93
Homo sapiens 19 51 15 4 89
S. cerevisiae 6 11 5 2 24

Total 68 162 40 13 283
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Fig 4.2 Comparative phylogenetic tree drawn from protein sequences of rice, Arabidopsis, human,
and yeast Rho GTPases, color coded as yellow, green, red, and blue, respectively, by aligning with
ClustalX program and subsequently an un-rooted neighbor-joining drawn with MEGA 5.0
program. Bootstrapped for 1,000 times, the maximum possible value is indicated in 100
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Fig. 4.3 Comparative phylogenetic tree of Arf GTPase constructed from protein sequences of
four species namely rice, Arabidopsis, human, and yeast by aligning protein sequences in ClustalX
followed by generating Neighbor-joining tree in MEGA 5.0. The color coding for four different
species in the analysis of rice, Arabidopsis, human, and yeast are yellow, green, red, and blue,
respectively. For convenience, the tree has been divided and connected by a dotted line
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Fig. 4.4 Comparative
Rab-GTPase analysis among
four species namely rice,
Arabidopsis, human, and
yeast with color coding of
yellow, green, red, and blue,
respectively. The analysis
was performed by aligning
the protein sequences by
ClustalX and neighbor-
joining tree reported by
MEGA 5.0. For convenience,
the tree has been divided and
connected by a dotted line
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Fig. 4.5 Comparative phylogenetic tree from protein sequences of rice, Arabidopsis, human, and
yeast Ran GTPases, color coded as yellow, green, red, and blue, respectively, by aligning with
ClustalX program and subsequently un-rooted neighbor-joining tree drawn with MEGA 5.0 pro-
gram. Bootstrapped for 1000 times, the maximum possible value is indicated in 100

Gene Nomenclature and Localization of Rice Small GTPase
Complement

Small GTPase genes were named according to Jiang et al. [2]. Here, the four fami-
lies were named as OsRho, OsRab, OsArf, and OsRan wherein Os stands for Oryza
sativa and subsequently the names of typical four families of plant GTPases. The
additional novel members based on the presence of functional domain were named
as Os_sGTPase followed by a numerical indicating chromosomal order (1-4). All
the small GTPase genes were positioned on their chromosomes and the segmental
and tandem duplications were reported.

G Domain Conservation Pattern

WEBLOGO v2.8.2 application was used to generate the conserved residue logos by
inputting a ClustalX aligned protein sequence for which the pattern is to be reported.
This pattern was highlighted for all the subfamily level aligned sequences of rice,
Arabidopsis, human, and yeast and the resulting conservation of G domains is pre-
sented in Fig. 4.6.



30 4 Sequence, Structure, and Domain Analysis of GTPases in Plants

G1 Box G2 Box

Wt (LDAK | PT= Arf

eV | =TL Bl

‘e\sVeDeavek PTV Rho

T ¥ 11

Ly VEDGETK | =Tar | Ran
G3 Box G4 Box

EodDGGQ | LyealKsD | A
olIDTAG | svA-D | Rab

LelyDTace | AVGKD. | pno

F.oIDTAGQ | ‘VIL.CGAKVD

- | Ran

Fig. 4.6 The G1, G2, G3, and G4 domain conservation patterns of small GTPases as deduced by
WEBLOGO using aligned protein sequences of Arf, Rab, Rho, and Ran families from four species
namely rice, Arabidopsis, human, and yeast. The height of stack of amino acid residues indicates
the degree of conservation on the given position
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Chapter 5
Expression of Small GTPases Under Stress
and Developmental Conditions in Plants

Introduction

Regulation of gene expression is a classic response displayed by plants across
different developmental stages. It shed light on a particular gene’s role in correspon-
dence with a stage of growth or a response to a hostile environment it is exposed at
a given time. This process is both spatially and temporally regulated to fine-tune a
gene’s role during developmental stages apart from housekeeping genes. The plant-
specific Rac/Rop small GTPases act as molecular switches in diverse signal trans-
duction mechanisms [1, 2]. Several studies in different plant species have
demonstrated the role of small GTPases for fine-tuning the stress and developmen-
tal responses [3-8]

It was of interest to determine whether the plant GTPases were expressed during
stress, development, and phytohormone conditions, and, if they do, whether the dif-
ferent genes show distinct pattern. In order to understand their role in these condi-
tions, we studied the expression pattern of the identified rice (85) and Arabidopsis
(96) small GTPase gene families through Genvestigator (https://www.genevestigator.
com) [9, 10], a Web-based search engine for gene expression. In particular, three
abiotic stress conditions including drought, cold, and salinity were examined alto-
gether for Arabidopsis and rice small GTPase gene families.

Expression Pattern of OsGTPases in Abiotic Stress

Differential expression has been a hallmark event for adaptive responses including
wide variety of stress responses that plants encounter. In our analysis using public
microarray data, we observed that under three different abiotic stress conditions
only 20 genes were differentially expressed. Within these twenty, we found that
many of the ROP genes were downregulated (OsRho3, 4, 6, and 11) and most of

© The Author(s) 2015 31
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Fig. 5.1 Heat map showing D S C
differentially expressed
OsGTPases under
D—drought, C—cold, S—salt
stress conditions
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the Rab genes were either up- (OsRab7, 12, 14, 18, 19, 21, 28, 33, 39, and 45) or
down (OsRab23, 26, and 36) regulated under salinity and water deficient condi-
tions. ARF genes exhibited constant expression level, except for OsArf3 exhibiting
downregulation during salinity and drought conditions and OsArf4 having elevated
expression under drought stress. Single gene (OsRan3) was found to be downregu-
lated during cold and drought stresses in the Ran family (Fig. 5.1).
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Expression Pattern of OsGTPases in Developmental Stages

Microarray data from Genevestigator were also used to determine the expression
patterns of rice GTPase in different developmental stages. The expression profile
suggests a similar trend for ROP genes during seed and panicle developmental
stages in four of the genes including OsRho4, OsRho5, OsRho7, and OsRholl.
OsRho6 shows an exceptionally high expression during seed germination stage with
the extent of downregulation observed was manifold in later stages. OsRho10 shows
an overall downregulation during plant development. Genes in other families also
exhibited a similar pattern of up- and downregulation in developmental stages.
OsRanl and newly identified Os_sGTPase3 were found to be induced under vegeta-
tive stages, whereas Os_sGTPase2 expressed specifically under reproductive stages.
Os_sGTPasel gets induced exclusively at maturation stage.

Among OsArfs seven genes, including, OsArf3, OsArf6, OsArfl0, OsArfl6,
OsArf26, OsArf30, and OsArf34 were found to be upregulated during seed germina-
tion stages. OsArfl4 showed exclusive induction during panicle developmental
stage.

Amidst OsRho GTPases, OsRho3, 4, and 7 showed upregulation in the vegetative
stages, whereas single gene OsRho6 was found to be solely induced during seed
germination. The largest group of OsGTPases, OsRABs, shows varying expression
pattern across all the developmental stages. Five genes (OsRABS, 23, 26, 37, and
45) were found to be expressing differentially under both seed germination and
panicle developmental stages. OsRABI16, 24, 26, 40, and 43 were found to be alto-
gether induced under initial stages of vegetative development, although, compara-
tively, fewer genes were found to be differentially expressed during reproductive
developmental stages that includes OsRABI, 17, 19, and 35 (Fig. 5.2).
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Fig. 5.2 Heat map showing

differential expression of
OsGTPases in rice {a ]
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Likewise, the expression profile of small GTPase complement in rice during
hormonal conditions was extracted from Genevestigator. We found, among all,
23 genes were expressing differentially during ABA, and salicylic acid treatments.
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An elevated expression was observed for ten genes (OsArf2, OsRabl2, OsRab19,
OsRab20, OsRab21, OsRab27, OsRab33, OsRab39, OsRab43, and OsRab44) spe-
cifically during ABA and four (OsRabl, OsRho6, OsRab37, and Os_sGTPase3)
were found to be downregulated exclusively in the same condition. Simultaneous
upregulation in both ABA and SA was observed only for OsRabi14, whereas nine
genes (OsRho3, OsArf3, OsRabl, OsArfl3, OsRab23, OsRab24, OsRab26,
OsRab28, and OsArf26) were found to be concurrently downregulated (Figs. 5.3,
5.4, and 5.5).
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Expression Analysis of AtGTPases in Developmental Stages

Similarly, microarray data from Genevestigator were also used to determine the
expression pattern of Arabidopsis GTPases gene family. The largest subgroup of
AtGTPases, AtRABs, contained 57 members, and was found to exhibit a very broad
expression pattern during plant development. AfRABA2b display very high expres-
sion during bolting stage followed by ArRABAIi, AtRABAIh, AtRABA4d, and
AtRABHIe. Within AtRABs, highest expression was observed for A7rRABEle
throughout the vegetative and reproductive developmental stages. In addition, both
AtRABHIc and AtRABA4c did not express at all during developed rosette, bolting,
and young flower stages of reproductive development. Among 11 AtROPs, eight
were found to be upregulated commonly during young rosette stage. On the con-
trary, single gene ArfROP7 exhibited no expression in the same condition. Moreover,
maximum expression under reproductive growth stages was observed for single
gene AtROP6g. Further analysis of AtArfs detected steady expression pattern by all
the genes across different developmental stages. Sole exception observed was
AtArfalb, having distinct higher expression during bolting stage of plant develop-
ment. A7ARFD1b and AtARLA 1b were found not expressing during initial reproduc-
tive stages. Out of the four AfRAN GTPases, probeset was not available for one
gene. The three inspected AtRAN genes were found to be expressed steadily in all
the tested conditions of plant development (Fig. 5.6).
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developmental stages. (¢) Expression of selected genes across different stages of plant develop-
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arrays annotated for that particular stage
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Expression Analysis of AtGTPases in Abiotic Stress

According to the expression profile derived from Genevestigator, fewer genes of
Arabidopsis GTPases family were detected expressing differentially under abi-
otic stress conditions. In the largest group of AtRABs containing 57 members, 17
were found to be either up- or downregulated under cold, drought, and salt stress
conditions.

