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ABSTRACT

RD20/CLO3, a stress-induced calcium-binding protein, acts as a negative regulator of
GPAL1 in Arabidopsis through GAP activity

Justin Wright

G-protein and calcium signaling have both been shown to play a role in the re-
sponse to environmental abiotic stress in plants; however, the interaction between calcium-
binding proteins and G-protein signaling molecules remains elusive. This study examines
the interactions between RD20/CLO3 and Ga (the alpha subunit of the G-protein complex)
from Arabidopsis, and their closest homologs, Ta-CLO3 and Ta-GA3 in wheat (Triticum
aestivum). Using in vitro GTPase assays, it is demonstrated that RD20/CLO3 and Ta-CLO3
have GTPase-activating protein (GAP) activity toward GPA1 and Ta-GA3, respectively, and
this activity is potentiated by high calcium levels indicative of stress conditions. Phenotypic
examination of mutant plants reveals a pattern of phenotypes congruent with the hypothe-
sis of RD20/CLO3 acting as a downregulator of GPA1 activity. These findings reveal a novel
role for RD20/CLO3 in regulating plant stress response. Furthermore, this work sheds light
on the molecular mechanisms involved in controlling stomatal density under abiotic stress.
In vivo interactions were tested through bimolecular fluorescence complementation (BiFC)
with other caleosin proteins to further characterize the caleosin gene family. The work con-
tributes to the understanding of G-protein signaling in response to environmental stress

conditions.
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Gene name Protein name Notes

RD20/CLO3, RD20, or At- In literature, referred to either as RD20 or CLO3; this

RD20/CLO3 CLO3 study will always use RD20/CLO3; “CLO3” alone will
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Ta-CLO3 Ta-CLO3 Closest homolog of RD20/CLO3 in wheat

Ta-GA3 Ta-GA3, Ga Closest homolog of GPAI in wheat

“Ta-” before a gene name indicates that the gene is from Triticum aestivum; “At-" before a
gene name indicates Arabidopsis thaliana.
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INTRODUCTION

1. INTRODUCTION TO STRESS RESPONSE

The adverse effects of abiotic stresses, such as drought, salt, and cold, on plants has
long been a major obstacle in agriculture. With the advent of climate change and limited
water supplies, increased desertification has gained particular attention as an imminent
threat to agricultural yields. A 2007 estimate concluded that 10-20% of Earth’s drylands
have already been degraded by desertification (Holtz 2007). By 2025, if current trends con-
tinue, an estimated 1.8 billion people could live in regions affected by water scarcity, and
water stress could affect two thirds of the world population (World Bank 2009). The devel-
opment of new varieties of crops tolerant to drought and other abiotic stresses is crucial,
but is limited by our current understanding of the genetic and physiological stress-response
mechanisms already existing in plants. Breeding techniques in cereal crops have tradition-
ally selected for broad phenotypes rather than specific genes, but progress in this approach
has been constrained by overlapping stress-response mechanisms and the overall complex-
ity of the plant’s stress-response network (Fleury 2010). Uncovering the genetic basis for the
control of plant stress responses will allow for breeding techniques that select for specific
loci rather than overall phenotypes, as well as reveal candidate genes for biotechnology-
oriented approaches.

Plant physiological responses to abiotic stresses include osmotic changes to decrease
water loss and increase water uptake (Chen and Jiang 2010), alterations in root architecture
(Xiong et al. 2006), and changes in flowering time (Yaish ef al. 2011). Modifications in root
development in response to water stress include suppression of lateral root formation and

stimulation of primary root penetration deeper into the soil where water concentration



tends to be higher (Xiong et al. 2006). On a molecular level, these responses are controlled
by a vast set of interconnected pathways. When a plant is exposed to either abiotic or biotic
stresses, early general responses include rapid compartment-specific changes in Ca** and
reactive oxygen species (ROS) concentrations that follow patterns specific to certain stimuli
(Wurzinger et al. 2011). Calcium-dependent pathways are triggered by the change in Ca**
concentration, and include calcium-dependent protein kinases (CDPKs) and calcineurin
B-like proteins (CBLs), all of which detect Ca** through EF-hand domains and activate
downstream targets (Luan 2009). Mitogen-activated protein kinases (MAPKs) respond to
external stimuli and activate phosphorylation cascades, eventually transducing the stimuli
into transcriptional regulation (Wurzinger et al. 2010). Many of these mechanisms are in-
terconnected with the production of the plant hormone abscisic acid (ABA), which is pro-
duced at high levels under abiotic stress conditions, as well as certain biotic stimuli, and

serves as a transcriptional regulator for a number of stress-response proteins.

2. THE CALEOSIN GENE FAMILY

Triticum aestivum, commonly known as bread wheat, is recognized as the most ro-
bust major crop in the face of abiotic stresses (Tardif et al. 2007), and is capable of surviving
temperatures as low as -21°C following an acclimation period. In the search for stress sig-
nalling genes, microarray analyses comparing cold-tolerant winter wheat to cold-sensitive
spring wheat revealed a number of genes that were both more highly-expressed and more
highly-induced during cold acclimation in cold-tolerant varieties than in cold-sensitive va-
rieties (Gulick et al. 2005; Monroy et al. 2007). Among the most highly-induced genes in
cold-tolerant wheat was Ta-CLO3, formerly named /900, which was induced 9-fold in cold-
tolerant wheat following cold acclimation (Gulick et al. 2005; Monroy et al. 2007). (A guide
to gene and protein names used in this study can be found in Table 1). Subsequent yeast-

two-hybrid screening revealed interaction between Ta-CLO3 and a protein highly similar



in sequence to the alpha subunit, Ta-GA1, of the heterotrimeric G-protein complex (Tardif
et al. 2007), described in section 4, suggesting possible involvement of the Ga protein in
cold acclimation.

A homolog of CLO3 in Arabidopsis, RD20/CLO3 (At2G33380), which is a member
of the caleosin gene family of calcium-binding genes, is strongly-induced under a variety
of abiotic stress conditions, including dehydration, salt, cold, and ABA treatment (Taka-
hashi et al. 2000). RD20/CLO3 has also been identified as a regulator of stomatal control,
and rd20/clo3 mutants have exhibited decreased tolerance to drought and salt conditions
(Aubert et al. 2010). RD20/CLO3 is suggested to act as a stress signalling hub that triggers
or regulates a plant’s stress response mechanisms (Aubert et al. 2010).

The caleosin gene family is a small family of proteins that bind calcium through a
single EF-hand domain. In Arabidopsis, 7 proteins have been identified as caleosins, but
RD20/CLO3 is the only member shown to be highly induced by abiotic stress conditions
(Aubert et al. 2010). Recent evidence suggests that Arabidopsis CLO4 is a negative regulator
of ABA-mediated stress response, showing an expression pattern opposite to that of RD20/
CLO3 (Kim et al. 2011). Mutants lacking CLO4 showed enhanced drought tolerance, while
mutants lacking RD20/CLO3 were more drought-sensitive (Kim et al. 2011, Aubert et al.
2010). Because RD20/CLO3 is the only caleosin shown to exhibit stress induction, there has
been little research reported on the remaining members.

Arabidopsis caleosin CLO7 is the furthest in sequence similarity to wheat Ta-CLO3,
while CLO2 is highly similar to RD20/CLO3 - these genes therefore serve as indicators of

the conservation and variability of function in the caleosin family.

3. STRESS SIGNALING THROUGH CALCIUM

The binding of RD20/CLO3 to calcium through an EF-hand domain suggests in-

volvement in Ca**-mediated signalling pathways. Ca** concentration is normally main-



tained at low levels in the cytoplasm, and very high levels in the vacuole and endoplasmic
reticulum, through active transport. Stress conditions, either through abscisic acid (ABA)
signalling or through other signalling pathways, trigger ion channels to allow the passive
flow of Ca** back into the cytoplasm (Sanders et al. 2002). The influx of Ca** into the cytosol
occurs in patterns specific to the stressor — stomatal aperture, for example, is determined by
the frequency and amplitude of [Ca**]9" oscillations (Allen et al. 2001), while certain biotic
stresses can result in a sustained increase in [Ca?"]9" levels (Lecourieux et al. 2005).

