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Abstract

Rab GTPases are major regulatory proteins of vesicle traffic and thus responsible for membrane
identity, vesicle targeting and vesicle fusion. The angiosperm Rab GTPase family is grouped
into eight clades (Rab-A to Rab-H) that are broadly conserved in animals and yeasts. It has
been proposed that the Rab-A clade has diversified in land plants giving rise to six plant-
specific structural subclasses, Rab-A1l to Rab-A6. Previous work suggests that the Arabidopsis
Rab-A2 and Rab-A3 proteins define a novel endosomal compartment that lies on a pathway
between the Golgi and the plasma membrane. In dividing cells, the Rab-A2/A3 compartment
is implicated in biosynthetic traffic to the cell plate but it is unclear what traffics through this

compartment in non-dividing cells.

In this project, I investigated a range of membrane trafficking pathways in Arabidopsis thaliana.
These were probed for dependency on RAB-A2a function, using the dominant negative ap-
proach combined with fluorescent marker technology. The data presented in this thesis suggests

that RAB-A2a acts on a protein recycling pathway that is used by PIN2:GFP.

xii



Abbreviations and Acronyms

ABA Aminobutyric acid

ADP Adenosine-di-phosphate

ARF ADP-ribosylation factor

ARF-GEF ARF Guanine nucleotide exchange factor
Ath Arabidopsis thaliana

ATP Adenosine-tri-phosphate

AUX1 Auxin-resistant 1

BABA B-Aminobutyric acid

BAK1 BRII1 associated receptor kinase 1

BEX BFA-visualized exocytic trafficking defective
BFA Brefeldin A

BLAST Basic Local Alignment Search Tool
BOR1 Boron 1

bp Base pair

BP80 Binding Protein of 80kD

BRI1 Brassinosteroid-insensitive 1

BY-2 Bright yellow 2

CaMYV Cauliflower mosaic virus

CFP Cyan fluorescent protein

xiii



CLSM Confocal Laser Scanning Microscopy

Col-0 Columbia ecotype of Arabidopsis thaliana

COP Coat protein

Cyt D Cytochalasin D

DEX Dexamethasone

dH,O Distilled water

DMF Dimethylformamide

DMSO Dimethylsulfoxide

DNA Deoxyribonucleic acid

dNTP Deoxyribonucleotide triphosphate

E. coli Escherichia coli

EDTA Ethylene-diamino-tetra-acetic acid

EGFP Enhanced GFP

ER Endoplasmic reticulum

ES1 Endosidin 1

ESCRT Endosomal sorting complex required for transport
Ffh fifty-four homologue

FLIP Fluorescence loss in photobleaching

FLS2 Flagellin Sensitive 2, also: Flagellin Sensing 2
FM1-43 N-(3-Triethylammoniumpropyl)-4-(4-(Dibutylamino) Styryl) Pyridinium Dibromide

FM4-64 N-(3-Triethylammoniumpropyl)-4-(6-(4-(Diethylamino) Phenyl) Hexatrienyl) Pyri-

dinium Dibromide
FRAP Fluorescence recovery after photobleaching
FRET Fluorescence resonance energy transfer
GAP GTPase activating protein

GARP Golgi-associated retrograde protein

Xiv



GDF GDI displacement factor

GDI GDP dissociation inhibitor

GDP Guanine nucleotide di-phosphate

GEF Guanine nucleotide exchange factor
GFP Green fluorescent protein

GGTase Geranylgeranly transferase

GR rat glucocorticoid receptor

GRE Glucocorticoid receptor element

GST Glutathione S-transferase

GTP Guanine nucleotide tri-phosphate

GUS E.coli B-glucuronidase

HEPES N-[2-hydroxylethyl] piperazine-N’-[2-ethanesulfonic acid]
TA A Indole-3-acetic acid

IPTG Iso-Propyl--D-thiogalactopyranoside
KOR Korrigan

LB Luria-Bertani (bacterial growth medium)
LRR Leucine rich repeat

LRR-RLK LRR-Receptor like kinase

MORN membrane occupancy and recognition nexus
MS Murashige and Skoog plant growth medium
NPSN Novel plant SNARE protein

Nta Nicotiana tabaccum

ODggp Optical density at 600nm

PCR Polymerase chain reaction

PEN penetration

XV



PGE Post-Golgi Endosome

PIN PIN FORMED

PIP1;4 Plasma membrane integral protein
PIPES Piperazine-N,N-bis(2-ethanesulfonic acid)
PM Plasma membrane

PRA Prenylated Rab acceptor

PVC Pre-vacuolar compartment

PVE Pre-vacuolar endosome

PVDF Polyvinylidene difluoride
RAB-A2aNI Dominant negative mutant of RAB-A2a
Rab Ras-related protein in rat brain