We observed specific induction of six AtRABs (AtRABAla, AtRABA2d,
AtRABBIb, AtRABC1, AtRABD2b, and AtRABHc) under osmotic stress, whereas
nine genes (AtRABA1b, AtRABAlc, AtRABAlg, AtRABA2a, AtRABA4b, AtRABASD,
AtRABAG6a, AtRABG3d, and AtRABH I e) were showing downregulation in the same
stress condition. Three genes AtRABAIc, AtRABCI, and AtfRABG3d were specifi-
cally showing upregulation during cold stress. During salt stress, nine of the AtRABs
(AtRABA1b, AtRABA2a, AtRABA2d, AtRABA4b, AtRABA5b, AtRABAG6a, AtRABCI,
AtRABG3d, and AtRABH I e) were found to be downregulated, whereas upregulation
was shown by four genes (AtRABA2b, AtRABA4c, AtRABHIc, and AtRABA1g) in
the same condition. Even though several AtRABs were identified as salt and osmotic
stress inducible, contrary to the reports no significant expression was observed for
AtRABF1 during salt stress in both rice and Arabidopsis [4]. Relatedly, two of the
AtROPs were showing downregulation when subjected to high salt conditions.

In the case of AtARFs, most of the genes were found to be responsive towards
salt and osmotic stress conditions. Within 20 AtARFs, nine (AtARFAIc, AtARFAld,
AtARFAle, AtARFAIf, AtARFDIb, AtARLAIlb, AtARLAld, AtARLCI, and
AtSARA D) exhibited downregulation under salinity. Remarkably, only AfARFBla
alone was upregulated in salinity and osmotic stress together. Among four of the
AtRAN GTPases downregulation was caused by salinity in two of them, i.e.,
AtRANId and AtRAN3d. Although AtfRAN4 has been annotated as “salt inducible
Ranl-like protein,” interestingly, no modulation in expression was observed for this
gene in any of the probed stress conditions (Fig. 5.7).
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Fig. 5.7 Heat map of differentially expressed AtGTPases under abiotic stress conditions

Expression Analysis of AtGTPases During Phytohormone
Treatment

The expression profile of Arabidopsis GTPases was also derived under different
phytohormone treatments. Differential expression of GTPases was only observed
during ABA treatment where 17 genes were found to be steadily expressed. Out of
these 17, eight genes (ARA-2, ATSARI1, ATRabC2B, ATRablC, ATRab2C,
ATRabD2B, ATRabA2D, and ATRabA 1F) showed elevated expression, while nine
genes (ARA-1,ATARF1,ARA-4,ATRABA1G,ATRAB7D,ARLA1B,ATRABAIE,
ATRABAI1D, and ATRABA4A) displayed reduced expression (Fig. 5.8).
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Chapter 6
Emerging Roles of Rho GTPases in Plants

Rho GTPases: Versatile Signaling Molecules in Plants

Small GTP (GTPase)-binding proteins are ubiquitous eukaryotic proteins acting as
a binary switch cycling between GDP-bound inactive and GTP-bound active con-
formations. GTPases are small proteins ranging in molecular mass from 20 to
30 kDa performing diverse functions in plants and animals [1, 2]. Small GTPases
are monomeric Guanine nucleotide-binding proteins closely related to a-subunit of
heterotrimeric G proteins serving as master switch in the transmission of myriad of
extracellular signals to intracellular pathways inside the cell. GTPases are generally
localized at the plasma membrane permitting them to initiate signaling directly
from the plasma membrane-associated receptors. Heterotrimeric GTPases perform
important roles in plant signaling but their functions in plants are not as widespread
as in animals [3, 4].

Small GTPases can be differentiated from the heterotrimeric G proteins on the
basis of their regulatory mechanism. In response to an upstream factor, Guanine
nucleotide exchange factors (GEFs) facilitate the activation of plasma membrane-
associated GTPases by exchanging GDP-bound inactive form to GTP-bound active
conformation. Subsequently, the activated GTPases interact with their downstream
factors through its effector domain. The activated GTPases require GAPs (GTPase-
activating protein) for their deactivation due to their weak intrinsic GTP hydrolysis
property. Remarkably, plants do not have orthologs of animals’ Rho family GTPases
in their genome. They have been identified with a single large plant-specific sub-
group of nearly identical small GTPases, termed Rop [5].

Plants have evolved novel ways to regulate and transmit ROP signals while con-
serving some of the common regulatory mechanisms present in animals. ROP
GTPases control fundamental cellular mechanism in plants, such as cell polarity
establishment in pollen tubes, root hair growth, cell morphogenesis, regulation of
actin cytoskeleton, and hormonal responses, and have also been implicated in
abiotic and biotic stress responses [6-9].
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Many studies have established that highly similar Rop proteins are also related at
the functional level and are predicted to be acting redundantly. On the contrary, a
single ROP can also regulate multiple processes by itself or in association with other
functionally redundant ROPs. This mode of functioning by ROP genes tends to pose
difficulty in their identification through forward genetics approach. There have been
important advances in recent years that have revealed the fundamental mechanisms
behind multifunctional regulation by relatively few ROP proteins in plants.

Rho Activates Plant Defense Mechanisms

Plant defense mechanisms are activated by the recognition of pathogen by disease
resistance genes. These pathogen responsive genes activate a signaling pathway to
develop resistance against that pathogen. Several studies have linked the function of
ROPs as a molecular switch for plant defense responses and disease resistance.

In Arabidopsis, dual role for AtROP6 in developmental and pathogen response
signaling was shown. The transcript levels of AtROP6 were found to be induced by
auxin, and loss-of-function mutants had several developmental defects. AtROP6
was also found to be functionally associated with SA (salicylic acid)-mediated
pathogen defense response [10].

Oryza sativa Rac/Rop GTPase, OsRAC1, has been shown as a positive regulator
of ROI (reactive oxygen intermediates) production and hypersensitive response
(HR) perhaps by interacting with the NADPH oxidase RbohB, ensuing resistance to
pathogens [11, 12]. OsRACI1 forms a complex with RAR1 (required for Mlal2
resistance) and HSP90 (Heat shock protein) to regulate innate immunity in rice
[13]. Interestingly, subsequent studies in rice have failed to identify any additional
positive regulator of blast resistance (Fig. 6.1).

On the contrary, OSRAC4 and 5 were identified as negative regulators of the
same pathway while other Rac proteins were not found to be involved at all in dis-
ease resistance response [14]. In barley, the expression of activated Rho protein
RACB enhanced susceptibility to Blumeria graminis, whereas microtubule-associ-
ated ROPGAP1 limits the plant susceptibility to penetration by this powdery mil-
dew causing fungus [15]. Different reports in barley have identified three additional
ROP proteins (HYRACB, HVRACI, and HVRAC3) linked to both developmental
and pathogen response [9, 15].

The exact mechanism by which ROP mediates barley resistance towards
B. graminis is not yet fully understood. It is speculated that since B. graminis is a
biotrophic pathogen required to penetrate into host cells for nutrition resulting in the
invagination of host plasma membrane. This invasion of membrane is believed to be
regulated by ROPs, possibly by secreting an invasion establishing factor [9].

The ortholog of barley HYRACB, in rice OsRACB, has been identified as a nega-
tive regulator of plant disease resistance pathway. The overexpression of plasma
membrane-localized OsRACB renders plant susceptible to develop more chronic
symptoms in response to blast pathogens [16]. The above evidences further
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NADPH
oxidase

Hypersensitivity Response Jf/

Fig. 6.1 OsRACI mediates innate immune response in rice. During pathogen attack (rice blast
fungus) plasma membrane-associated OsRACI, also known as immune switch, interacts with a
cochaperone complex of RARI and HSP90 proteins to regulate downstream effector protein
RbohB, an NADPH oxidase. NADPH oxidase-mediated ROS production and hypersensitivity
response are required to combat pathogen attack in rice

strengthen the notion that ROPs act as versatile signaling molecules in plant defense
responses.

In plants, a better understanding of the molecular roles of immune complexes
containing various receptors and chaperones is needed to understand the role of Rho
proteins in these signaling pathways.

Role in Intracellular Trafficking and Cell Polarity

Rho of plant (ROP) proteins function in multitude of regulatory pathways that
include regulation of actin and cytoskeleton organization, vesicle trafficking, and
cell polarity [17, 18]. Usually, vesicle trafficking begins at the plasma membrane by
recruiting cargoes to form clathrin-coated vesicles that later undergo endocytosis
[19]. Whereas intracellular vesicles progresse towards acceptor plasma membrane
and subsequently undergo exocytosis to fuse with it [19].