The signals encoded in the release of Ca?** into the cytosol are then decoded by cal-
cium sensor proteins. These sensors can be divided into either sensor responders, which
detect calcium and directly play an activating role in response (such as phosphorylation),
or sensor relays, which act through interaction with other proteins (Sanders et al. 2002).
Calcium-dependent protein kinases (CDPKs) are sensor responder proteins that cause a
phosphorylation cascade in response to calcium. Arabidopsis Calcium-dependent Protein
Kinase3 (CPK3) and CPKS6, for example, play a role in stomatal closure (Mori et al. 2006).
Calcineurin B-like (CBL) proteins act as sensor relays, acting on CBL-Interacting Protein
Kinases (CIPKs), and function as a broad signalling network, with great precision in detect-

ing [Ca®'] gradients within the cytoplasm (Dodd et al. 2010).

4. THE PLANT HETEROTRIMERIC G-PROTEIN COMPLEX

The plant heterotrimeric GTP-binding protein (G protein) complex has been shown
to play arole in the response to a number of stress conditions including high salinity, drought
(Misra et al. 2007), light (Lapik and Kaufman 2003), hypoxia, and ethylene (Steffens and
Sauter 2010), as well as biotic stress (Aharon et al. 1998). Components of the heterotrimeric
G-protein complex have also been shown to act in signaling pathways regulated by abscisic
acid (ABA) (Ritchie and Gilroy 2000; Wang et al. 2001; Pandey et al. 2006), jasmonic acid

(Okamoto et al. 2009), and gibberellin (Ullah et al. 2003). G proteins and G-protein regula-



tors have been shown to be involved in alterations in root growth (Chen et al. 2006) and
transpiration efficiency (Nilson and Assmann 2010); however, their integration into the
stress signalling networks is still not well-understood.

The structure and role of the G-protein complex has been studied extensively in
mammals, but remains a relatively new and unknown area of study in plants. In contrast
to the mammalian G-protein complex, in which entire gene families exist for each subunit,
plants contain very few genes coding for G proteins - the Arabidopsis genome, for example,
has only one gene each encoding Ga and the Gf3 subunits, two genes encoding Gy-subunits
(Jones and Assmann, 2004) one gene encoding a Regulator of G-protein-signaling (RGS1)
protein, and one known G-protein-coupled receptor (GPCR) (Urano and Jones 2013). The
low number of genes encoding heterotrimeric G proteins in plants suggests that diversity of
signalling through the G-protein signalling pathways may derive from diversity of proteins
that interact with them, but this hypothesis is just begining to be examined. Mechanisms for
regulating G-protein signalling through interactions with Ga include GTPase-activating
proteins (GAPs), which increase Ga’s rate of GTP hydrolysis, favouring the return to its
inactive state, and guanine-nucleotide exchange factors (GEFs), which have the opposite
effect.

Both RD20/CLO3 and GPA1, the Arabidopsis gene encoding the a-subunit of the
heterotrimeric G protein, have been shown to be regulators of transpirational efficiency
(TE) in Arabidopsis (Aubert et al. 2010; Nilson and Assmann 2010). TE is the ratio of plant
growth to water loss via transpiration, and is used as an indicator of the effectiveness of a
plant’s use of water (Nilson and Assmann 2010). Nilson and Assmann (2010) showed that
enhanced transpirational efficiency of gpal mutants was likely due to reduced stomatal
density (resulting in fewer outlets for water loss), and not to altered response of stomata
opening or closing to drought. The RD20/CLO3 overexpressor was also shown to have in-
creased transpirational efficiency, while the rd20/clo3 mutant exhibited the opposite char-

acteristic; the physiological basis of altered efficiency was not investigated.



Ga, GB, and RGS1 have been identified as regulators of root morphology (Chen et
al. 2006). Pandey et al. (2006) found that gpal mutant plants responded to exogenous expo-
sure to ABA with a higher reduction in primary root elongation than wild type plants. Mu-
tants of AGBI, the gene coding for G, showed an increase in lateral root production, while
gpal mutants showed a decrease in lateral roots. Triple mutants lacking RGSI (coding for
RGS, regulator of G-protein signalling), GPA1, and AGBI showed an even higher increase
in lateral root number than agbI mutants, as well as an increase in root meristematic cell di-
vision, suggesting that the G-protein complex containing an inactive Ga subunit normally
suppresses lateral root formation (Chen et al. 2006). In examining the effect of glucose on
root architecture, Booker et al. (2010) found that null mutations in either GPA1 or RGS1
tully cancelled out the effect of glucose, which normally stimulates lateral root production,
but double mutants of GPAI and AGBI or single mutants of AGBI did so only partially.
They therefore proposed that Ga stimulates lateral root emergence by inhibiting Gf, and
possibly through an additional direct pathway (Booker et al. 2010). If RD20/CLO3 inhibits
Ga activity in root tissue, it could potentially play a role as an inhibitor of lateral root emer-
gence and a promoter of primary root elongation.

To date, few upstream G-protein-coupled receptors have been shown to interact with
the Ga subunit of Arabidopsis, namely AtGCR1 (Pandey and Assmann, 2004), regulator
of G protein signaling protein 1 (AtRGS1) (Chen et al. 2003), and GPCR-type G-protein
(GTG) 1 and GTG2 (Pandey et al 2009). Similarly, few presumably downstream interac-
tors have been identified that physically interact with the plant Ga subunit. The Ga sub-
unit of Arabidopsis, GPA1, interacts with the Arabidopsis cupin domain protein ATPIRIN1
which regulates seed germination and seedling development (Lapik and Kaufman 2003).
Phospholipase D (PLDal) (Zhao and Wang 2004), prephenate dehydratase protein (PD1)
(Warpeha et al. 2006); the plastid protein thylakoid formation 1 (THF1) of Arabidopsis
were shown to interact with GPA1 in Arabidopsis (Huang et al. 2006) and in Eschscholzia

californica, phospholipase A, (PLA,) was found to interact with Ga (Heinze et al. 2007).



5. PROJECT GOAL

The present project aims to investigate the mechanism and role of the interaction
between GPAI and RD20/CLO3, and their wheat homologs Ta-GA3 and Ta-CLO3. Existing
knowledge suggests the potential role of the RD20/CLO3 protein as a negative regulator of
GPAL1. This hypothesis is examined at the molecular level in vitro and at a phenotypic level.
Additional interactions between other members of the caleosin gene family and compo-
nents of the G-protein complex are examined in vivo to further understand the caleosin

gene family as a whole.



MATERIALS AND METHODS

Plant growth conditions
Soil-grown plants

For the growth of the wild tobacco, Nicotiana benthamiana, a soil mixture contain-
ing equal parts of black earth, peat moss, and vermiculite were mixed and heated at 150°C
for one hour. Dry seeds were stratified in the dark at 4°C for 2-3 days prior to sowing.
Tobacco seedlings were grown in a growth chamber at, 43.21 pmol-m2-s* fluorescent light
with a light cycle of 16 hr light and 8 hr dark unless otherwise stated.

Arabidopsis plants were grown in the soil mixture described above. Seeds were sown
in soil and stratified in the dark at 4°C for 3-4 days. Pots were then placed in growth cham-

bers and grown under the same conditions as the N. benthamiana plants.

Plants grown on agar based media

Growth of Arabidopsis plants was also characterized on agar media plates. Seeds
were sterilized by vortexing in 70% ethanol followed by a sterilization solution (30% bleach,
1% Triton X-100) for 7 min, washed 4-5 times with distilled water, and stratified in the dark
at 4°C for 3-4 days. Seeds were plated on petri dishes containing sterile media consisting
of 0.5x Murashige and Skoog basal salt mixture, 1% (w/v) Sucrose, 0.05% MES hydrate
(4-Morpholineethanessulfonic acid), 0.4% Gelzan™ CM agar substitute gelling agent ad-
justed to pH 5.7. To measure root growth in response to hormone treatment, plants were
grown on MS plates for 48 hours and then transferred to abscisic acid treatment plates (MS
media, 1% sucrose, and 2 pM ABA), or control plates (only MS media and 1% sucrose) and
grown for 8 days with the plates positioned near vertically. To prevent contact between leaf
tissue and sucrose in the MS media, which may alter lateral root formation, the top section

of media of each plate was removed as suggested by (Dubrovsky and Forde 2012).