Rab GGTase Rab geranylgeranyl transferase
REP Rab escort protein

RER Retrieval of early ER

RFP Red fluorescent protein

RHD Root hair defective

RNA Ribonucleic acid

ROR Roscovitine resistant

SAR Secretion-associated and Ras-related
SDS Sodium Dodecyl Sulphate

SEC Secretory agent

secGFP secreted GFP

siRINA small interfering RNA

SNAP Souble NSF Association Protein

SNARE SNAP (Soluble NSF Attachment Protein) REceptor

xvi



SNX Sorting nexin

SOB Super optimal broth

ST Sialyl-transferase

SYP Syntaxins of plants

T4SS Type 4 secretion system

TBE Tris/borate/EDTA

TBS Tris-buffered saline

TCR1 Tissue Culture Room 1

T-DNA Transfer DNA of Agrobacterium tumefaciens
TEMED Tetra-methyl-ethylene-diamine
TGN Trans-Golgi network

TRAPP Transport protein particle

Tris Trisaminomethane

Tyr Tyrphostin

VAMP Vesicle associated membrane protein
VFT Vps Fifty Three

VHA-al vacuolar H(+)-ATPase subunit al
VPS vacuolar protein sorting

VSR Vesicle sorting receptor

v /v volume per volume

Wm Wortmannin

WT wild type

w /v weight per volume

X-Gluc 5-Bromo-4-chloro-3-indolyl 3-D-glucuronide

YFP Yellow fluorescent protein

Xvii



YPT Yeast protein transport

xviii



Chapter 1

Introduction

1.1 The endomembrane system

Cells are the basic structural and functional units of living organisms. Cells are enclosed by
the plasma membrane (PM), which serves as a protective barrier and interacts with the envi-
ronment via proteins inserted into the PM. The cell’s shape is maintained by the cytoskeleton,
a scaffold that helps with endocytosis, a process of material uptake from the environment; it
also helps with movement of cells and holds organelles in place. The fluid-filled space within a
cell is called the cytosol, where organelles and vesicles reside and interact through membrane

trafficking [1].

Membrane trafficking is achieved by the endomembrane system, a set of membraneous or-
ganelles, compartments and vesicles, and is essential to eukaryotic life. Proteins, lipids and
carbohydrates are transported from synthesis to action sites where they play crucial roles
for cell growth and differentiation as well as for more specialised functions, such as defence
responses against pathogens. Material exchange between the cell and its extracellular environ-
ment, which is necessary for nutrient uptake, development and environmental responses, are

also excerted via membrane traffic[1].

Plant membrane traffic shares basic mechanisms and core components with yeast and animal
systems. However, it also exhibits several unique features, such as its distinct organisation
and more specialised functions like cell plate formation during cytokinesis and polar auxin

transport, which are still poorly understood [1].
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1.2 Evolution and diversification of eukaryotic endomem-

brane systems

The capability to form internal, membrane-bound compartments and to create an endomem-
brane system has been crucial to progress from prokaryotic to eukaryotic life. This machin-
ery was necessary to facilitate internalisation and digestion of extracellular material, ensure
accurately targeted intracellular transport and enable surface remodelling and secretion. Pro-
posed hypotheses of endomembrane system evolution range from endosymbiotic to autogenous

paradigms [2, 3, 4, 5, 6].

Previous studies identified common core components of the trafficking machinery: small GT-
Pases, adaptor and coat proteins. Rab GTPases are well known regulators of membrane traffic
and ensure membrane specificity as well as vesicle fusion with the correct target membrane.
Other crucial protein factors include SNAREs (SNAP (Soluble NSF Attachment Protein) RE-
ceptor), tethering complexes and syntaxin binding proteins [7]. Many components of the eu-
karyotic trafficking machinery have undergone gene duplication which gave rise to additional
functions and different subcellular localisation. Interestingly, there is no strong correlation
between multicellularity and the complexity of the endomembrane system. The degree of

expansion of essential trafficking components varies amongst current species [7].

The origin of the endomembrane compartments is still poorly understood, perhaps because
the complexity of eukaryotic systems varies considerably. For example, some lineages lack
apparent Golgi stacks [8]. However, there are a few examples from the prokaryotic kingdom
where analogous structures to the eukaryotic system exist. In E. coli internal stacks of PM
are generated by the function of Ffh (fifty-four homologue, a signal recognition particle) and
SecE (a translocon). These stacks closley resemble the structure of a eukaryotic endoplasmic
reticulum (ER) and even contains FtsY ribosome complexes [9]. Another example comes from
the phylum Planctomycetes. Membrane bound nucleoids have been described, which could be

early progenitors of the nuclear envelope [10].

However, the reconstruction of evolutionary events remains challenging and it will be interesting
to see how current models will be shaped by including information coming from comparative

genomic and molecular evolutionary studies.
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1.3 The endomembrane system

1.3.1 Crucial membrane trafficking steps and trafficking pathways

In this section, the basic trafficking steps of the endomembrane system will be described, owing

to data from animal, plant and yeast research.