The apical-basal distribution of PIN (PINFORMED) auxin transporters has been
characterized in detail for their role in mediating auxin gradients during plant devel-
opment [20]. PIN cargoes are conveyed by different endocytic/exocytic vesicles
under the regulation of various small GTPases for their appropriate transport and
polarization [21, 22]. Therefore, PIN regulation is regarded as the best molecular
model to study ROP-mediated vesicle dynamics and plant-specific cell polarization.
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Of the many small GTPase subfamily genes of ROPs in plants, a few of the
genes control polarized growth and endomembrane trafficking events. With the help
of coat protein complexes, they regulate vesicular transport between intracellular
compartments by cytoskeleton arrangement and vesicle docking.

Plant ROP/RAC GTPases controlled F-actin structures and membrane traffick-
ing regulates directional growth of cells [23, 24]. Plant cell expansion usually
occurs in a diffuse manner, which is chiefly regulated by network of F-actin and
filaments extending throughout the cytoplasm [25, 26]. Pollen tube and root hairs
grow specifically at their apical end essentially in a polarized manner also known as
tip growth. The fine filaments like F-actin underlying the plasma membrane were
speculated to be involved in transport of secretory vesicles to their fusion sites along
the plasma membrane [26, 27]. ROP/RAC GTPases certainly have important roles
in the control of cell expansion and depolarization of diffuse cell growth [28, 29].
This has been confirmed in Arabidopsis where plants having mutation in SPIKEI
(SPK1) coding for ROP/RAC activating GEF protein had stunted growth and severe
defects in polarized cell growth [30]. During tip growth in the cell, the typical dis-
tribution of ROP/RAC GTPases remains between cytoplasmic and plasma mem-
brane specifically at the apex. The constitutive expression of ROP/RAC GTPases at
the apical region depolarizes the cell growth and induces substantial swelling at this
region. On the contrary, the loss of ROP/RAC GTPase activity inhibits tip growth
[28, 31, 32].

In Arabidopsis, the function of AtROP11/RACI10 was analyzed in the root tip
growth, where constitutive expression of this complex resulted in the depolarization
of root hair growth, whereas wild-type expression caused swelling at the root hair
tip without completely inhibiting apical tip growth of the cells [33]. Yet another link
between ROP/RAC GTPase-mediated membrane trafficking was established by the
direct interaction between Arabidopsis ICR1 (interactor of constitutively active
ROP1) with Sec3, an exocyst component [34]. ICR1 is a coiled-coil scaffold protein
specific to plants, whereas Sec3 is an established protein in the exocyst complex
formation in yeast [35]. Arabidopsis genome has also been found encoding eight
subunits of exocyst complex [36, 37]. Loss-of-function study of different Sec sub-
units in maize and Arabidopsis has demonstrated severe developmental defects such
as inhibition of root hair growth and pollen tube elongation [37, 38].

In the case of Sec3, it was found that it does not interact directly with ROP/RAC
GTPases; however, it readily associates with ICR1 to form a complex, which in
turn is translocated to the plasma membrane [34]. Mutation in ICR1 compromises
leaf morphogenesis as well as root development [34]. These observations establish
that the regulation of exocyst function and membrane trafficking by ROP/RAC
GTPases through their interaction with ICR1 is vital for polarized cell growth in
plants [34].

Several downstream ROP/RAC effectors have also been reported to control
cytoskeletal organization and polar cell growth. The precise balance between two
antagonistic RIC1- and RIC4-dependent pathways mediate AtROP2- and AtROP4-
directed pavement cell morphogenesis [29].
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Role in Pollen Tube Growth

One of the key features of cells in multicellular organisms is that they are capable of
migration and coordinate asymmetrical cell diffusion of cellular organelles, known
as cell polarity [39]. Plants have developed an intricate network of polarized cell
types to sustain axial growth, along which they grow and acclimatize to environ-
mental conditions. Recent studies have provided evidence for the involvement of
ROP GTPases and their interactors in the regulation of cell polarization. Auxin-
mediated localization of ROP GTPases to specific membrane domains has been
recognized in root hair cells [40]. Pollen tube growth occurs by the endocytosis and
exocytosis of the vesicles at the extreme apical growing region [41].

Pollen tube elongation is governed by the gradual increase in ROP1 activity pref-
erably towards the apical region of the pollen tube. Lateral propagation of the apical
cap as a whole is prevented by RhoGDI and RhoGAP. In addition, ROP1 induces
tip-localized actin microfilament formation that shoves ROP activators and inhibi-
tors to the polar region, giving rise to both positive and negative feedback regulatory
mechanisms [42]. Successively, a higher calcium gradient close to apical region is
maintained by ROP1 for pollen tube elongation [43]. ROP1 regulates exocytosis by
activating RIC3- and RIC4-mediated two different pathways. RIC4 stimulates orga-
nization of F-actin at the tip, while RIC3 stimulates the formation of cytosolic Ca*
gradients needed for F-actin disassembly [44]. All the above components of ROP
machinery are tightly connected to one another where the area of accumulation of
each of them including ROP activation, actin accumulation, Ca** gradient formation
coincides at the pollen tube apical region.

The genetic manipulation of ROP1 or its downstream regulators and effectors
such as RIC3, RIC4, ICR1, and RENI severely affects tip growth by causing depo-
larization [44—47]. Similar to other components, ROP-GAPs such as GAP1 and
RENI also accumulate at the apical region of pollen tube in order to restrict the
lateral propagation of apical cells [48]. The distribution of REN1 in exocytic vesi-
cles indicates the direct association of ROP signaling with vesicle docking, fusion,
and transport. Thus, the overall control of ROP1 activity by feedback regulatory
mechanism and exocytosis provides a competent manner for tip growth.

Role in Root Hair Development

Root hair plays an important role in plant development such as uptake of water and
nutrient, plant anchorage, and association with microbes [49, 50]. Root hair grows
in a polarized manner resulting from directional outgrowth of epidermal cells at a
predefined region. Plant-specific Rop subfamily members play important roles in
the regulation of root hair developmental processes. In Drosophila, Racl and Cdc42
are the two Rho GTPases involved in the regulation of wing hair formation, which
corresponds to root hair development in plants [51]. The role of Rops has been
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speculated to be in the severing and rearrangement of F-actin filaments necessary or
directional tip growth after trichoblast bulging [52]. The role of Rop in actin dynam-
ics is more evident for the reason that Rop GTPase localized at the bud site reminis-
cent of the Cdc42 and Rholp polar accumulation in yeast [53, 54]. Preliminary
studies have shown that actin disrupting drugs did not impede polar localization of
Rops whereas BFA did interfere with their localization at the future site of root hair
formation. In Arabidopsis, BFA was found to disrupt the functioning of Arf GEF by
causing endocytosis of the auxin efflux carrier PIN1 (Pin-formed-1) from its typical
localization at the polar region on the plasma membrane [55]. This indicated a
quintessential role of Arf-dependent vesicle trafficking in polarity induction in plant
cells. Constitutive expression or overexpression of Rop GTPase at the root tip
resulted in isotropic growth; in contrast, inactivation or removal of the same protein
inhibits the polarized growth at the tip. In Arabidopsis, constitutive expression of
AtRop4 and AtRop6 causes bulging in the hypocotyl cells in transformed plants
suggesting a role of these protein in cell elongation [28].

A closely related member of Rop1, Rop2, was found to be expressing throughout
the root hair development and shown to control polar site selection and root hair
formation [32]. The overexpression of Rop2 in Arabidopsis resulted in the forma-
tion of profuse root hair with multiple tips while the overexpression of another Rop
protein, Rop7, resulted in the inhibition of root hair growth. Thus, Rop2 functions
as a positive regulator of root hair development, whereas Rop7 functions antagonis-
tically. The same study also demonstrated that the overexpression of any other Rop
from different subgroups had no apparent effect on root growth [32].

A distinct example of cross talk between environmental factors and ROP activity
for the regulation of root tip growth was presented by Bloch et al. in 2011 [56, 57].
Previous studies on root growth have established the fact that a balance between
fluctuation in pH and ROS distribution is necessary for tip growth. During root tip
growth, the spatial regulation of Rop GTPases was assumed to coordinate these
oscillations with respect to the environment [57]. The constitutive expression of
AtRopl11 was shown to depolarize root hair growth [56]. Later on, more work on
AtRopl1 has established that the depolarization of root growth by its constitutive
expression was also linked to the inhibition of ROS gradient inside the root apex.
Additionally, bulging at the root tip is sensitive towards millimolar concentration of
ammonium ions (NH,4*) in the medium for the reason that it brings about pH fluctua-
tion at the root tip [57].

Small GTPases Control Cell Morphogenesis

All multicellular organisms depend on cell and tissue morphogenesis for organ
development. Growth of pavement cells in plant epidermal leaf cells is one of the
well-studied example of morphogenic development [29]. Unlike animals, plants
have distinct mechanism for planar cell polarity signaling pathway [40]. The
arrangement of cortical microtubules and microfilaments in plants is controlled by
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Indentation

Fig. 6.2 Auxin regulates pavement cell interdigitation. ROP2 is localized towards lobing region
to promote its protrusion, whereas ROP6 is localized towards indenting region for its growth.
Auxin by activating ABP1 modulates pavement cell interdigitation. ROP2- and ROP6-mediated
pathways are activated simultaneously to restrict PIN1 into the lobe apex which in turn activates a
positive feedback loop consisting of auxin followed by ROP2, PIN1, and back to auxin

ROP GTPases [58, 59]. In Arabidopsis, the epidermal pavement cell morphogenesis
is regulated by the countersignaling of two Rop-mediated antagonistic pathways.
Rop2, on local activation, promotes localized outgrowth by activating RIC4-
mediated cortical actin microfilament assembly. In the meantime, Rop2 also sup-
presses RIC1 mediated cortical microtubule organization. RIC1-mediated pathway
also acts as a suppressor of activated ROP2 in the indentation zones. Thus, ROP2
regulated RIC1-MT inhibition and RIC4-MF promoting countersignaling pathways
demarcate interdigitating separation of cortical domains between adjoining pave-
ment cells [29]. The coordination between plant hormone auxin and specific Rop
GTPases together organizes and restructures the cytoskeletal elements for cell mor-
phogenesis and patterning [58] (Fig. 6.2).