Sources of seeds

Seeds for transgenic Arabidopsis with the GPA1 promoter:GUS fusion, as well as
seeds containing a mutation in GPA1 (gpal-2 mutants) were kindly provided by Sarah Ass-
mann (Pennsylvania State U.). All other seeds were purchased from the Arabidopsis Bio-

logical Resource Center (ABRC).

Generation of expression vectors
DNA sources

Arabidopsis genomic DNA was purified using the REDExtract-N-Amp™ Plant PCR
Kit (Sigma) with a protocol similar to the manufacturer’s instructions. Tissue samples of
approximately 0.5 cm* were cut from leaves of mature Arabidopsis plants of the Colombia
(Col-0) ecotype using a razor blade. 50 uL Extraction Solution and 50 uL Dilution Solution
were used, and DNA was stored at -20°C.

All Arabidopsis cDNA clones were ordered either from the Arabidopsis Biological
Resource Center (ABRC) at the Ohio State University, the RIKEN BioResource Center in
Japan, or were obtained from Dr. Alan Jones. Sources of cDNA for each clone are shown in

Table 2.

Generation of entry clones and expression vectors

The coding regions from cDNA clones were amplified by PCR using primers with
Gateway” recombination sites and cloned into pDonr201 or pDonr207 by Gateway® in vitro
recombination using the BR Clonase II Enzyme mix (Invitrogen). Constructs were trans-
formed into the TOP10 E. coli strain by electroporation, and plasmid was purified from the
E. coli culture. Gateway” LR reactions were used to transfer the inserts from entry vectors
to binary destination vectors including the bimolecular fluorescence complementation vec-
tors (BiFC) pBatTL-B-sYFP-C, and pBatTL-B-sYFP-N, to create C-terminal half Yellow
Fluorescent Protein (YFP), and N-terminal half-YFP fusions respectively. Coding sequenc-
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Table 2. Entry clones used in this study

Construct Gene name Vector description cDNA source
Gp-pDONR201 AGBI* Entry clone Alan Jones
Gy-pDONR201 AGGI* Entry clone Alan Jones
CLO1-pDONR201 CLOI* Entry clone RIKEN-BRC*
CLO2-pDONR201 CLO2* Entry clone ABRC®
CLO7-v1-pDONR201 CLO7-vI* Entry clone INRAS

1** half RD20/CLO3-pDONR201 ~ RD20CLO3 (I half) Truncated (1% half) of sequence ABRC

2" half RD20/CLO3-pDONR201  RD20/CLO3 (2" half)* Truncated (2 half) of sequence ABRC
ERECTA-pDONR201 ERECTA* Entry clone RIKEN-BRC*
PLC1-pDONR201 Pi-PLCI1* Entry clone ABRC®
PLC7-pDONR201 Pi-PLC7* Entry clone ABRC®

* indicates no stop codon

a RIKEN BioResource Center (RIKEN BRC), Japan

b Arabidopsis Biological Resource Center (ABRC), Ames, USA

¢ Institute National de la Recherché Agronomique (INRA), France

Table 3. Expression vectors used in this study

Construct Gene name Vector description Source
Ga-pBatTL-B-sYFP-C GPAI1* Fusion with C-terminal subunit of YFP Zhejun Wang
GB-PK7FWG2 AGBI* eGFP fusion Justin Wright
Gp-pBatTL-B-sYFP-C AGBI* Fusion with C-terminal subunit of YFP Justin Wright
Gp-pBatTL-B-sYFP-N AGBI* Fusion with N-terminal subunit of YFP Justin Wright
Gy-PK7FWG2 AGGI* eGFP fusion Justin Wright
Gy-pBatTL-B-sYFP-C AGGI* Fusion with C-terminal subunit of YFP Justin Wright
Gy-pBatTL-B-sYFP-N AGGI* Fusion with N-terminal subunit of YFP Justin Wright
CLO7-v1-PK7FWG2 CLO7-vI* eGFP fusion Justin Wright
CLO7-v1-pBatTL-B-sYFP-C CLO7-vI* Fusion with C-terminal subunit of YFP Justin Wright
CLO7-v1-pBatTL-B-sYFP-N  CLO7-vI* Fusion with N-terminal subunit of YFP Justin Wright
CLO7-v3-pBatTL-B-sYFP-N  CLO7-v3* Fusion with N-terminal subunit of YFP Zhejun Wang
CLO2-PK7FWG2 CLO2* eGFP fusion Justin Wright
CLO2-pBatTL-B-sYFP-C CLO2* Fusion with C-terminal subunit of YFP Justin Wright
CLO2-pBatTL-B-sYFP-N CLO2* Fusion with N-terminal subunit of YFP Justin Wright
RD20/CLO3-pFAST-GO02 RD20/CLO3* 35s promoter for overexpression Justin Wright
RD20/CLO3-pDEST17 RD20/CLO3* RD20/CLO3 with 6xHis tag Zhejun Wang
GPA1-pDEST17 GPAT* GPA1 with 6xHis tag Alan Jones
Ta-CLO3-pDEST17 RD20/CLO3* Ta-CLO3 with 6xHis tag Hala Khalil
Ta-GA3-pDEST15 Ta-GA3* Ta-GA3 with GST tag Hala Khalil

*indicates that no stop codon was included in the clone

10



es were also subcloned by Gateway” LR reactions as fusions to full length enhanced Green
Fluorescent Protein (eGFP), in the PK7FWG2 binary vector. For protein expression in E.
coli, coding sequences were transferred from entry clones to pDEST17, with a Gateway”-
compatible 6-His-tag N-terminal fusion (Invitrogen). The expression vector for His-tagged
GPA1 was a gift from Dr. Alan Jones (North Carolina State University). A list of entry clones
generated and used is found in Table 2.

To localize RD20/CLO3 expression in Arabidopsis by GUS reporter expression, the
region 1000 bp before the transcription start site, more than enough to contain the entire
promoter region, was amplified by PCR, and cloned into the binary vector pPKGWES?7. The
promoterGPA1:GUS construct was obtained from Sarah Assmann (Pennsylvania State U.),
and contained the region 1500 bp before the transcription start site in the binary GUS
vector pORE R1.All constructs were verified by PCR, and entry clones were verified by
PCR and sequencing. When it was found that the constructs of both CLO7-v1 and AGGI
contained errors, the genes were re-cloned and the experiment repeated. The new clones

produced the positive interactions described in the results.

Gene expression in plants
Transformation of Agrobacterium tumefaciens

Expression vectors were transformed into Agrobacterium tumefaciens for later
transformation into plants. Agrobacterium strain AGL1 was used originally, but was later
replaced by LBA4404 for improved transformation efficiency. Cells were transformed by

electroporation, and grown on plates with LB media for two days at 30°C.

Expression profiling through f-glucuronidase (GUS) reporter assay

Transgenic plants containing promoterRD20/CLO3:GUS seed were germinated on
control MS media with 1% sucrose. After three, five, six, or ten days, plants were transferred
to MS plates with 1% sucrose supplemented with either 10 uM ABA or to control media.
The plants were treated for 6 hours, and then transferred to an X-Gluc solution made ac-

11



cording to the protocol described in Jefferson et al. (1987). Samples were then destained in
70% ethanol after staining for 24 hours.

Plants expressing promoterRD20/CLO3:GUS were also grown in soil for 13 days af-
ter germination in soil, then were sprayed twice per week with either ABA solution (25 uM
ABA, .5% ethanol), or control solution (.5% ethanol). These plants were then stained for 24

hours in the X-Gluc solution described previously.