Vesicle formation

The formation of vesicles requires the activation of small GTPases by their guanine exchange
factors (GEF), which catalyse exchange of GDP to GTP, and thus leads to recruitment of
coat proteins. The respective cargo is sorted into the forming vesicle by interaction with these
coat proteins in the case of membrane bound cargo. Soluble cargo, however, is sorted into
the respective vesicles by interaction with cargo receptors that will in turn interact with coat

proteins.

There are coat proteins I (COPI) and coat proteins IT (COPII) coat proteins. COPI vesicles
consist of a seven subunit coat (coatamer, four inner: {3, v, 8 and ¢, and three outer proteins:
o, P’ and €) and mediate Golgi to ER traffic [11]. COPII coated vesicles are necessary for ER
to Golgi transport and consist of four proteins: the SAR1 GTPase activating protein (GAP)
SEC23 that directly interacts with the SAR1 GTPase, SEC24 is the cargo-binding subunit,

SEC13 and SEC31 function as GAP activity augmentors [12, 13].

N
2o

!

UNCOATING

coated
vesicle

clathrin coat

WESICLE
FORMATION
adaptin
cargo |

\
receptar i

—— adaptin

naked transport
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—— dynamin

CYTOSOL

cargo molecules

©1993 GARLAND PUBLISHING

Figure 1.1: Graphical representation of vesicle formation. Small GTPases are activated, which recruit
coat proteins. Cargo is sorted into the forming vesicle. Dynamin (a GTPase) is required for scission
of newly formed vesicles from the membrane. Sorting of vesicles happen once they shed their coat.
Image taken from [1].
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Post-Golgi traffic is mediated by vesicles containing hetero-tetrameric adaptor protein (AP)
complexes that are surrounded by clathrin triskella (figure 1.1). AP complexes consist of two
large adaptins (interaction with clathrin), a medium and a small adaptin, which bind cargo

via their tail domain [11, 14] .

Sorting of membrane proteins requires sorting signals and cargo receptors. Well studied sorting
signals are, for example, the ER retention signal K/HDEL or the vacuolar sorting signals
NTPP/CTPP [15, 16]. The ERD2 K/HDEL receptors recycle cargo back to the ER [15]
and several vacuolar sorting receptors have been identified of which vesicle sorting receptor 1
(VSR1) is best studied [17, 18]. Arabidopsis encodes three retrieval of early ER (RER1) cargo
receptors that function in ER localisation [19]. Vacuolar sorting is achieved by p-adaptins on

vacuolar sorting receptors that recognise tyrosine motifs [20].

Vesicle fusion

DONOR ORGAMELLE TARGET ORGAMELLES

coated

VES.iC"E
‘
COMPARTMENT
—_— —
sSHARES {-SNARES
~
— —
COMPARTMENT
B
docked
transport
CYTOSOL LG

fi

©1995 GARLAHD PUBLISHING

Figure 1.2: Graphical representation of vesicle targeting. Vesicles are formed at the donor organelle
and contain vesicle SNARES (v-SNARES). Once the vesicle shed its coat, v-SNARES are recognised
by target SNARES (t-SNARES) at the target organelle. Image taken from [1].

Fusion with the target membrane occurs with the help of Rab GTPases and SNARE (solu-
ble NSF attachment protein receptor) complexes after the vesicle has shed its coat (figures
1.1 and 1.2). Rab GTPases, which are described in detail later in this introduction, interact
with protein tethering complexes on the target membrane [21], such as transport protein par-
ticle (TRAPP) at the cis-Golgi, VFT/GARP at the trans-Golgi, and C-VPS at the vacuolar
membrane; multiple components of the Vps34/COG complex are involved in Golgi retrograde
transport [22, 23]. SNARE proteins residing on the opposite membranes form a trans-complex

that result in vesicle fusion (figure 1.3).



Introduction

fusioh proteins
)

docked <
transport
cargo Ves1__\cle
molecules
S
CYTOSOL

t-5MARE

ASSEMEBELY OF MEMBRANE
FUSION COMPLEX FUSION

1995 GARLAHD PUBLIZHIMG

Figure 1.3: Graphical representation of vesicle fusion. Once vesicles are recruited to the membrane by
recognition of the respective v- and t-SNARE pairs, fusion proteins are recruited, which lead to fusion
of the vesicle with the target membrane and release of vesicle cargo. Image taken from [1].