Auxin binding proteinl (ABP1) has been identified as a auxin receptor that
promptly activates cell expansion [60]. The auxin signaling acting downstream of
ABP1 receptor promotes interdigitating pavement cell expansion by triggering
Rop2 and Rop6 antagonistic pathways for the targeting of PIN1 proteins to the lob-
ing regions of the plasma membrane [61].

RIC1 usually exists in association with microtubules and acts as effector mole-
cule for ROP6. On activation by ROP6, RIC1 gets associated with microtubules
and reorganizes them parallel to one another, which gives rise to indents in leaf PCs.
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The ROP6-RICI1-mediated arrangement of cortical microtubules and cell
morphogenesis represents the only well-studied pathway of cell morphogenesis in
plants [29, 62]. Thus, the ROP-based signaling pathway that regulates lobe forma-
tion and pavement cell interdigitation is based on the initiation of a self-organizing
signal. Auxin is considered to be one of the self-organizing signals. The interdigitat-
ing growth is severely inhibited in leaves with auxin biosynthesis deficiency [61].

Our current knowledge of RAC/ROP signaling is very limited, and perhaps a
large multiprotein signaling cascade needs to be investigated. Till now, only a few
RAC/ROPs and several of their interactor proteins have been characterized and a
detailed research in this area might generate further insights into related signaling
pathways in plants.
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Chapter 7
Cellular Localization of Small GTPases

Introduction

An alluring tendency of all organisms is their ability to compartmentalize subcellular
signaling events. The coordinated assembly of signaling complexes at a specific sub-
cellular location is generally a prerequisite for cellular responses such as cell divi-
sion, migration, and polarization. In response to various chemical and growth ligands,
small GTPases synchronize the cellular polarization and differentiation responses.

Intriguingly, the functional specificity in diverse organelles within the cell is
achieved by lateral compartmentalization of the plasma membrane. The partitioning
within plasma membrane coordinates cellular processes by spatially confining pro-
tein—protein and specific membrane lipid—protein interactions within the plasma
membrane. Small GTPases readily associate with the plasma membrane through their
hypervariable lipid domain. It has been proposed that both the hypervariable lipid
domain and protein—protein interactions mediate subcellular targeting of GTPases.

The lateral segregation of macrodomains within the plasma membrane is critical
for establishing cell polarity and largely determines the growth patterning of an
organism. Plants are well adapted in modulating polarity establishment in cell
growth, differentiation, and domain partitioning to reconstruct their body pattern
throughout their life. GTP-binding proteins are the multifunctional signaling mole-
cules, which when activated drive the lateral segregation of macrodomains at the
plasma membrane. Activated RAC/ROP proteins act as molecular transducers in
plants as they interact with downstream signaling molecules and are involved in
cellular functions such as polarized tip growth in pollen cells by specifically local-
izing in cells such as pollen tubes and root tips [1-5].

Lately, the molecular mechanism controlling subcellular targeting of small
GTPases has generated a great amount of interest among researchers. In this chap-
ter, we will discuss the existing perceptions in subcellular targeting of small GTPases
and how protein—protein interaction and lipid-derived plasma membrane associa-
tion mediate their localization.
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Membrane Association of RAC/ROP GTPase

The plant small GTPase subfamilies (Rho/Rac, Rab, Arf, and Ran) are all key regu-
lators in signaling pathways that control growth, differentiation, development, and
defense responses. Upon activation, the GTPase induces and integrates intracellular
signaling in eukaryotes. In addition to its activation, appropriate localization of the
activated GTPase is also vital to its function particularly in processes involving cell
division, migration, and polarity induction. The activation of ROP GTPase and its
interaction with effector molecules generally entails its targeting to the membrane.
Its consistent role in spatial regulation warrants regulated recruitment for proper
function [1, 5-9]. Moreover, GTPase-mediated signaling is largely determined by
its colocalization with the downstream regulators and effectors molecules within the
same membrane enclosure.

Hence, targeting to specific membrane domains ensures their spatial control.
During pollen tube elongation, the polarization of tip is coupled with the localiza-
tion of activated G proteins to the apical region of the membrane [10]. Delocalization
of RAC/ROPs to a different membrane domain severely compromises the polarized
growth within pollen tubes. It is widely assumed that perhaps a regulating mecha-
nism exists that ensures the suitable targeting of GTPases to the cell expansion sites
where they are involved in the regulation of differential cell growth. The role of
ROPs/RAC:s in regulating polar cell trafficking including polar auxin transporters
has been recognized in Arabidopsis.

A ROP 1 interacting scaffold protein ICR1 (Interactor of Constitutive active
ROP1) transports auxin transporters, PINs, to the polar domains at the plasma mem-
brane. This implies that Rho-interacting protein ICR1 is crucial for directional
auxin transport and dispersal for appropriate auxin-dependent pattern formation
[11]. Therefore, the specific interaction of G proteins with regulators and effectors
outlines their site of action leading to differential localization.

In Nicotiana, the interaction of NtRACS5 with NtRhoGDI1 has shown to be essen-
tial for the tip-restricted membrane localization of this protein. Any mutation in
NtRACS inhibits its binding to NtRhoGDI1 resulting in its delocalization and con-
sequently loss of depolarized pollen tube growth induction [12]. This suggests that
plant GDIs are more or less responsible for the targeted localization of RAC/ROP
GTPases akin to their animal counterparts [13].

Hypervariable Region Regulates RAC/ROP Localization

Different members of RAC/ROP GTPases are identical at the protein sequence
level. The segregation of nearly identical GTPases can only be defined by their vari-
able subcellular localization. This variability is largely determined by ~10 amino
acid long hypervariable domain positioned prior to CAAX box.
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In Arabidopsis, RAC/ROP GTPases are divided into two major subgroups,
type-I and type-II, based on the type of lipid modification they accept on their
hypervariable polybasic carboxyl terminal domain near the isoprenylation acceptor
site [1, 14]. The functional difference between similar GTPases can be elucidated
by their localization at different region in the cells, which is primarily determined
by almost ten amino acids long hypervariable domain.

For lipid modification, type-I ROPs are assumed to be prenylated at their
C-terminal by geranylgeranyltransferase, essentially for membrane attachment,
while type-II ROPs undergo palmitoylation due to disruption of their C-terminal
signature motif CAAL with an additional intron [15-17]. In flowering plants defect
in protein prenylation does not appear to be lethal. However, a recent study showed
the mechanism of protein prenylation and its role in mediating developmental pro-
cesses in P. patens. The loss of Rab geranylgeranyltransferase activity causes severe
phenotypes in P. patens than in Arabidopsis [18].

In plants, ROPs regulate the process of cell shape formation in one or different
directions by either polar or diffused growth. Analogous to animals, prenylated Rho
GTPase acts within cell membrane and cytosol as a result of its interaction with
GDIs. Such a segregation between plasma membrane and cytosol perhaps allows a
vital regulation of ROP recruitment to the site of action [6-9].

On the other hand, palmitoylation impedes interaction with GDIs, thereby dis-
lodging them from cytosol activity. Primarily palmitoylation-dependent membrane
localization was seen as the site of signaling for type-II RAC/ROP GTPases [19].
Thus, based on the different subcellular localization, the type-I and type-II ROPs
coincide with their distinctive cellular function. A recent study in rice contributed
another evidence to define the role of palmitoylation in membrane targeting. Small
GTPase OsRACI regulates pathogen response against blast fungus by interacting
with an NLR-type resistance (R) protein, Pit. Two palmitoylation sites in the
N-terminal region of Pit specify the membrane localization of this protein. Mutation
in these sites renders Pit to bind OsRacl with lower affinity on the plasma mem-
brane thereby failure of pit-mediated resistance to rice blast fungus. Thus, this study
emphasizes the role of palmitoylation-dependent membrane localization and inter-
action in mediating disease resistance in rice [20].

Posttranslational Lipid Modifications Determine ROP Activity

The myriad of signaling responses mediated by ROP in plants necessitates specific
regulation of their activity. Akin to animals, Guanine nucleotide exchange factor
(GEFs), Guanine dissociation inhibitors (GDIs), and GTPase activating proteins
(GAPs) together regulate the ROP activities in plants [12, 21-25].

However, it is unknown how ROPs concentrate themselves to the cytosol and
plasma membrane and which cellular factors dictate their partition between the two
compartments. This has been shown that the ROP localization to the root hair bud
site is sensitive to protein trafficking inhibitor brefeldin A (BFA). In comparison to
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different actin disrupting drugs, BFA efficiently inhibits their polar localization to
the trichoblast [1]. BFA constrains the enzyme activity of Arf GEF and thus strength-
ens the conviction that root hair initiation does not necessarily implicate actin, sug-
gesting that vesicular trafficking or secreted proteins such as Arfs are crucial for the
specialized transport of ROPs in roots [1]. ROPs require additive hydrophobic/lipid
molecule for their activation and association with the membrane [4, 7]. Increasing
evidence suggests that lipid microdomains or rafts in plasma membrane are likely
to be the site for protein assembly and interactions in response to a particular stimu-
lus. The nature of the lipid raft, also known as the detergent-resistant microdomains
(DRMs), allows association only with acyl-modified proteins and not with prenyl-
ated proteins [26, 27].