Tissue embedding and sample sectioning

To examine cell-specific gene expression by GUS reporter assay, leaf tissue samples
were embedded in paraffin using the “simplified paraffin embedding method” presented
in Xing et al. (2009). Because the tissue samples were already submerged in 70% ethanol
to destain the GUS assay, the first step of the protocol (placing the tissues in a fixative) was
skipped. Embedded samples were sliced with a microtome into 3-micron-thick samples.
To mount the samples on slides, the tissue-containing paraffin slices were placed on top of
warm water; glass slides with a layer of egg white brushed onto the surface were used to pick
up the slices from the surface of the water. After the slides dried, cover slips were placed

over the slides with several drops of resin.

Bimolecular fluorescence complementation (BiFC) and GFP localization

Interactions were detected in vivo by BiFC, in which two genes were fused to the
different halves of YFP, for expression in plant cells as described earlier in “Generation of
entry clones and expression vectors”. Fusions to full length eGFP also showed localization of
individual proteins. To verify the subcellular localization of protein expression and inter-
action, specific organelle markers were co-expressed with the YFP or GFP fusions. These
markers are shown in Table 4. Several of the markers proved to be problematic; the PM
marker especially, in certain cells, showed expression in other organelles. This problem was
partially rectified by infiltrating with a lower ODy,, but for many samples, the marker had

to be left out entirely.
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Table 4. Organelle markers as mCherry fusions

Organelle Construct name Targeting Protein

PM PM-rk CD3-1007 Full length of AtPIP2A, a plasma membrane aquaporin

C-terminus of ¢-TIP, an aquaporin of the vacuolar membrane fused to the

Tonoplast T-rk CD3-975 fluorescent protein

Signal peptide of AtWAK?2, wall-associated kinase2, at N-terminus of protein

ER ER-rk €D3-959 and an ER retention signal, His- Asp-Glu-Leu, at the C- terminus.
Plastid Pt- rk CD3-999 First 79 aa of small subunit of tobacco rubisco.

Mitochondria Mt-rk CD3-991 First 29 aa of yeast cytochrome C oxidease I'V.

Golgi G-rk CD3-967 First 49 aa of GmManl, soybean a-1,2 mannosidae 1.

Peroxisomal targeting signall, Ser-Lys-Leu, at C- terminus of the fluorescent

Peroxisome Px-rk CD3-983 .
protein.

PM, Plasma Membrane; T, Tonoplast; ER, Endoplasmic Reticulum; Pt, Plastids; Mt, Mitochondria; G, Golgi; PX, Per-
oxisome; r, mCherry fluorescent protein; k, kanamycin resistance.

Plasmid constructs for use in bimolecular fluorescence complementation (BiFC)
or localization for expression of protein fusions with full length green fluorescent protein
(GFP) constructs and subcellular markers, were transformed into Agrobacterium tumefa-
ciens strain LBA4404 and infiltrated into N. benthamiana leaves according to Kapila et al.
(1997) with the minor modification that Agrobacterium infiltration solutions were used at
both high and low cell concentrations, ODg, 0f 0.5 and 0.1. Three days after infiltration, 0.5

cm? sections were cut out from leaves and examined by microscope.

Microscopy

Leaf samples examined for BiFC and fluorescence localization were viewed and pho-
tographed with a confocal LSM Leica TCS SP2, controlled by the LeicaConfocal Software.
The PL APO 40x oil objective (N.A: 1.25) was used, with a final image resolution of 1024 x
1024 pixels. For mCherry markers, a Helium-Neon laser (excitation wavelength of 543 nm;
emission at 560-640 nm) was used at 100% intensity. For YFP interactions, an Argon laser
(excitation wavelength of 514 nm; emission at 520-590nm) was used at 90% intensity. Ad-
ditional samples were examined with a Zeiss Axioplan fluorescence microscope mounted
with a Lumenera Infinity 3-1C 1.4 megapixel colour-cooled CCD camera using the 40x
objective lens. The filters used were: GFP Filter Cube #1031346 (Exciter Filter: BP 470/40,

Beam Splitter: FT 495, Barrier Filter: BP 525/30), dsRed Filter Cube #1114462 (Exciter
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Filter: BP 560/40, Beam Splitter: FT 585, Barrier Filter: BP 630/75), and YFP Filter Cube
#1196681 (Exciter Filter: BP 500/20, Beam Splitter: FT 515, Barrier Filter: BP 535/30).
Tissue samples from plants expressing RD20/CLO3 promoter:GUS constructs were exam-

ined under the Zeiss Axioplan fluorescence microscope, using the 10x objective lens in

bright-field and dark field format.

GTPase assay
Protein purification from E. coli

His-tagged GPA1 was expressed in E. coli strain BL21 and purified using a modified
version of the protocol described in Willard and Siderovski (2004). Cells were precultured
overnight in 50 ml LB with 50 M ampicillin, shaking at 37°C, and then transferred to 450
ml LB. The culture was shaken at 37°C until an ODyy, of 0.6-0.9 was reached. The cells were
induced with .5 mM IPTG overnight and then pelleted by centrifugation at 4°C for 45 min-
utes at 9500 rpm. The pellet was resuspended in 50 ml lysis buffer (50 mM Tris-HCI, pH
7.5; 100 mM NaCl; 5% (v/v) glycerol; 10 mM imidazole; 50 uM GDP; 5 mM MgCl; 30 uM
AICL; 20 mM NaF); lysozyme was added at 1 mg/ml and MgCl, was added to a final con-
centration of 20 mM, and the suspension was rocked for 30 minutes at 4°C. AICI, and NaF
were included because their reaction produces AIF,, a molecule shown to increase the yield
of Ga purification. The cell suspension was sonicated for 2 min. NaCl was added to bring
the concentration to 300 mM, and the solution was rocked for 30 minutes at 4°C. The solu-
tion was centrifuged at 11000 x g for 35 min and the supernatant removed and incubated
with rocking 90 min. lycerol, 5 mM MgCl,, 30 uM AICl;, 20 mM NaF, 5 mM PMSE, 50 uM
GDP, 1 mM DTT, and 3x Complete EDTA-free protease inhibitor (Roche) at 3 tablets/L).
Recombinant Ta-GA3-GST protein was purified from the supernatant with Glutathione
Sepharose™ 4B beads (GE Healthcare Life Sciences) according to the manufacturer’s proto-
col by incubation for 90 min at 4°C with rocking. The matrix was rinsed twice in a chroma-
tography column (Bio-Rad) with 137 mM NaCl, 2.7 mM KCl, 8.1 mM Na HPO,, and 1.76
mM KH_PO, and eluted with 25 mM glutathione, 50 mM Tris-HCI, pH 8.0, and 150 mM
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NaCl. Purified GPA1-His is shown in Figure 4.

Ta-CLO3-His and RD20/CLO3-His were isolated from a bacterial pellet froma 1 L
culture by suspension in 10 ml of B-PER lysis buffer (Pierce) and centrifuged at 11000 x g
for 30 min. RD20/CLO3 protein was purified from the supernatant using Ni-NTA Agarose

(Qiagen) according to Pandey et al. (2009) and stored in aliquots of 100 pl at -80°C.

Preparation of protein samples and detection of GTPase activity

Purified proteins were incubated with 2 mM EDTA for five min, and GTP was
added to 5 mM final concentration and incubated for 30 min at 4°C. All protein samples
were buffer-exchanged three times in 50 mM Tris-HCI, pH 7.5, and 100 mM NacCl at 4°C,
with VivaSpin 500 columns (Stedim) according to the manufacturer’s protocol. The GTPase
reactions using wheat proteins were performed in the exchange buffer with 10 uyM GTP
and 10 mM CaCl,. Proteins were assayed at approximately 50 pM each. The reactions were
activated with 10 mM MgCI2 and incubated for 30 min at room temperature. Inorganic
phosphate, the GTPase reaction product, was assayed using the P,Per Phosphate assay kit
(Invitrogen) according to the manufacturer’s protocol, with samples being read over a 1 h

time course. Results show the average of 3 assays.