1.3.2 Traffic between Endoplasmic Reticulum and Golgi

ER and Golgi stacks are a close and dynamic molecule exchange system. One can distinguish
between anterograde (ER to Golgi) and retrograde (Golgi to ER) traffic in plants. As mentioned
earlier, COPII coated vesicles play a crucial role in anterograde transport. The important key
players to mention are the GTPase SARI1 and its exchange factor SEC12 [24]. An Arabidopsis
SAR1 mutant that preferentially binds GTP caused accumulation of Golgi markers in the
ER as well as the vacuolar marker sporamin and the storage protein phaseolin [25, 26, 27].
Further, RAB-D2a has been implicated in ER to Golgi transport as its dominant negative
mutant significantly slowed down the recovery of Golgi-localised sialyl-transferase (ST-GFP)

after Brefeldin-A (BFA) treatment [28].

COPI coated vesicles, on the other hand, have been implicated in Golgi to ER traffic as COPI
vesicles, ADP-Ribosylation Factor 1 (ARF1) GTPase and COPI proteins have been found at
the cis-Golgi [29, 30]. In Tobacco plants, ER-resident calreticulin and secretory a-amylase fused
to HDEL were found in COPI vesicles [29]. The dominant negative mutant of ARF1 was shown
to affect the ER to Golgi traffic, reminiscent of BFA action. Therefore, it is suggested that
ARF1 is involved in COPI vesicle formation as carriers of Golgi to ER retrograde transport

25, 31].
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1.3.3 Post-Golgi traffic

The Golgi apparatus is the major sorting organelle in plants. Several trafficking pathways

diverge from the Golgi to the PM and a variety of vacuoles.

The default secretory pathway of soluble cargo to the PM is channelled through the trans-
Golgi [32]. The exact mechanism or signalling components involved in PM targeting are not
known. However, syntaxins and SNAP25 homologues, including PEN1 (SYP121) and its Barley
orthologue ROR2, have been localised to the PM as well as SYP122, which is involved in
pathogen response [33, 34, 35]. Other Arabidopsis PM proteins, such as the auxin efflux
carriers PIN FORMED 1 (PIN1) and PIN2 and the auxin influx carrier AUXIN RESISTANT

1 (AUX1) have been assigned to specific sub-domains of the PM [36, 37, 38].

Vacuolar pathways can be divided into three routes: traffic to the protein storage vacuole,
traffic to the lytic vacuole and retrograde transport from pre-vacuolar compartments (PVC).
In order to target a protein for vacuolar transport, it must have one out of three sorting signals:
a cleavable signal at the amino- or carboxy-terminal end or a region within the mature protein
[39]. Amino-terminal signals are recognised by the vesicle sorting receptor (VSR) binding
protein of 80kD (BP80) which mediates packaging of cargo into clathrin-coated vesicles for
transport to the PVC and vacuolar compartments [40]. Vacuolar storage proteins, however,
typically have a carboxy-terminal sorting signal or a signal within the mature protein and are
transported via Golgi-derived vesicles as opposed to clathrin-coated vesicles [41]. Retrograde
traffic from the PVC is necessary to recycle vacuolar sorting receptors to the trans-Golgi after

they release their cargo into the PVC [42].

1.3.4 Endosomal traffic

Endosomal traffic encompasses both endocytic and biosynthetic pathways and controls pro-
tein composition of the PM and how the plant reacts to extracellular stimuli by sorting of
signalling receptors, transporters and other PM proteins. PM proteins are either continuously
endocytosed and recycled (sorting back to the PM wvia retromer) or directed to the vacuole
for degradation (with the help of endosomal sorting complex required for transport (ESCRT)
complexes). Endosomes coordinate recognition, concentration and packaging of cargo proteins
via multiple trafficking routes. The trans-Golgi network (TGN) takes a central position in

endosomal trafficking [43, 44, 45, 46].
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1.3.5 Endocytosis

Signalling from the PM is regulated by endocytosis, a process by which receptors and extra-
cellular material are internalised and sorted by a variety of membrane trafficking pathways
[47, 48]. Plant endocytosis remained a highly controversial topic for many years [49, 50, 51].
However, the styryl dyes FM1-43 and FM4-64 have been used to confirm and study plant en-
docytosis. These dyes insert into the outer lipid bilayer of the PM and are trafficked through

the cell until they reach the vacuolar tonoplast [52, 53].

The best characterised receptors in plant endocytosis are the leucine-rich repeat receptor
like kinases (LRR-RLK), BRASSINOSTEROID-INSENSITIVE 1 (BRI1), and FLAGELLIN-
SENSITIVE 2 (FLS2, also FLAGELLIN SENSING 2). BRI1 is involved in plant development
by perceiving brassinosteroids and undergoes constitutive endocytosis [54, 55]. FLS2 is in-
volved in plant defence response and is internalised after binding its ligand, the bacterial
flagellin peptide flg22 [56]. Both BRI1 and FLS2 share a common co-receptor, the LRR-RLK,
BRI1-ASSOCIATED RECEPTOR KINASE 1 (BAK1). It appears, BAKI is a positive reg-
ulator for signalling of both BRI1 and FLS2. It is required for FLS2 endocytosis [55, 57].
Overexpression of BAK1 leads to increased intracellular accumulation of BRI in protoplasts,
suggesting a role for BAK1 in BRI trafficking [55], however, this finding cannot be reproduced

in intact plants [58].