This suggests that the type of posttranslational protein modification is sufficient
to ascertain subcellular distribution, interaction, and function within the membrane.
The Arabidopsis type-II RAC/ROP proteins associate with sterol-rich membrane
domains, whereas palmitoylated type-I RAC/ROPs are assumed to be extricated
from these domains [19, 28]. During cell signaling events type-I RAC/ROPs associ-
ate transiently with the sterol-rich membrane and can readily dissociate by depalmi-
toylation [19]. Thus, lipid modifications define the spatial segregation of RAC/ROP
proteins into discrete domains to compartmentalize cellular processes and specify
functions crucial in growth patterning within the plasma membrane.

In addition to the above-discussed fundamental regulation of ROPs activity via
protein—protein interactions, subcellular localization, and membrane association,
phosphorylation has been established to enhance the complexity of signaling path-
way in plants. One of the phosphorylation motifs (S74) conserved in all plant ROPs
is required for the nucleotide exchange and signaling activity of plant ROPs. Mutation
in this potential phosphorylation site abolishes the binding of upstream PRONE
domain-containing activator, ROPGEF protein and thus downstream GTPase activ-
ity. Based on the structural evidence, a notion has been presented that phosphoryla-
tion in plants could also determine ROP activation and signaling events [29].

Significance of Subcellular Localization in ROP Signaling

Although ROP family GTPases are remarkably homologous at the amino acid level,
they show considerable functional specificity. Despite the conserved pathway of
lipid modifications, ROP proteins demonstrate a great diversity of localizations. This
variation in localization pattern perhaps contributes considerably to the functional
diversity of these proteins. The variable localization pattern is largely determined by
the type of lipid modification at the hypervariable region prior to CAAX motif.

The appropriate localization of RAC/ROP GTPases might be indispensable for
many reasons.

The directed localization of these proteins to different subcellular compartments
allows their specific interaction with various activators and effector molecules.
Thus, function and localization of ROP proteins are correlated and can easily be
anticipated from their membrane distribution.
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Chapter 8
Functional Genomic Perspective of Small
GTPases

Introduction

A wide range of key cellular processes in eukaryotes that require the establishment
of cellular homeostasis are governed by Rho GTPases. Contrary to animals and
yeast, plants have been recognized with only one Rho GTPase subfamily known as
Rho-like GTPases (ROPs). This suggests that plant must have evolved specific regu-
lators and effectors in order to attain the extent of regulation needed for cellular
developmental processes. Evidently, plants possess a combination of regulators to
streamline different spatiotemporal cellular processes including morphogenesis,
cell polarity, cell division, and endo- and exocytosis. Many studies have revealed
that plants have evolved specific regulators, such as ROP-guanine exchange factors
(GEFs) and the ROP interacting effectors to achieve the high level of regulation
required for cellular processes. Some of the recent studies have shown that cross
talk exists within distinct spatial and temporal functions of ROPs including actin
dynamics, endo and exocytosis.

This chapter focuses on the proposed self-coordinating quality of ROPs in plants
and how ROP-mediated cellular mechanisms are regulated and which effector and
regulatory molecule contributes for this.

Regulatory Mechanism of Rho Signaling

Rho GTPases are small GTP-binding proteins of the Ras superfamily divided into
five subfamilies in animals, i.e., Ras, Rab, Arf, Ran, and Rho groups. However, Ras
subfamily proteins are altogether absent in plants putting them into a different class
from animals. Since Ras proteins are principally involved in growth and develop-
mental signaling pathways in animals entails that the similar pathways in plants
might be regulated profoundly by different principles. ‘Rho of plants’ or ROP
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bearing signature GTP binding motif TKLD is found profusely in plants. An over-
whelmingly high number and striking similarities among ROP proteins are the two
key features conserved across monocots and dicots in plants. The large number of
ROP proteins in plants suggests variable and vital functional roles of these proteins
in plants. In spite of high sequence similarity, expression analysis shows ubiquitous
expression for majority of them and specific localization was also predicted for a
fair number of them. Genetic screens involving loss-of-function analysis suggest a
small number of ROPs function redundantly.

The regulation of ROP activity presumably involves activation by coupling with
GTP to stimulate downstream signaling and inactivation when bound to GDP after
GTP hydrolysis. The activation of GTPases is mediated by Dbl-homology domain
containing GEFs (GDP-GTP exchange factors) in animals. These exchange factors
assist in the substitution of GDP for GTP on GTPases resulting in conformational
changes and activation.

Intriguingly, none of the Dbl homology domains containing GEFs have been
identified in plants. Earlier, a novel class of GEF has been identified in prokaryote
(Salmonella typhimurium) that bears no resemblance to Dbl proteins [1] strengthen-
ing the notion that plants too might have evolved novel class of GEFs to activates
ROPs. Preliminary study in Lotus japonicus has identified three putative GAP-like
proteins that activates the ROPs, LjRacl and LjRac2 [2]. Homology search in
Arabidopsis also found LjGAP proteins encoded in its genome. RhoGEFs are mul-
tigenic characteristically membrane associated factors in plants essential for relay-
ing signals from upstream regulators to downstream molecules in Rho signaling
pathway [3, 4].

Apart from positive regulatory exchange factors, two different classes of proteins
acting as negative regulators of Rho signaling have been identified [5]. By increas-
ing their low intrinsic GTPase rate, RhoGAPs stimulate a GDP-bound confirmation
change in GAPs (GTPase activating proteins) causing inactivation of Rho proteins
[5]. Similarly, Rho suffers inactivation due to simultaneous inhibition of GDP-GTP
exchange and targeted localization to cytoplasm from the plasma membrane by
GDIs (Guanine nucleotide dissociation inhibitors) [6]. Due to this, the functional
significance of RhoGAPs and RhoGDIs has long been considered inferior to GEFs.
The posttranslational modification including S-acylation or prenylation of G-domain
in RhoGTPase causing activation possibly prevents RhoGDI binding [7].
Remarkably, few RhoGTPases have been shown to interact with GDIs specifically
when in an inactivated configuration; however, others show an autonomous interac-
tion with RhoGDIs [8—11]. The evidence for this type of interaction was found in
tobacco where preferential interaction of NtRhoGDI2 with inactive GDP-bound
NtRac5 was demonstrated. NtRac5, RhoGTPase, regulates the pollen tube tip
growth. Through yeast two-hybrid interaction analysis NtRac5 was found to be
strongly interacting with the NtRhoGDI2 [10, 11]. RhoGDIs typically do not show
any interaction with DN form of RhoGTPases, having weak affinity for both GTP
and GDP. Subcellular localization analysis demonstrated cytoplasmic accumulation
of NtRhoGDI2 in the pollen tube, whereas NtRac5 accumulates at the apical plasma
membrane. The overexpression of either or both NtRhoGDI2 and NtRac5 severely
compromises the pollen tube elongation. Intriguingly, the equivalent expression of
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both NtRhoGDI2 and NtRac5 neutralizes their effects and thus does not inhibit the
pollen tube elongation. Another set of regulatory proteins RhoGDFs (RhoGDI dis-
sociation factors) promotes dissociation of RhoGTPase/RhoGDI complexes and
subsequent relocalization of RhoGTPases to the plasma membrane to facilitate their
activation by RhoGEFs [12].

Studies in systems other than plants have shown that the regulation of Rho signal-
ing by upstream regulators requires not only the activity control of RhoGEFs but
also the direct regulation of interaction between RhoGTPase with RhoGAP and
RhoGDI. Several essential cellular processes such as posttranslational modifica-
tions, protein binding, phosphorylation, and ubiquitinylation modify the RhoGAPs
activity [5, 13, 14]. The interaction of RhoGTPase with RhoGDI also gets modu-
lated by phosphorylation of any of these proteins by different protein kinases in
response to signal-specific stimulus [12, 15, 16]. There are not many but few exam-
ples of phosphorylation-dependent regulation in plants including NtRhoGAP1. The
relocation of NtRhoGAP1 to plasma membrane in pollen tube was suggested to be
controlled by its phosphorylation-dependent interaction with an Nt14-3-3b-1 [9, 10].

Defying previous beliefs, various studies focusing on RhoGDI, RhoGAP activity
regulation have defined their role in intricate fundamental cellular processes propos-
ing them to be equally essential for the RhoGTPase activity as RhoGEFs [13]. Even
though the RhoGTPases are functionally conserved proteins, plants have evolved
specific downstream effectors to regulate intricate cellular processes. Apart from
the conserved regulatory molecules including DHR2-type GEFs, typical RhoGAPs
and RhoGDlIs, plants have developed specific Guanine nucleotide exchange factors
(RopGEFs).