Stomate density and leaf phenotypes

To characterize stomate density, leaf number, and the leaf length:width ratio in mu-
tant rd20/clo3 and gpal plants and in controls, plants were grown in soil for 6 weeks during
which time they were sprayed twice per week with a solution of 25 uM ABA and 0.05%
ethanol. Control plants were sprayed twice per week with 0.05% ethanol (Nilson and Ass-
mann 2010). Six plants were characterized for each genotype. Stomate density was mea-
sured microscopically for three leaves per plant using epidermal peels made from each leaf
and photographed at 400x magnification with a Zeiss Axioplan fluorescence microscope
with a Lumenera Infinity 3-1C 1.4 megapixel color-cooled CCD camera. Between nine and
twelve photographs were examined per plant. To count the leaf number, leaves larger than
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1 cm? were counted in each plant 6 weeks after germination. Leaf shape was measured by

photos taken from above and analysed in Adobe® Photoshop®.

Statistical analysis
For protein assays and phenotype data, standard error was calculated for each group.

A student’s T-test was performed to detect statistical significance using a P of < 0.05.

Table 5. Accession numbers for genes mentioned

Arabidopsis
Gene name TAIR accession GenBank accession
CLO1 AT4G26740.1 NM_118808.4
CLO2 AT5G29560.1 N/A
RD20/CLO3 AT2G33380.1 NM_128898.3
CLO4 AT1G70670.1 NM_105735.2
CLO7-vl AT1G23240.1 N/A
CLO7-v3 AT1G23240.3 BX814132
PLC1 AT5G58670.1 NM_125254.1
PLC7 AT3G55940.1 NM_115452.1
AGBI AT4G34460.1 NM_119611.4
AGGI AT3G63420.1 NM_116207.2
GPA1 AT2G26300.1 NM_128187.3
Triticum aestivum
Gene name GenBank accession
Ta-GA3 HQO020506.1
Ta-CLO3 HQ020505.1
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Table 6. Primers used in this study

Gene Accession No. Primer name  Direction Sequence T, Region Productsize Stop?
CLOIE Forward  GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGGGT- 6
orwa CAAAGACGGAGAT
CLOI AT4G26740.1 CDS 796 bp No
CLOIR Rever GGGGACCACTTTGTACAAGAAAGCTGGGTCGTAGTATGCT-
EVEISe  GTCTTGTCTTCACTGAT
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCTCT-
ERECTAF  Forward  crpi GAGATATTGTTCTT 60
ERECTA AT2G26330.1 CDS 2989 bp No
ERECTAR Rever GGGGACCACTTTGTACAAGAAAGCTGGGTCCTCACT- 6
EVEISe  GTTCTGAGAAATAACTTGTCC
PLCIF Forward  GGGGACAAGTTTGTACAAAAAAGCAGGCTTAAT- 59
orwa GAAAGAATCATTCAAAGTGTGTTT
PLCI AT5G58670.1 CDS 1744 bp No
PLCIR Reverse  GGGGACCACTTTGTACAAGAAAGCTGGGTCACGAGGCTC-
v CAAGACAAACC
p— Forward  GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGIC- 6
orwa GAAGCAAACATACAAAGTC
PLC7 AT3G55940.1 CDS 1813 bp No
PLOTR Reverse  GGGGACCACTTTGTACAAGAAAGCTGGGTCCACAAACTC- g
v CAACCGCAC
BL.Gp Forward  GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGICT- 6
GTCTCCGAGCTCAAA
GB AT4G34460.1 CDS 1192 bp No
B2.Gp3 Reverse  GGGGACCACTTTGTACAAGAAAGCTGGGTCAAT- 58
CACTCTCCTGTGTCCTCC
Gy Ea Forward  GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCGAGAG-
Y Orward GAAACTGTGGTT
Gy AT3G63420.1 CDS 358 bp No
G RS Rever GGGGACCACTTTGTACAAGAAAGCTGGGTCAAGTATTA- "
Y EVEISE  AGCATCTGCAGCCTTC
GGGGACAACTTTGTACAAAAAAGCAGGCTTCATGGCAG-
RD20GWFOR Forward GAGAGGCAGAGGCTTT 67
RD20/CLO3  AT2G33380.1 CDS 772 bp No
RD2OGWREV  Reverse  GGGGACCACTTTGTACAAGAAAGCTGGGTAGTCTTGTTT- .

GCGAGAATTGGCCCT




GGGGACAACTTTGTACAAAAAAGCAGGCTTCATGGGCT-

GPAIGWFOR  Forward ) o1 TGCAGTAGAAGTCG 64
GPAI AT2G26300.1 GGGGACCACTTTGTACAAGAAAGCTGGGTATAAAAGGC ebs 1213 bp No
GPAIGWREV  Reverse -\ 2 ccTCCAGTAAATTTC 64
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCGATC-
J9OOGWFOR Forward CGGCGACAAT 67
TA-CLO3 HQ020505.1 CDS 721 bp No
J900GWREV  Rever GGGGACCACTTTGTACAAGAAAGCTGGGTCCATTGCAC- o
CVEISe  TATGATGAGAAAAGGCCC
GGGGACAAGTTTGTACAAAAAAGCAGGCTYYATGACGTC-
CLO2F Forward GATGGAGAGGAT 47
CLO2 AT5G29560.1 CDS 721 bp No
CLOIR Rever GGGGACCACTTTGTACAAGAAAGCTGGGTYGTAGTAC- 18
EVEISe  GTCTTGTACTCCTTGATCTC
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGTCTCAT-
CLO7-v1F3 Forward CAGACAGTAGCGC 60
CLO7-v1 AT1G23240.1 p— p— CDS 691 bp No
CLOTvIRY Reverse  GGGGACCACTTTGTACAAGAAAGCTGGGTCTGG- 6

TAGTTTTTGTTTCTTGCCA




RESULTS

1. Protein-Protein interactions
CLO7-v1 interacts with Ga and Gy

Interactions with various proteins in the caleosin family were examined to indicate
the level of conservation within the gene family, and to provide a greater understanding of
the gene family as a whole. CLO7 was tested because it was furthest in sequence similarity
to wheat Ta-CLO3. CLO7 version 1, the most abundant splice variant of CLO7, showed
positive interaction with GPA1 and AGGLI. The interaction was localized primarily to the
PM, and to a lesser extent in the tonoplast, as shown by co-localization with the PM marker
(At-PIP2A) and tonoplast marker (C-terminus of y-TIP, the aquaporin of the vacuolar
membrane) (Figure 1 and 2). No interaction was seen in the ER, indicated by a lack of
fluorescence observed in the ER network. An original clone of CLO7-v1 showed interaction
only with AGG1, but not GPAL.

When CLO7-v1 was expressed as a fusion with eGFP, the protein was localized to
the nucleus and what appears to be the plasma membrane (Figure 1G-I). AGG1 fused with
eGFP appeared to be localized to the same organelles (Figure 2G-I). However, the low reso-
lution of the microscope used, as well as improper localization of certain organelle markers,
made it impossible to differentiate between the PM and other nearby organelles such as the
tonoplast for both CLO7-v1 and Gy. Fluorescence showed overlap with these organelles,
but never in any regions that did not already overlap with the PM. Previous results from
this lab that have yet to be published showed that GPA1, expressed as a fusion with eGFP,
localizes primarily to the PM.