The function of plant receptor like kinases is regulated by autophosphorylation, oligomerisation,

and transphosphorylation [59, 60].

1.3.6 Traffic during cytokinesis

Plant cytokinesis starts from the center of a cell to the periphery and is aided by the phragmo-
plast, a dynamic entity of the cytoskeleton, which delivers membrane vesicles to the division
plane [61, 62]. A network of tubular membranes is formed by homotypic vesicle fusion that
leads to the formation of a disk-shaped structure, the cell plate, a unique feature of plants
[62, 63]. Vesicles are targeted to the margins of the cell plate, which grows to the cell periph-
ery until it fuses eventually with the PM [64]. The accumulation of PM proteins such as PIN1
and KORRIGAN (KOR) suggest that trafficking to the division plane is the default pathway
in dividing cells [65, 66].

Cell plate formation presumably arises from vesicle fusion as Arabidopsis mutants lacking the

7
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cytokinesis-specific syntaxin KNOLLE or its interactor KEULE accumulate unfused transport

vesicles [67, 68, 69].

1.3.7 Polar auxin transport

Plants maintain developmental continuity and adapt their development according to envi-
ronmental factors by regulating cell polarity, a process involving cell division, differentiation,
cellular signalling and intercellular communication. Cell polarity is reflected not only at tissue

and organ levels but is also visible in the overall shape of the organism.

A crucial mediator for tissue and organ polarity is the plant hormone auxin (also known as
TAA or indole-3-acetic acid). It was discovered in 1926 by Went [70] following experiments
carried out by Darwin (1880), Fitting (1907), Boysen-Jensen (1913) and Paal (1919) on plant

phototropism.

PIN proteins: regulators of polar auxin transport

PIN proteins are PM localised auxin efflux carriers with mostly polar localisation [71] and are
key regulators of auxin-mediated developmental processes. They are involved in the regulation
of tropic growth [72, 73, 74, 75, 76], axis formation in embryogenesis [77], postembryonic
organogenesis [78, 79], root meristem maintenance [80, 81], and vascular tissue differentiation

and regeneration [82, 83].

There are a total of eight members in the PIN family of Arabidopsis, most of which display

different polarity in the various cell types that reflects the direction of auxin transport [84].

The probably best studied representatives of the PIN proteins are the apically localised PIN1
and basally localised PIN2. After the de novo synthesis, both are initially delivered to the PM
in a nonpolar fashion before their apical or basal polarity is then established by internalisation

from the PM and polar recycling [85].

Brefeldin-A inhibits PIN cycling

PIN trafficking is sensitive to Brefeldin-A (BFA), a fungal toxin that has been widely used
to study membrane traffic, more specifically protein cycling dependent on endosomes [37, 65].

Treatment with BFA causes formation of ‘BFA bodies’ in Arabidopsis root cells as early as



Introduction

30 minutes after treatment with a concentration of 50uM BFA. These BFA bodies consist of
an accumulation of early endosomal compartments in its core that are surrounded by Golgi
stacks. BFA is known to inhibit cycling of proteins between PM and the TGN wvia endosomes
in Arabidopsis [86]. However, differential effects between plant species and tissues have been

described [87, 88] and are listed in table 1.1.
Table 1.1: BFA effects are plant and tissue specific.

Plant species Tissue Effect of BFA on Golgi and TGN

Tobacco all tissues Golgi cisternae are redistributed in the ER, forma-
tion of BFA compartments arise from TGN material

Arabidopsis roots BFA compartments consist of an aggregation of TGN
material in the BFA core, surrounded by Golgi stacks

Arabidopsis cotyledons BFA compartments consist of an aggregation of TGN
material in the BFA core, surrounded by Golgi stacks

Arabidopsis true leaves Golgi cisternae are redistributed in the ER, forma-
tion of BFA compartments arise from TGN material

A major target of BFA is the ADP-Ribosylation Factor Guanine nucleotide Exchange Factor
(ARF-GEF) GNOM, an exchange factor for ARF GTPases [89]. ARF-GEFs are regulators
of vesicle formation and are required for the GDP to GTP exchange step that drives activity
of GTPases [86]. GNOM is implicated in a lot of trafficking events, such as polar cycling of
PIN1 [89] and PIN2 [90] and thereby involved in polar auxin transport. Additionally, GNOM
is required for focal accumulation of PEN1 [91], which is required for innate immune responses
in fungal attack. It appears GNOM is a more crucial factor for apical polar targeting. Kleine-
Vehn and colleagues showed that the apical PM localisation of PIN proteins and AUX1 is not
strongly affected when GNOM function is inhibited [90], indicating that apical cargos may use

a different targeting pathway.