Rho Interacting Proteins and Their Role in Plants

1. Regulators and Effectors of ROP
A large number of varied RhoGTPase effector proteins are known in animals,
such as kinases, actin and microtubule regulating formin proteins, and actin reor-
ganizing WASP family of scaffolding proteins [17, 18]. Most of the effector
protein from other systems are not found in plants, and in instances where homo-
log is present their role as effector protein has not been established. Interestingly,
plants have evolved several families of plant-specific effector proteins for ROP
signaling.
2. ROP Interactive Crib Domain Containing Proteins
One of the first evidences for ROP effectors in plants includes a class of plant-
specific CRIB (CDC42/Rac interactive binding) domain containing proteins also
known as RICs (ROP Interactive CRIB motif containing proteins (RICs) [19].
The CRIB motif is responsible for the interaction of RICs with activated ROPs.
Even though variations are observed in RICs at the sequence level, CRIB domain
sequence is highly conserved in plants [20]. Similarly, a different group of plant
ROP-interacting proteins having CRIB motif are known as the RopGAP proteins
[19]. The CRIB motif sequences in plants were found to be highly homologous
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to one another than in non-plant systems. This suggests that the CRIB motifs in
plants perhaps originated from a single ancestor.
3. Two Counteractive Pathways Coordinate the Actin Dynamics in Pollen Tube

Elongation

Genome-wide analysis in Arabidopsis has identified 11 highly divergent RICs
to be encoded in its genome suggesting variable functional role for each of them
in ROP signaling [19]. Subsequent functional characterization of various RICs in
plants indicated that they certainly exhibit distinct functions. One of the best
explored models of ROP-dependent actin dynamics is in the pollen tube tip
growth. It has been established that three pollen-specific plant Rho GTPases
(ROP1, 3, and 5) perform redundantly in the regulation of pollen tube tip growth
[21]. Different studies in Arabidopsis and other plant species have revealed that
the specific localization of ROPs in the apical plasma membrane region controls
the dynamics of the tip F-actin and the creation of tip-directed calcium gradients.
A well-defined counteractive mechanism involving single ROP is responsible for
the tip actin dynamics. Two structurally distinct RICs (RIC3 and RIC4) coordi-
nate with each other to control tip F-actin dynamics [22]. Further analysis of RIC
functions revealed RIC4 as an effector of ROP2 and apparently possesses a con-
served role in the actin assembly. Whereas the role of RIC3 was also turned out
to be downstream of ROP2 in the accumulation of cytosolic Ca** at the apical
region of pollen tube and subsequent disassembly of F-actin at the tip of the
tubes [21]. Thus, both RIC3 and RIC4 act as effectors of ROP1 and coordinate
counteractive pathways to regulate actin dynamics of pollen tube tip growth. In
addition, RIC3- and RIC4-mediated antagonistic pathways also influence tar-
geted exocytosis spatiotemporally to the apical plasma membrane for the exten-
sion of pollen tube [22].

4. The Antagonistic ROP2/RIC1 Pathway Promotes Microtubule Organization

Some of the recent advances in cell expansion studies have provided evidence
that the morphogenesis of pavement cell is regulated by the countersignaling of
two ROP-mediated pathways with contradictory effects on cell outgrowth.

ROP2-activated RIC4 stimulates the growth of interdigitating lobes and indenta-
tions by the assembly of cortical microtubules. At the same time ROP2 inactivates
RICI-mediated outgrowth-inhibiting antagonistic pathway to coordinate interdigi-
tations amidst pavement cells [23, 24]. Interestingly, both ROP2 and ROP6 were
found to be positively influenced by the plant hormone auxin. The coordinated
activation of ROPs by auxin occurs instantly through a putative auxin receptor,
auxin binding protein 1 (ABP1). These results suggest the role of RhoGTPase-
based auxin-signaling mechanism in the coordinated control of cell expansion [25].

Unconventional Effectors of ROP/RAC GTPases

In plants, Rop/Rac GTPases perform a key regulatory role in diverse signaling path-
ways in cell growth, morphogenesis, and pathogen defense. The distinct function of
GTP-bound ROP-containing complexes is specified by the associated binding
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partners, which directly influence the downstream effects of ROP activation.
In Arabidopsis, one of the first reports has identified receptor-like cytoplasmic
kinases and a cysteine-rich receptor kinases as molecular interactors of ROP com-
plexes using yeast two-hybrid screening [26, 27]. In crop plant rice, different stud-
ies have identified several interactors of small GTP-binding protein OsRACI.
Earlier, OsRAC1 has been identified as a positive regulator of ROS (reactive oxy-
gen species) production mediated by NADPH oxidase and cell death in plants to
counter pathogen attack [28].

A different study has identified a key lignin biosynthesis enzyme OsCCR1 (Oryza
sativa cinnamoyl-CoA reductasel) as an effector of OsRACI1. The OsCCRI1 plays
an important role in plant pathogen defense by producing an almost nondegrading
mechanical barrier in the form of lignin polymer. Moreover OsCCR1 expression
was found to be stimulated in response to a sphingolipid elicitor indicating its role
in plant innate immunity [29]. The OsRAC1 immunity complex has multiple effec-
tor proteins. OsRACKI1 was identified as yet another effector of this multiprotein
immunity complex and is positively regulated by OsRACI1. Besides participating in
the hormonal and developmental signaling pathways OsRACK1A also acts as a key
regulator in the ROS production and plant immunity against rice blast infection [30].
Furthermore, a close functional link was also established between sphingolipid elic-
itor inducible mitogen-activated protein kinase 6 (MAPK6) and RACI in rice.
Through coimmunoprecipitation assay, the close association between OsMAPK6
and active RAC1 has been proven [31]. Among all of the identified elicitors in the
immune complex, the interaction of OsRAC1 with catalytic subunit protein Rboh is
intriguing. Unlike animals, Rboh in plants contains an EF-hand motifs at its
N-terminal, which is recognized by OsRACI for binding in a GTP-dependent man-
ner. This interaction complex dissociates by the elevated Ca®* flux in the cytosol
mediated by calcium binding EF-hand motifs [32].

Plants have devised an altogether novel and specific effector proteins to regulate
fundamental signaling pathways essential for cytoskeletal organization, vesicular
trafficking, and other developmental processes. Study of these plant specific regula-
tors and effector molecules have unravelled the novel prototype for the spatial con-
trol of small GTPases. Further elucidation of activation mechanism of plant specific
effectors and regulators might provide molecular and cellular basis of the plant
developmental and physiological processes regulated by GTPases.
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Chapter 9

Systemic Approaches to Resolve
Spatiotemporal Regulation of GTPase
Signaling

Introduction

ROP/RAC family GTPases are the pivotal signaling proteins conserved in
multicellular organisms. In plants, small GTPases ROP/RAC proteins play an inte-
gral role as signaling molecules in the regulation of diverse cellular processes such
as cytoskeletal organization, development, membrane trafficking, cell polarity
development, morphogenesis, cell differentiation, migration, and response to patho-
gens. To some extent, diverse functions of Rho family GTPases are attributed to
differences in the regulatory mechanisms coordinating upstream and downstream
effectors and their contribution in feedback regulation. Recent findings revealed
that the developmental responses in plants are mediated by a spatiotemporal coor-
dination between ROP/RAC GTPases and their physical association with functional
partner proteins. However, most of the approaches that have been used to under-
stand Rho GTPase signaling do not determine its regulation in dimensions of space
and time.

Extending the traditional models, novel imaging techniques have emerged that
allow visualization of these cellular signaling events in real time. These have enabled
to develop a new insight into the definite functioning of Rho GTPases inside the
cells. The new techniques have shown that GTPase mediates interaction within
micrometer length scales and within fraction of time. Rho interacting spatiotemporal
signaling modules are divided into four classes. First class includes scaffolding pro-
teins: they target Rho GTPases to specific membrane domains. Second class com-
prises activating GEFs (Guanine nucleotide exchange factors), which catalyze the
exchange reaction of GDP with GTP. Third class includes, GAPs (GTPase activating
proteins) that stimulate inactivation of GTPases by promoting GTP hydrolysis,
while the fourth type of regulators, GDIs (Guanine nucleotide dissociation inhibi-
tors), suppresses nucleotide exchange and mediates sequestration of GTPase in the
cytosol from membrane to inhibit its activity. All of these regulatory proteins can
perceive upstream signals allowing Rho GTPases to assimilate multiple signals.
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G.K. Pandey et al., GTPases, SpringerBriefs in Plant Science,
DOI 10.1007/978-3-319-11611-2_9



72 9 Systemic Approaches to Resolve Spatiotemporal Regulation of GTPase Signaling

Many studies involving mutants and overexpression have revealed that ROPs
have many physiological roles such as directional outgrowth of pollen tubes, cell
shaping, root hair elongation, hormone signaling, and innate immunity against
pathogen attack [1, 2]. Given that there are multiple functions of ROP proteins in
plants, the major challenge is to understand their signaling specificity. The impor-
tance of precise spatial localization and timely activation in response to a specific
stimulus is emphasized by the fact that its deregulation can cause serious develop-
mental defects. Recent work highlighted the substantial new insights into mecha-
nisms to understand how Rho signaling is regulated within space and time.

Detection of Rho GTPase Activity in Plant Cells

Plant Rho family small GTPases are conserved signaling switches in metazoa and
regulate many cellular processes. To understand RhoGTPase functions, it is neces-
sary to determine the fundamental mechanism regulating their activity. Small
GTPase activity in plants is controlled internally by plant hormones and on the
exterior by environmental stimulus. Instant activation of plant ROPs in response to
specific signal suggests a direct regulatory role of these proteins in that particular
pathway. Many studies have focused upon developing methods to evaluate the real-
time changes in ROP activity in plant cells.