This unpublished data, from other lab members, also showed consistent interaction
between GPA1 and RD20/CLO3 in BiFC assays. This interaction was used as a positive

control for this study; the work is described in a manuscript that is in revision after review.
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CLO7-v1 + GPA1
(YFP interaction) mCherry marker

Tonoplast

CLO7-v1-GFP

mCherry marker

Tonoplast

Figure 1. Interaction between CLO7-v1 and GPA1. (A and D) BiFC interaction of CLO7-v1- and
GPA1-YFP fusions. (B) At-PIP2A-mCherry, a plasma membrane marker. (E and H) mCherry
fusion with C-terminus of c-TIP, a tonoplast marker. (C and F) Merged images of interactions
and markers. The interaction appears throughout the PM and overlaps significantly with the
tonoplast marker. (G) Localization of CLO7-v1 fused to eGFP. (I) Merged images of CLO7-v1-
GFP and tonoplast marker. Localization appears to be in the nucleus and PM, but the resolu-
tion of the microscope used is too low for accurate determination.
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CLO7-v1 + AGG1
(YFP interaction) mCherry marker Merge

Tonoplast

AGG1-GFP mCherry marker

Tonoplast

Figure 2. Interaction between CLO7-v1 and Gy. (A and D) BiFC interaction of CLO7-v1- and
Gy-YFP fusions. (B) AtPIP2A-mCherry, a plasma membrane marker. (E and H) mCherry fu-
sion with C-terminus of c-TIP, a tonoplast marker. (C and F) Merged images of interactions
and markers. The interaction appears throughout the PM. The partial overlap with the tonoplast
marker is inconclusive at this resolution. (G) Localization of fusion between Gy and eGFP. (l)
Merged images of AGG1-GFP and tonoplast marker. Like with CLO7-v1, localization appears
to be in the nucleus and PM, but the resolution of the microscope used is too low for accurate
determination.
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. Figure 3. CLO3 stimulation of GA3 GTPase ac-
2. GAP activity of Ta-CLO3 and RD20/CLO3 4 i1y GA3-GST and CLO3-His were expressed
in E. coli and purified with affinity matrices for
the GST and 6-His-tags, respectively. The pro-
teins were incubated in equimolar amounts with
Ta-GA3 10 uM GTP in the presence of 10 mM CaCl2
for 30 min. GTPase activity was assayed by
measuring Pi released in the reaction mix by
a fluorescence emission assay. CLO3 showed
no GTPase activity when it was assayed alone.
The difference shown is statistically significant.

Wheat Ta-CLO3 increases GTP hydrolysis of

Calcium release is a downstream sig-
naling consequence of Phospholipase C (PLC)
activation, and the hydrolysis of GTP is the
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critical regulatory step in inactivation of G proteins.

Consequently, the role of the CLO3 interaction with

GA3 was investigated by characterizing the effect of pro-

S0kD

tein—protein interactions on the GTPase activity of Ta-

37 kD e

GA3. Ta-GA3-GST and Ta-CLO3-His-fusion proteins

were purified from E. coli cultures and assayed for GT-

Pase activity in the presence of calcium. Ta-GA3-GST

alone showed intrinsic GTPase activity in vitro and the

activity was stimulated 25% by the equimo-
lar addition of CLO3-His in the presence of
calcium as shown in Fig. 5. Ta-CLO3 alone
showed no GTPase activity. This level of GAP
activity was similar to that reported for the

Arabidopsis PLDal (Zhao and Wang 2004).

Arabidopsis RD20/CLO3 increases GTP hy-
drolysis of At-GPA1

In vitro assays of GPA1 and RD20/
CLO3 purified from E. coli showed that
RD20/CLO3 increased the GTPase activity of
GPA1 to more than two times its initial level
(Figure 5) and high levels of Ca** further en-

hanced this GAP activity. RD20/CLO3 in-

Figure 4. SDS-PAGE showing pu-
rified GPA1-His (lane 2), 46.5 kDa
in size, shown next to two markers
(lane 1).
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VA GPA1 + RD20/CLO3

Fluorescence (relative units)

DA\

0.1 yM CaCl, 1 uM CaCl,

Figure 5. RD20/CLOS increases the GTPase
activity of GPA1. RD20/CLO3-His and GPA1-His
were expressed in E. coli, purified, and assayed
for GTPase activity with 10 yM GTP along with
the indicated calcium concentration for 30 min;
the GTPase activity was measured by the re-
lease of P, and readings were taken over a pe-
riod of an hour using a fluorometric assay. Error
bars represent standard error. Results are rep-
resentative of three independent experiments.
All samples except the two “GPA1” samples
showed significant difference.

creased the GTPase activity of GPA1 by 106% when the assay was carried out at 100 nM

Ca, the approximate [Ca*]_ e i plants under normal conditions; however, at 1 uM Ca?",

a level typical of the increased [Caz*]Cyt under stress conditions, RD20/CLO3 enhanced the

GTPase activity of GPA1 by 152% (Figure 5). Since G proteins are in their active signalling
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state when bound to GTP, GAP proteins 250,

are generally negative regulators of G pro-

2001 D No ABA
teins. Our results demonstrate that RD20/ ABA
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CLO3 has GAP activity toward GPA1 and
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therefore appears to act as a negative regu-

lator of GPA1.
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3. RD20/CLO3 mutants have increased
stomatal density and altered leaf devel-
opment 0

WS gpal-2  rd20/clo3
Figure 6. Stomate density in WS, gpa7-2 and rd20/
clo3 mutant plants, under ABA treatment and con-
trol conditions. Six plants were examined in each
category and 12 microscope images were taken
per plant. Error bars represent standard error. All
differences except the two gpa7-2 samples and the
two rd20/clo3 samples are statistically significant.

Since gpal mutants in Arabidop-
sis had previously been shown to have
increased transpirational efficiency as-
sociated with decreased stomatal density
(Nilson and Assmann 2010), the effect of the rd20/clo3 mutation and the effect of ABA
treatment on stomatal density was measured (Figure 6). Both ABA-treated and untreated
6-week old rd20/clo3 mutants showed a significant increase in stomatal density, with 203
stomata per mm? and 196 stomata per mm?, respectively. The untreated wild type plants
had 161 stomata per mm?* and ABA treated plants had 123 stomata per mm? respectively. In
contrast, the untreated gpal mutant had a stomatal density of only 68% of that of wild type,
and ABA-treated gpal plants had a stomatal density of only 43% that of ABA treated wild
type plants (84 per mm? treated, 81 per mm? untreated). The decreased stomatal density of
gpal mutants measured here is consistent with the results of Nilson and Assmann (2010),
and the contrasting effects of the rd20/clo3 and gpal mutants on stomatal density supports
the role of RD20/CLO3 as a negative regulator of GPA1. Both Wassilewskija (WS) and Co-
lombia-0 (Col-0) controls showed a reduction in stomatal density in response to ABA treat-
ment. Since RD20/CLO3 is strongly induced by ABA treatment and environmental stress,

and the rd20/clo3 mutation blocked the effect of ABA treatment on increasing stomatal
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Figure 7. Leaf number and morphology of rd20/clo3 and gpal mutants. (A) Average leaf
number of 6 plants (white: untreated, crosshatched: ABA). Error bars represent standard er-
ror. (B) Average length-to-width ratio in 23-25 leaves as a measure of leaf roundness (white:
untreated, crosshatched: ABA). (C) Representative images demonstrating leaf morphology
of treated and untreated genotypes. * indicates statistical difference between treatment;
" indicates significant difference between genotypes.

density, this gene appears to play an important role in the signalling pathway controlling
stomatal differentiation during development and in response to stress. Originally, the ex-
periment design included measurements involving the total number of cells, but limitations
in the microscope photography made these measurements impossible.

The effect of the rd20/clo3 mutation was also seen to have an opposite effect of the
gpal mutation on leaf morphology. The leaves of the rd20/clo3 mutants were significantly
narrower than wild type leaves; the mutant had a length:width (l:w) ratio of 2.0 while that of

wild type plant leaves was 1.5. Leaves of gpal mutants were the most circular, with an aver-
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age l:w ratio of 1.3 (Figure 7A and B). ABA treatment also affected the l:w ratio of wild type
plants. Leaves on ABA treated WT plants were slightly more round than untreated plants,
having a l:w ratio of 1.5, a decrease from the 1.7 of untreated plants. Mutant rd20/clo3 and
gpal did not show an effect of ABA treatment on leaf shape. The rd20/clo3 mutants showed
a large increase in leaf number compared to wild type plants; mutants had average of 30.5
leaves produced before the initiation of flowering, whereas wild type plants had an average
of 15.8 leaves (Figure 7C). No significant difference was observed in leaf number between

ABA-treated and untreated plants.