PIN1 was shown to localise in these BFA bodies upon BFA treatment, even when de novo
synthesis was inhibited. This internalisation is completely reversible and indicates constitu-
tive endocytosis and recycling of PIN proteins [37]. Bilou and colleagues (2005) [92] showed
that prolonged BFA treatment causes a shift of PIN2 localisation from the basal to the apical
membrane, a process called ‘transcytosis’. Transcytosis describes a process in which the lo-
calisation of a polar protein is shifted via recycling endosomes and provides a mechanism for
rapid changes in PIN polarity in response to various signals, such as developmental [82, 83| or

environmental signals [76, 93]. Transcytosis is also a well known mechanism for polar delivery
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of cargos in animal cells [94, 95].

It appears that the trafficking pathways for polar PIN delivery are highly diverse. Interestingly,
while polar PIN targeting is dependent on the actin cytoskeleton in interphase cells, in divid-
ing cells, PIN proteins are delivered to the forming cell plate by the microtubule-dependent

pathway [37, 96].

1.4 Rab GTPases as membrane traffic regulators and tools

to study membrane traffic

As mentioned earlier, one of the key regulatory protein families for membrane traffic is the Rab
family of small GTPases, which contribute variously to the specification of membrane identity,
the acuracy of vesicle targeting and the recruitment of molecular motors to membranes. Rab
GTPases are molecular switches that undergo a regulated cycle between inactive GDP- and
active GTP-bound forms (figure 1.4). They cycle on and off particular endomembranes where
they provide transient interaction surfaces for recruitment of effector proteins or complexes.
Rab effectors are diverse and can include tethering factors, enzymes of phosphatidyl-inositiol

metabolism, myosins, kinesins, and regulators of SNARE protein assembly.

GDP

GTP

GAP

Pi

Figure 1.4: Rab activity cycle: Rab proteins cycle between an inactive GDP- and an active GTP-
bound state. The GTP to GDP exchange is catalysed by GEF. GTP-bound Rabs are recruited to
their target membrane where they recruit effectors to the membrane or interact with effectors already
present at the membrane. GTP hydrolysis is achieved by action of the GAP protein.
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1.4.1 Structure of Rab GTPases

The topological structure of Rab proteins is highly conserved and consists of 3-strands and o-
helices with conserved cysteine residues near the carboxy-terminus [97, 98]. Binding of either
GDP or GTP induces conformational changes that are localised in the two switch regions.
These switch regions are highly exposed on the surface on the protein and act as recognition
sites for effectors [97, 99, 100]. Several mutations have been identified that affect the GTPase
cycle (see figure 1.5) and lead to constitutively-active or dominant-negative proteins [101].
Targeting of Rab proteins is accomplished through sequence motifs in the hypervariable domain

[102].

GxxxxGKS WDTAGQE GNKxD ETSAK

V V { v

Figure 1.5: Graphical representation of typical Rab sequence. Green boxes represent sequence motifs
that are conserved within structural sub-clades of plant Rab proteins, blue boxes are sequence motifs
conserved amongst all Rabs. The one-letter amino acid code below these boxes show mutations that
keep Rab proteins in a preferentially GTP-bound (‘GTP locked’), GDP-bound (‘GDP locked’) or
nucleotide free conformation.

1.4.2 Regulation of Rab GTPases

Membrane localisation of Rab proteins is achieved by their post-translational prenylation with
usually two geranylgeranyl moieties on their C-terminal cysteine [103, 104] catalysed by the
RabGGTase (Rab geranylgeranyl transferase) [105]. RabGGTase consists of two tightly asso-
ciated o and 3 subunits and recognises its substrate only in association with the Rab escort
protein (REP). First, a heterodimeric complex of Rab, preferably in the GDP-bound form,
and REP is formed in the cytoplasm. The Rab-REP complex then binds to the RabGGTase
in a geranylgeranyl pyrophosphate (GGPP) dependent manner which increases the GGTase
affinity to the Rab-REP complex. REP is also able to bind to GGPP without the Rab protein
to form a pre-activated complex. Mutant Rabs partially or completely lacking prenylation

motifs inhibit the activity of the RabGGTase[105].