ROP/RAC like GTPase is the only subfamily of RhoGTPases identified in plants
[1, 2]. These proteins predominantly function as a signaling switch between GDP-
bound inactive and GTP-bound active forms. The RhoGTPases signaling pathway
integrates upstream modules through GEFs, GDIs, and GAPs and direct many
downstream effectors such as RICs (Rop-interactive CRIB motif containing pro-
teins) and ICRs (interactors of constitutively active ROPs) [3]. The effector protein
RICs through their CRIB (Cdc42/Rac-interactive binding) motif specifically inter-
act with activated ROPs and regulate microtubule ordering and cytoskeletal organi-
zation in plant cells [4].

The mechanism of ROP/RIC interaction is fundamental for the detection of
ROP activity in living cells by several protein—protein interaction assays including
fluorescence resonance energy transfer (FRET) analysis and pull-down assays [5—
7]. Several approaches have been widely used to dissect the molecular basis of
spatiotemporal signaling events with each of them having its own benefits and
drawbacks.

FRET Assay

FRET is a powerful microscopic technique to determine protein—protein interac-
tions in living cells. In this assay fluorescence can only be detected when two appro-
priately chosen fluorophores are less than 10 nm apart from each other. With the
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advent of instrumentation and multiple colored fluorescent probes this technique
has been adapted widely to detect protein interactions in living cells. FRET is
equally useful in spatiotemporal elucidation of small GTPase signaling pathway
and led to significant novel insights into their physiological role.

FRET involves radiative transfer of energy from the excited dipole of donor to
the suitably oriented dipole of the acceptor. The light sensitive fluorophores should
be sufficiently close to each other as this technique is extremely sensitive to small
changes in distance. The donor fluorophore achieves excited energy state by absorb-
ing a quantum of light, and when the excited electron relaxes to the ground state, the
released energy is transferred to the acceptor fluorophore [8, 9]. Moreover, the emis-
sion and absorption spectral overlap of the two fluorophores must be coinciding
with each other to nullify the cross talk and at the same time for efficient transfer of
energy [9-12]. Along with other methods of protein—protein interaction analysis,
FRET imaging has emerged as a standard approach to monitor RhoGTPase interac-
tion with effector molecules in living cells with higher specificity and better spatio-
temporal resolution. With the advent of GFP-based FRET probes, visualization of
the spatiotemporal activities of Rho GTPases in living cells has now turned effort-
less. FRET-based probes termed as “Ras and interacting protein chimeric unit”
(Raichu) probes have been developed with broad applications in number of fields
[13]. The structural assembly of Raichu probes consists of four distinct elements
including GTPase, GTP-binding domain of binding protein, a donor (CFP), and an
acceptor (YFP) linked successively from the N-terminus with the help of spacers
[14, 15].

In plants using FRET, the physical interaction between ROP6 and its downstream
effector RIC1 (ROP-interactive CRIB motif containing protein (1) was analyzed in
living cells. RIC1 is a microtubule associated protein, which promotes ordering of
cortical microtubules in the indenting regions of leaf epidermal pavement cells in
Arabidopsis [16]. The activation of RIC1 for the microtubule organization is regu-
lated by ROP6, another member of Rho GTPase family. RIC1 was fused to CFP
(cyan fluorescent protein) and ROP6 was fused to YFP (yellow fluorescent protein).
When two proteins were transformed and coexpressed in the rop6ricl double
mutant cells, strong FRET signals were observed at the cortical region near the
plasma membrane confirming their in vivo interaction [17].

Similarly, FRET was used to visualize and quantify interaction between ROP1
and RIC4 in the apical domain of the plasma membrane in the pollen tube. The
assay involving CFP-RIC4 and YFP-ROP1 has obtained FRET signals prominently
in the tip of pollen tubes suggesting that they primarily interact at the apical region
of the plasma membrane [18].

FRET microscopy has also been used to visualize active, GTP-bound Rab5 in
living cells. Specialized FRET-based sensors were developed to localize active
Rab5 during signaling events. The activated Rab5 fused to CFP and specialized
molecular sensors involving Rab5-binding fragments fused to YFP were found to
be interacting in endosomal compartments [19]. Thus, the visualization of GTPase
spatial activity in vivo with FRET biomolecular biosensors provided the conclusive
evidence that the GTPase functions as the key regulator of nucleo-cytoplasmic
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transport and cytoskeletal arrangement [19-23]. FRET probes and biochemical
assay thus provided an insight into the fine-tuning process of the cell that involves
precise cross talk between multiple GTPases to specify morphogenic events.

In spite of broad applications and progressive advancements in this method of
spatiotemporal detection of proteins, FRET remains to be technically challenging
and is generally followed after pull-down assay [16, 17].

Biochemical Assay for the Detection of ROP GTPase Activity

The detection of ROP family GTPase activity is significant when studying signaling
events elicited by it. In the past few years, extensive progress has been made in
developing biochemical assays, which enables the quantification of average activa-
tion level of a given GTPase in a cell. Specialized high affinity probes were devel-
oped to monitor the GTPase activity. These probes were developed by fusing
glutathione-s-transferase (GST) to high-affinity GTPase binding domain of specific
downstream effector proteins. Since the GTPase-binding domain binds preferen-
tially to the active form of ROP GTPases, coupling these domains as probes to
beads allows the removal of the active GTP binding complex and subsequent quan-
tification by immunoblotting. Even though the antibody-specific probes for high
affinity effector domains do not exist for all small GTPases, analysis of certain
members is now regularly performed.

For ROP activity detection by pull-down assay, the high affinity effector domain
of RICs fused to maltose-binding protein (MBP) is used to extract GTP bound
active RHO GTPase from total protein extracts. Subsequently, western blotting is
used to quantify the amount of active ROPs pulled down by RIC effector domains
[24, 25]. Since in plants ROP GTPases belong to highly homologous multigene
family, a high similarity among each of the member proteins makes it impossible to
develop specific antibodies for each of them. To analyze the activity of a specific
ROP, it is fused with a GFP tag or marked with a myc epitope. The fused protein is
then transformed into plants and isoform specific assay was performed to determine
the activity of expressed ROP protein. One of the examples to describe this bio-
chemical assay includes analysis of ROP2 and ROP6 activities in protoplasts in
response to auxin. Initially, the GFP-tagged ROP2 and ROP6 were stably expressed
in plants. Then, the protoplasts were isolated from leaves of transgenic seedlings
and treated with various concentrations of auxin several times and then frozen by
liquid nitrogen. The effector protein RIC1 fused with MBP was conjugated to aga-
rose beads and mixed with the protoplast extracts. After incubation for a few hours
the beads were washed and the activated GFP-ROP2 or GFP-ROP6 now associated
with MBP-RIC1 beads was further processed by western blotting with an anti-GFP
antibody. The above analysis thus used to confirm the findings that auxin perception
leads to ROP2 and ROP6 activation in the cytoplasmic side of plasma membrane
[6]. This approach has clearly established that the ROPs are master regulators for
their multifunctional roles in plant cells. However, one of the limitations of this
technique is the variability in results due to variation in sample preparation.
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Light-Gated Protein Interactions

Some of the recent studies have illustrated a novel approach to study Rho GTPase
activity by critically manipulating signaling events in time and space. To provide a
solution to the difficulty in manipulating light sensitive proteins with optical report-
ers, a new approach has been devised that use genetically encoded light-control
system centered on an improved phytochrome signaling mechanism in plants. This
system uses light-gated translocation of proteins to a subcellular compartment
within microscale of space and time [26]. This approach can be potentially used for
the designing of various light-controlled system enabling more precise quantitative
measurements of signaling activity inside the cells.

Phytochromes are photoreceptive signaling proteins in plants vital for several
light sensitive processes in plants such as seed germination. The photoisomerization
events involve interaction between phytochromes and downstream transcription
factor, phytochrome interaction factor 3 (PIF3). This light sensitive interaction
using PhyB-PIF has been modified to construct a genetically encoded reporting
system for spatial and temporal control of signaling activity in live cells [26]. In
addition, the direct connection between the signaling event and the chosen fluores-
cent fraction allows quantitative detection of change in activity. Since the system
has been used in mammalian cells and originally based on natural mechanism in
plants, it is found suitable for most eukaryotic cells.

Thus, this system functions as a novel analytical tool, in which highly complex
signaling events can be controlled by high spatial and temporal resolution of light
[26]. A key GTPase-regulating actin cytoskeletal dynamics was genetically engi-
neered to develop a photoactivable variant of Racl in animals. This was done by
fusing photoreactive LOV (light oxygen voltage) domain from phototropin with
Racl. The resulting photoactivable Racl could be activated by light to trigger
plasma membrane ruffling and protrusion [27]. Considering the endeavor of this
approach this could be useful in understanding more sensitive cross talk between
signaling modules and as a result will enhance further understanding of Rho GTPase
signaling. Furthermore, this will improve further recognition of many Rho GTPase
effectors and activators that have not been studied extensively till now expanding
the Rho GTPase functional range.