4. Tissue-specific localization
In order for the previous results to be meaninful, it was important to establish the
plausibility of RD20/CL

O3 and GPA1 interacting in vivo, rather than only in vitro. Ex-
RN VB (s /S Ny f & 7 » b\ T Y & =
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Figure 8. Histochemical GUS staining of transgenic Arabidopsis plants transformed with a
promoterRD20:GUS reporter construct. (A) Leaves of 13-day old plants sprayed twice with 25 pM
ABA. (B) Plate-grown 10-day old plants were treated with 10 yM ABA for 6h. Leaves were embed-
ded in paraffin, and sectioned to 3 microns thick samples. (C) RD20/CLO3 expression in the root
system of the plant after 6h 10 uM ABA treatment. On the left: a 3-day-old primary root; on the right:

a 6-day-old lateral root.
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periments were therefore performed to verify that there was overlap in the localization
of these two proteins. Transgenic plants expressing p-glucuronidase (GUS) under regula-
tion of the RD20/CLO3 promoter were used to investigate the tissue-specific localization
of RD20/CLO3. Previous work (Aubert et al. 2010) examined RD20/CLO3 expression in
Arabidopsis by GUS reporter assay, but failed to detect gene expression in roots, and only
examined mature plants. In 13-day-old soil-ground seedlings, epidermal peels showed ex-
pression of RD20/CLO3 throughout the entire leaf, including stomata (Figure 8A). This
expression appeared both with ABA treatment (sprayed twice per week with 25 uM ABA)
and without (sprayed twice per week in control solution with no ABA). This was confirmed
by tissue-mounted samples examining 10-day-old plate-grown seedlings treated with ABA
for 6 hours (Figure 8B). Areas with no expression appeared white when stained.

This study contained a preliminary examination of gene expression in root tissue.
A more thorough analysis of RD20/CLO3 expression in the root was performed by another
lab member; these results are described in the discussion. ABA treatment induced RD20/
CLO3 gene expression in roots in a developmentally regulated fashion. In early root devel-
opment, seedlings with only a primary root showed RD20/CLO3 induction in the primary
root tip. In contrast, six-day-old plants which had both long lateral roots and shorter visibly
emerged lateral roots did not show induction of gene expression in the primary root tip or
any other part of the primary root; however, these plants showed relatively strong RD20/
CLO3 expression in the lateral roots in the elongation region adjacent to the root tip (Fig-
ure 8C). Control plants showed no RD20/CLO3 expression in the root system. The charac-
terization of promoterGPA1:GUS transgenic plants showed relatively uniform expression in
primary and lateral roots which verifies that the two genes are expressed in the same tissue.
The differential expression of RD20/CLO3 between the primary root and the lateral roots in
response to ABA treatment is an intriguing element of the plants’ stress response, and sug-
gests that RD20/CLO3 plays a role in the differentiation between primary and lateral roots

in response to environmental stress.
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DISCUSSION

1. RD20 is a negative regulator of GPA1 and plays a key role in regulating stomate density in
response to ABA treatment

Enzymatic characterization of GPA1 and its interaction with RD20/CLO3 indicate
that the stress-induced RD20/CLO3 is a negative regulator of GPA1. The GAP activity ex-
hibited by RD20/CLO3 is expected to down-regulate GPA1 since the active signalling state
for G-proteins is the GTP-bound form. The role of RD20/CLO3 as a negative regulator is
confirmed by phenotypic characteristics of the rd20/clo3 mutant that were the opposite of
those of the gpal mutant, as is expected for a negative regulator of GPA1. The rd20/clo3 mu-
tant had increased stomatal density, whereas the gpal mutant had reduced stomate density.
The rd20/clo3 mutant had more elongated leaves than WT. This was contrary to the case
with gpal mutants whose nearly round leaves had a significantly lower length:width ratio
than WT (Chen et al. 2006). Mutants for rd20/clo3 have been shown to be less tolerant to
environmental stress (Aubert ef al. 2010) and the reduced stomatal density is one character-
istic reported to be associated with the increased transpirational efficiency observed in the
gpal mutant (Nilson and Assman 2010). ABA treatment strongly induces the expression of
RD20/CLO3 (Takahashi et al. 2000) and the results reported here demonstrate that it de-
creases stomate density in WT plants. The observation that ABA treatment did not decrease
stomate density in the rd20/clo3 mutant indicates that RD20/CLO3 plays a key regulatory
role in this response. The evidence for RD20/CLO3’s GAP activity with GPA1 and opposite
effect of rd20/clo3 mutant and gpal mutants on stomatal density indicates that the regula-
tion of stomatal density is mediated by RD20/CLO3 which likely acts as a negative regulator

of GPAI.
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2. Altered expression of RD20/Clo3 results in altered root architecture

The results presented in this study complement the experiments performed by other
members of this lab, particularly those of Sabrina Brunetti, who focussed on below-ground
tissue. In controlled growth experiments on agar based media, mutants for rd20/clo3 had
less suppression of lateral root emergence and showed a greater reduction in primary root
length under ABA treatment than the wild-type control (WS), an effect opposite to that of
auxin (Booker et al. 2010).

These mutant phenotypes are congruent with the predicted pattern of root develop-
ment for a negative regulator of GPA1. The results show an increase in lateral root number
in rd20/clo3 mutant plants in response to ABA which is consistent with a role of RD20/
CLO3 as a suppressor of lateral root development and a negative regulator of GAPI in the

signalling pathways affecting later root development.

3. Plant-wide expression data suggests co-localization between RD20/CLO3 and GPA1

GUS assay results confirm the expression of RD20/CLO3 in leaf stomatal cells, where
GPA1 is already known to be expressed (Nilson and Assmann 2010). Although Aubert et al.
(2010) had already found RD20/CLO3 expression in stomata, only mature plant leaves were
examined, while Nilson and Assmann (2010) only found GPAI expression in the stomata
of young plants. RD20/CLO3 expression was therefore examined in young plants. This was
important for two reasons: first, RD20/CLO3 was being examined for long-term develop-
mental changes rather than an immediate response, and second, the hypothesis that RD20/
CLO3 is a regulator of GPA1 predicts that they must be expressed in the same tissue. The
analysis of the expression pattern of RD20/CLO3 with a promoter:GUS fusion confirmed
that RD20/CLO3 was expressed throughout the leaf in young seedlings, including in the
stomatal cells.

A similar analysis was performed to examine root tissue expression, and was later
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expanded upon by Sabrina Brunetti. RD20/CLO3 showed expression in the root tip follow-
ing ABA treatment, suggesting a role in regulating the emergence and elongation of the
primary and lateral roots in response to stress, a notion that is strongly reinforced by exper-
iments examining root architecture. Although Aubert ef al. (2010) did not observe expres-
sion of RD20/CLO3 in roots, this was likely due to the limited number of environmental
conditions under which they tested expression. A very rapid induction of the RD20/CLO3
promoter:GUS reporter by ABA in the elongation zone of lateral roots and the slightly de-
layed expression throughout most of the root system with the exception of the primary root
tip and lower part of the primary root was found. These results are consistent with a role for
RD20/CLO3 as an inhibitor of lateral root elongation and lateral root emergence. The char-
acterization of GPA1 promoter:GUS expression showed expression universally throughout
the root tissue, demonstrating that RD20/CLO3 and GPA1I are co-expressed in some of the

same cell types under stress conditions and are likely to interact in planta.