11
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An Arabidopsis REP was identified by performing a Basic Local Alignment Search Tool
(BLAST) search in the Arabidopsis genome using yeast and mammalian REP protein se-
quences. GST-AthREP was pulled-down with 6-His-Yptl and 6-His-NtaRabAla preloaded
with GDP. AthREP-6His also does bind to the AthRabA2a GTP-bound form but still binds
preferably to the GDP-bound form. AthREP and the geranylgeranylation activity is localised
to the cytoplasm in plant cells. Geranylgeranylation activity was stimulated by addition of
AthREP-6His in Arabidopsis and BY-2 extracts 2.5- to 5-fold. AthREPs were unable to stim-
ulate RabGGTase activity in vitro when added to the extract prepared from the mrs6-2 yeast
strain mutated in a gene coding for yeast REP indicating that the plant REP maybe unable to
cooperate with the yeast RabGGTase core complex. The reciprocal experiment revealed that
the yeast REP (SceMrs6) was able to increase GGTase activity two-fold [105]. Sequence anal-
ysis revealed a conserved substitution of the SceMrs6 R198 in angiosperms. When mutating
the corresponding amino acid in AthREP [N188R] and transforming it into the mrs6-2 yeast
strain, growth was restored. This indicates that the substitution of arginine at this position is

an important condition for plant-specific features of the REP molecule [105].

The GDP-bound form of the protein exists predominantly in the cytosol in a complex with
Rab GDI (GDP-Displacement Inhibitor), which masks the prenyl-groups. Rabs are recruited
to membranes by interaction with Rab GDI-displacement factors; then specific nucleotide
exchange factors convert the protein to the GTP-bound form, which is insensitive to removal
by GDI and can recruit effectors. GTPase activating proteins (GAPs) stimulate the intrinsic
GTPase activity of the Rab protein thus returning it to its inactive GDP-bound form which
is removed from the membrane by GDI [103, 106]. GDI orthologues between major eukaryotic
lineages were identified by sequence analysis and turned out to be highly conserved throughout
their whole length. Phylogenetic analysis separated GDIs clearly from REPs but the similar
structure of both suggest a common progenitor of the whole superfamily. It is proposed that
a bi-functional REP/GDI protein is the likeliest evolutionary precursor rather than a REP or
GDI alone [105].

PRA1 (prenylated rab acceptor 1) proteins have been shown to regulate vesicle trafficking as
receptors of Rab GTPases and the v-SNARE vesicle associated membrane protein 2 (VAMP2)
in mammalian cells [107, 108]. In plants, little is known about the PRA1 family members
[109, 110]. Tt has been shown that a PRA1 related protein in plants interacts with the

Cauliflower Mosaic Virus (CaMV) movement protein [109]. The Arabidopsis PRA1 family

12
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consists of 19 members, identified by BLAST and HMMER. analysis, comparing six species
with complete genome sequences (Arabidopsis, poplar, rice, moss and two green algae). The
19 members can be grouped into eight clades (A to H). It was shown by yeast-two-hybrid
based interaction analysis that most of the PRA1 proteins were able to form homo- and het-
erodimers. GUS expression was frequently observed in vascular tissues. Four PRA1 genes
(PRA1.B5, PRA1.B6, PRA1.D and PRA1.E) were expressed in leaf veins, with expression of
PRA1.B6 being restricted to young leaf veins. PRA1.F3 shared a common distribution with
other AtPRA1 gene in regions of lateral root initiation but not in vascular tissues. In roots,
GUS staining was frequently observed at the lateral and/or the columella cells of the root cap.
PRA1.B5, PRA1.B6, PRA1.D and PRA1.E expression was detected in both regions, while
expression of PRA1.B4 and PRA1.E was restricted to the lateral and the columella root cap
cells. In aerial tissues, expression of PRA1 genes was detected in trichomes, stomata, shoot
apex and the leaf basis. Comparison of gene expression profiles reveald co-expression of PRA1
genes with Rab GTPases. As a general distribution most PRA1 proteins localise to vesicular
structures often associated with a light network of ER strands (PRA1.A2, PRA1.A3, PRA1.B1,
PRA1.B2, PRA1.B3, PRA1.B4, PRA1.B5, PRA1.D, PRAL1.E, PRA1.F1, PRA1.F2, PRA1.F4
and PRA1.G1). Representatives from different clades were selected to investigate these struc-
tures. Analysis of PRA1.A2, PRA1.B5, PRA1.D, PRAL1.E, PRA1.F1 and PRA1.G1 showed
localisation to endosomal compartments using FM4-64. PRA1.A1, PRA1.B6, PRA1.C and
PRA1.H showed clear localisation to the ER. Members of clades D and F entirely colocalised
with RAB-F2b. B-clade members were more distributed to the Golgi than members of other

clades. None of the analysed PRA1 proteins resided entirely in the Golgi [110].

Direct interaction of PRA1 members and Rabs could neither be shown by yeast-two-hybrid

nor by tandem affinity purification [110].

1.4.3 Classification of Rab GTPases

The Arabidopsis Rab GTPase family contains 57 members, which can be divided into eight
clades, designated A to H. Sequence analysis suggests that these eight clades can be further

sub-divided into structural subclasses that reflect different functions [111].