Bacterial Toxins to Study Plant GTPase Signaling

Functional ROP GTPase studies have largely benefited from the experimental mod-
ulation of ROP activity in plant cells. The different approaches include generation
of overexpression, dominant negative mutants, and antisense RNA ROP constructs
in both rice and Arabidopsis [28-30]. Recently, an interesting study has put forward
a novel concept to study Rac/Rop GTPase signaling using bacterial protein toxins
[31]. They have demonstrated that two bacterial toxins CNF1 and toxin B through
their catalytic domains cause deamidation and glucosylation of ROPs in vitro.
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CNF1 (cytotoxic necrotizing factor 1) is a multidomain protein causing urinary tract
infections and is produced by pathogenic E. coli strains. CNF1 through its C-terminal
glutamine deamidase domain targets animal Rho GTPases for constitutive activa-
tion [32-34]. Toxin B from Clostridium difficile is a large 270-kDa multidomain
protein responsible for causing diarrhea in animals. Toxin B after glucosylating Rho
GTPases interferes with their signaling pathway by inhibiting their interaction with
the effector molecules [35, 36]. Transient expression of both CNF1 and toxin B in
Arabidopsis proved to be negatively regulating Rop-mediated leaf morphogenesis
and plant growth in general. These results shows that bacterial toxins can be
expressed in plant cells and are useful to study Rho signaling pathway.

Significance of Systemic Approaches to Measure Signaling
Modularity

Measuring response to specific perturbations and activation of Rho family GTPases
has significantly increased our understanding of their function and regulation. The
advanced imaging techniques have surpassed the traditional biochemical and cell
biological methods to significantly contribute in spatiotemporal regulation of sig-
naling pathways in live cells. The high resolution offered by these new approaches
can potentially improve ambiguities in earlier models. Finally, the observation of
GTPase activity in endomembrane regions will dissect the stiff regulation mecha-
nism of Rho GTPases with high spatial and temporal resolution providing insight
into the critical cell behaviors.
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Chapter 10
Key Questions and Future Prospects

Introduction

Small GTP-binding proteins are ubiquitous molecular switches that exist in
eukaryotes functioning as molecular switches, which cycle between active and
inactive states. Plants also contain a large specific class of small GTPases, termed
ROP, playing an important role in plant signal transduction mechanism. Plants, on
the other hand, lack Ras subfamily proteins altogether with members of other four
subfamilies conserved in their genome. In recent years, small GTP-binding proteins
have emerged as an intensively studied group of regulators in plants. Rop in plants
has been found to regulate an array of physiological processes including pollen tube
growth, cytoskeletal arrangement, ROS generation, cell division, response to hor-
mones, and resistance against pathogens. Several evidences have indicated that
plants have developed unique molecular mechanisms to control GTPase protein
activity predominantly through several upstream regulators and downstream effec-
tor proteins.

GTPases and Lipid Interactions

Rho family GTPases are well known to modulate the activity of phospholipases and
contrariwise lipids critically regulate them at the functional level. The evolutionary
association of lipids and small GTPase-mediated signal transduction events has
resulted in an intermingling of these two distinct classes of cellular processes.
Consequently, it could be said that generation of phospholipids is vital for Rho
GTPase activation and they might be functioning as downstream effectors or needed
for signal transduction events. The important aspect of this association that now
needs to be addressed is to evaluate the vitality of these interactions under disease
and different stress conditions in plants.
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Upstream and Downstream Regulators

Even though numerous functions and actions of the GTPase gene family have been
revealed, there are still several questions that need to be answered. The elucidation
of mechanism of activation of small GTPases by GEFs and their inactivation by
GAPs may shed some light on their role as biotimers rather than as signaling
switches. Further, spatiotemporal regulation of the activation and inactivation of
these GTPases may indicate their biological regulation. There have been several
studies on small GTP-binding proteins in animal. However, Rho GTPases in plants
are marginally studied until now. Current progress suggests striking functional simi-
larity between plant and animal GTPases including upstream and downstream
effectors to the regulatory networks. Despite this, functional specificity confined
only to plants has also been detected in ROP GTPases. The Ras subfamily of
GTPases is found only in animals perhaps due to lack of tyrosine kinase receptor in
plants.

Future Perspectives

Future work should emphasize on GTPase functional conservation and nonconser-
vation between animals and plants. Some of the key points that need to be addressed
include interaction of different members of GTPase subfamilies with one another in
the same molecular pathway. Interestingly, some of the reports have suggested the
regulation of ROPs by plant hormones. The general perception designates both
plant hormones and small GTPases as signaling molecules. The interlinking of the
two signaling modules suggests that receptor for plant hormone signaling might be
linking the two processes, simultaneously.

Novel GFP-based FRET probes are emerging as promising tools for facilitating
better analysis of spatiotemporal dynamics of Rho GTPase activity in living cells.
Future work can be directed towards finding their application in physiological sys-
tems. Introduction of more sophisticated imaging and detection tools may further
enhance the range of applications for these probe-based assays.

The presence of multigene ROP family in plants and equally complex signaling
pathways presents a challenge for determining the ROP-dependent signaling activ-
ity. The foremost question that remains to be answered is which one out of the
numerous signaling pathways in plants is driven by Rop GTPases. Given that mul-
tiple ROP proteins are present in plants, does each of them participate in a distinct
signaling pathway or mediates cross talk between different signaling pathways?
Considering that ROPs act as a switch to oscillate between active and inactive states,
the uncertainty remains over the activity regulatory mechanism. Some other impor-
tant points to be pondered upon include the significance of ROPs in RLK-mediated
signaling pathways, downstream targets of ROPs, and how they achieve target
specificity.
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All these are some of the clues, which require further validation. One gaping hole
in our knowledge of plant ROPs is their functional characterization. The character-
ization of GTPase superfamily in model plants like Arabidopsis using genetic,
genomic, bioinformatic, and biochemical methods needs to be performed to yield
information regarding aspects of functional diversity and signaling network. With
the advent of various spatiotemporal techniques capable of detecting signaling
activity in vivo conditions, finding answers to these questions may soon turn into
reality.

Small GTPases in both animal and plants are involved critically in the regulation
of polar growth such as axon growth in animals and pollen tube and root hair cell
elongation in plants. Despite several mechanistic differences, quite a few common
key factors or regulators exist such as small GTPase complement. Due to ease of
work with plants system (robust genetic tools and ease of genetically manipulating
plants compared to animals), it could be possible to identify the holistic regulation
of the polar cell growth in plant system, and the knowledge could be useful to
understand and cure several diseases and neurodegenerative disorder where polar
cell growth is affected in animals.



	Preface
	Acknowledgement
	Contents
	Chapter 1: Overview of G Proteins (GTP-Binding Proteins) in Eukaryotes
	Introduction
	 Small G Protein Structure and Domain features
	 Biochemical Regulation of Small GTPases
	 Guanine Exchange Factors
	 GTPase Activating Proteins
	 GTPase Dissociation Inhibitors
	 Localization and Posttranslational Modifications
	References

	Chapter 2: Overview of Small GTPase Signaling Proteins in Plants
	Introduction
	 Historical Aspects
	 Small GTPase Complement in Plantae
	 Plant-Specific Functions of ROPs
	References

	Chapter 3: Identification and Classification of Rho GTPases in Plants
	Introduction
	 Nomenclature
	 Small GTPase Complement in Arabidopsis
	 ROP GTPase Complement in Rice
	References

	Chapter 4: Sequence, Structure, and Domain Analysis of GTPases in Plants
	Introduction
	 Domain Identification and Confirmation of Rice Small GTPases
	 Multiple Alignment and Phylogenetic Analysis
	 Comparative Phyletic Analysis of Rice Small GTPase Genes
	 Gene Nomenclature and Localization of Rice Small GTPase Complement
	 G Domain Conservation Pattern
	References

	Chapter 5: Expression of Small GTPases Under Stress and Developmental Conditions in Plants
	Introduction
	 Expression Pattern of OsGTPases in Abiotic Stress
	 Expression Pattern of OsGTPases in Developmental Stages
	 Expression Pattern of OsGTPases During Phytohormone Treatment
	 Expression Analysis of AtGTPases in Developmental Stages
	 Expression Analysis of AtGTPases in Abiotic Stress
	 Expression Analysis of AtGTPases During Phytohormone Treatment
	References

	Chapter 6: Emerging Roles of Rho GTPases in Plants
	Rho GTPases: Versatile Signaling Molecules in Plants
	 Rho Activates Plant Defense Mechanisms
	 Role in Intracellular Trafficking and Cell Polarity
	 Role in Pollen Tube Growth
	 Role in Root Hair Development
	 Small GTPases Control Cell Morphogenesis
	References

	Chapter 7: Cellular Localization of Small GTPases
	Introduction
	 Membrane Association of RAC/ROP GTPase
	 Hypervariable Region Regulates RAC/ROP Localization
	 Posttranslational Lipid Modifications Determine ROP Activity
	 Significance of Subcellular Localization in ROP Signaling
	References

	Chapter 8: Functional Genomic Perspective of Small GTPases
	Introduction
	 Regulatory Mechanism of Rho Signaling
	 Rho Interacting Proteins and Their Role in Plants
	 Unconventional Effectors of ROP/RAC GTPases
	References

	Chapter 9: Systemic Approaches to Resolve Spatiotemporal Regulation of GTPase Signaling
	Introduction
	 Detection of Rho GTPase Activity in Plant Cells
	 FRET Assay
	 Biochemical Assay for the Detection of ROP GTPase Activity
	 Light-Gated Protein Interactions
	 Bacterial Toxins to Study Plant GTPase Signaling
	 Significance of Systemic Approaches to Measure Signaling Modularity
	References

	Chapter 10: Key Questions and Future Prospects
	Introduction
	 GTPases and Lipid Interactions
	 Upstream and Downstream Regulators
	 Future Perspectives