4. Localization and protein-protein interaction suggests that RD20/CLO3 inactivates GPA1
after it is released from the plasma membrane and is likely a downstream regulator

The classical model of heterotrimeric G-protein signalling suggests several steps at
which protein-protein interaction may be important for the regulation of Ga; these include
the initial trafficking and complex formation at the PM, release from the heterotrimeric
complex, interaction with modulating proteins affecting GTPase and GDP/GTP exchange
activity, interaction with downstream signalling proteins such as phospholipases C and D,
and reconstitution of the G-protein complex at the PM. The ER was reported to be the site
for the initial formation of the heterotrimetric complex as well as for Ga palmitoylation
before transport to the plasma membrane (Marrari et al. 2007). Previous work by Zhejun
Wang showed that the GFP-tagged GPA1 was localized to the plasma membrane, while

GFP-tagged RD20/CLO3 was localized to the ER. BiFC data showed that the interaction
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between the two proteins takes place in or on the ER. This raises the possibility that that
the interaction occurs after the release of GPA1 from the plasma membrane, and that
RD20/CLO3 down-regulates GPA1 after it has been activated and released from the het-
erotrimeric complex. To test the alternate hypothesis that RD20/CLO3 sequesters GPA1 in

the ER after its synthesis and during its initial transport to the PM, the full length RD20/
ABA, drought, NaCl, cold

Transcriptional
activation

CLO3:mCherry was co-expressed with a
GPA1:eGFP fusion to see if high levels of
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for this effect. L.R. emergence
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Figure 9. Schematic diagram depicting the RD20/
CLO3 ABA-dependent signaling pathway on lateral
root formation and stomata production in Arabidop-

hvdrolvsis. al h . sis. Based on this study, ABA was shown to induce
GTP hydrolysis, also support the notion pns0/01 03, which inhibits Ga’s stimulation of lat-

eral root emergence and stomata production.
that RD20/CLO3 acts as a GPA1 inactiva- g P

CLO3 and GPA1l, which showed that

RD20/CLO3 increases GPA1ls rate of

tor rather than as an inhibitor of GPA1 transport. In the classic models of heterotrimeric
G-protein signalling, the release of Ga from the complex stimulates its activation and is as-
sociated with an exchange of GDP for GTP, and its subsequent inactivation is stimulated by
its inherent GTPase activity and its association with GAP proteins; the hydrolysis of GTP
into GDP precedes its reassociation with GPy (Jones et al. 2002). The localization of the
interaction between GPA1 and RD20/CLO3 away from the PM also suggests that RD20/
CLO3 is a downstream inhibitor of GPA1 that interacts with GPA1 after it has been released
from the PM. The GAP activity of RD20/CLO3 appears to be significantly more subtle than
that of AtRGS1, the only known G-protein coupled receptor in Arabidopsis. The intrinsic
GTPase activity of GPA1 was found to be enhanced 15 fold by AtRGS1. It is hypothesized

that the GAP activity of the receptor is to retain GPAI in its membrane-bound inactive
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state until stimulated by a ligand (Jones et al. 2011). The evidence presented in this study
suggests that RD20/CLO3 acts as a transient signal to favour the return of Ga to its inactive
GDP-bound state.

Under environmental stress conditions, the cytosolic Ca** concentration can in-
crease from normal levels of approximately 100 nM into the micromolar range (Lynch et
al. 1989, Henriksson and Henriksson 2005, Knight et al. 1997, Cramer and Jones 1996,
D’Onofrio and Lindberg 2009, Kader and Lindberg, 2010). Due to the rise in Ca** concen-
tration observed under stress, GTPase activity of GPA1 was measured under both low (100
nM) and high (1 uM) concentrations of Ca**. While the GAP activity of RD20/CLO3 at 1
uM CaCl, was moderately higher (approximately 25%) than at 100 nM CaCl,, the GTPase
activity of GPA1 was increased by over 100% in the presence of RD20/CLO3 at low Ca*
concentrations, suggesting that the effect of RD20/CLO3 on GPA1 is primarily a result of
increased RD20/CLO3 transcription, and to a lesser extent as a result of the Ca** influx.

The GAP activity reported for RD20/CLO3 is consistent the findings that wheat
Ta-CLO3 acts as a GAP with the wheat Ga, GA3. The homology between the Arabidopsis
GPA1I and wheat GA3 is clear based on their high degree of similarity, 87% amino acid se-
quence similarity, as well as the fact that Ga is a single gene in Arabidopsis and that there
are three known Ga’s in wheat. However, the caleosins are represented by a six member
gene family in Arabidopsis and 11 genes in the diploid genome of wheat. RD20/CLO3 is
one of Arabidopsis caleosin genes most similar to Ta-CLO3 but their 63% amino acid se-
quence identity by itself is not sufficient to establish orthology between the two genes. The
fact that they have been shown to associate with Ga both in vivo and in vitro and that they
have GAP activity suggests that they play similar roles in the two species. The characteriza-
tion of mutants, and promoter:GUS lines in Arabidopsis provides an insight into the role
of one member of the caleosin gene family that would be difficult to achieve in cereals at
this time. This work underscores the value of model species in the characterization of stress

regulated genes discovered through genomic analysis, and encourages the development of
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genetic tools for monocot model species such as Brachypodium. The characterization of
other members of the caleosin gene family has yet to be carried out, and their potential role

in signalling and regulation remains to be investigated.

5. BiFC results revealed novel interactions between G-proteins and caleosins

The three caleosins examined in this study were chosen to encompass varying de-
grees of diversity in the caleosin gene family. RD20/CLO3 is the closest homolog to Ta-
CLO3 in wheat by amino acid sequence, while At-CLO?7 is the furthest. At-CLO2 is one of
the closest genes in the Arabidopsis caleosin family to RD20/CLO3. A comparison of com-
mon sequences and the interactors associated with them will help reveal the active regions
in these proteins. Given the relationship between these three genes, it is surprising that
RD20/CLO3 and CLO7 both interact with GPA1, while CLO2 was not found to interact
with any G-protein. Because there are no known interactors of CLO2, it could not be deter-
mined whether the lack of interactions with CLO2 were genuine, or simply a problem with
the chimeric protein.

Both CLO7-v1 and Gy, when expressed as a fusion with eGFP, were both localized
to the nucleus and what appears to be the plasma membrane, while the interaction between

the two proteins did not take place in the nucleus at all.

6. RD20/Clo3’s inhibition of GPA1 is consistent with standard plant physiological stress re-
sponse

The opposite phenotypes exhibited by rd20/clo3 and gpal mutants are not only pre-
dicted by the hypothesis of RD20/CLO3 as a downregulator of GPAI; they are also consis-
tent with the expected physiological stress response. The drastic increase in stomatal density

seen in rd20/clo3 mutants suggests that the increased expression of RD20/CLO3 in response
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to drought allows the leaves to develop with fewer stomata, thereby decreasing water loss.
The decrease in stomatal density observed in gpal mutants suggests that this result can be
achieved by the downregulation of GPAI. Similarly, in roots, the decrease in primary root
length and increase in lateral root number in rd20/clo3 mutants suggests that the increased
expression of RD20/CLO3 in response to drought allows the root to penetrate deeper into
the soil to find water, a recognized drought adaptation in Arabidopsis (Xiong et al. 2006).
Research by Chen et al. (2006) suggests that many of the phenotypes shown by
GPA1 can be attributed to its stimulation of cell division. These phenotypes of gpal mutants
included the decrease in stomatal density and changes in leaf morphology. This effect may
account for the changes in stomatal density in rd20/clo3 mutants. The effect is also consis-
tent with the altered lateral root production, which mostly occurred in the form of changes
in the elongation of lateral root primordia. However, changes in cell division rate do not
tully account for this phenotype, because in unpublished data from other lab members,
rd20/clo3 mutants also showed a slight increase in lateral root primordia, suggesting that
RD20/CLO3 has a minor effect on cell differentiation in addition to its suppression of cell

division.

7. Conclusion

This study intended to characterize the interaction between RD20/CLO3 and GPA1,
and to determine the role of this interaction in plant stress response. The GAP activity
exhibited by RD20/CLO3 toward GPAI, seen both with the Arabidopsis genes as well as
their closest homologs in wheat, suggests that RD20/CLO3 acts by inactivating GPA1 in
response to ABA and calcium. Phenotypic analysis of rd20/clo3 and gpal mutants consis-
tently showed a pattern of opposite phenotypes congruent with the hypothesis of downreg-
ulation. GUS analysis confirms that the interaction may take place in planta. Because very

few GAPs have been found in plant G-protein complexes, the discovery of RD20/CLO3 as
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a novel GAP provides an important contribution to our understanding of plant G-protein

signalling as well as insight into the role of the caleosin gene family.
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