Genomic data have shown that yeasts, metazoans, and higher plants have each elaborated
distinct sets of Rab proteins. Arabidopsis and mammals each have roughly 60 Rab GTPases

compared to the six to ten that are found in yeasts, but it is striking that 80% of the predicted
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mammalian Rab GTPase subclasses are missing in Arabidopsis [111, 112, 113]. The diversity
of the Rab GTPase family in mammals relative to that of yeasts appears to reflect the greater
complexity and diversity of membrane trafficking events that occur in the diverse cell types of
mammals [7, 114]. The situation is less clear in angiosperms where phylogenetic analysis has
shown that all 57 Arabidopsis Rab sequences fall into just eight clades (Rab-A to Rab-H) that
form the basis of a systematic nomenclature for plant Rabs [112]. Each of the eight higher
plant clades is clearly related either to one of six Rab subclasses that are common to yeasts,
animals, and plants or to mammalian Rab2 or Rabl8 [111, 113], both of which are missing
from yeasts. Rice and basal lineages also contain at least one homologue of mammalian Rab21
[115]. Homologues of an additional mammalian subclass, Rab23, which is implicated in cilliary
or flagellar function have been identified in basal land plant basal lineages, correlating with the
presence of flagellated sperm [116]. Analysis of specificity-determining regions of Rab GTPases
[112, 117] suggest that several plant Rab clades may have diversified to the extent that they
may contain functionally distinct proteins [111, 112]. If so, it would mean that the Rab GTPase
family has undergone distinct adaptive radiations in mammalian and angiosperm lineages and

that many Rab subclasses in Arabidopsis are plant-specific [111].

In the following sections I will describe the current understanding of the Arabidopsis Rab

GTPases in membrane traffic.

1.4.4 The Rab-A clade

With 26 out of 57 Rab GTPase members, this is the largest of all eight Arabidopsis Rab clades.
The clade is further subdivided into Rab-A1l (nine proteins), Rab-A2 (four proteins), Rab-A3

(one protein), Rab-A4 (five proteins), Rab-A5 (five proteins), and Rab-A6 (two proteins) [111].

RAB-A1la colocalises with FM4-64 in Arabidopsis roots and is thus an endosomal compartment.
A rab-Ala T-DNA insertion line displays increased primary root elongation and lateral root
branching, especially in medium containing low levels of auxin. Plants overexpressing RAB-
Ala exhibit decreased root elongation, especially under high auxin concentrations, and almost
no lateral root branching at lower auxin concentrations. Further, the expression of RAB-Ala
is induced following the presence of auxin but the induction of auxin responsive genes, such
as IAA12 or TAA17 is not detectable in rab-Ala plants. Thus, RAB-Ala function may be

necessary for auxin homeostasis [118].
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RAB-A1b (BEXS5) localises to the TGN and early endosomes and is involved in TGN to PM
trafficking of PM cargos, such as PIN1:GFP, PIN2 and GFP:PIP2a. This link was discovered
through a forward genetic screen for Arabidopsis mutants that showed increased intracellular
accumulation of PIN1 in response to the trafficking inhibitor BFA. bez5 is hypersensitive to
BFA and is defective in PM traffic as shown by absence of recovery of PM traffic after BFA
washout. However, even though endosome morphology is reportedly abnormal in bez5, the PM

labelling of PIN1:GFP and PIN2:GFP appears intact and comparable to wild type [119].

It was recently shown that RAB-Alc localises to an Endosidin 1 (ES1) sensitive population of
the TGN, partially overlapping the VHA-al domain and is believed to play a role in cytokinesis
as it localises to the cell plate in dividing cells [120]. Further, it is speculated that RAB-Alc is
indirectly involved in auxin-mediated responses as ES1 is known to block trafficking of PIN2
and AUX1. This is also observed in TRAPPII mutants, a protein complex that acts upstream
of RAB-Alc [120].

RAB-A4b accumulates at a putatively novel trans-Golgi compartment at the young root tip
that is labelled by neither Golgi nor TGN markers. In mature root tip cells, RAB-A4b spread
thinly around the edge of the cell or accumulated in compartments in the base of the cell
[121]. It was shown to interact with the N-terminal region and a A1-421 truncation variant of
PI-4KB1 (a phosphatidyl-inositol 4-OH kinase) in a yeast-two-hybrid assay, but not with the
full length PI-4K{1 protein. Both PI-4K(1 truncations colocalise to tip-localised membranes
of growing root hairs that are distinct from the Golgi. Disruption in either the PI-4K{1 or
the PI-4K(32 gene results in aberrant root hair morphogenesis and results in morphologically
altered RAB-A4b labelled TGN compartments. This result indicates that PI-4Kf31/ PI-4K(32
activity is necessary for proper organisation of the TGN and post-Golgi secretion. Further, tip
localisation of RAB-A4b is disrupted by collapsing the tip-focused Ca2* gradient in root hair
cells which could mean that RAB-A4b and PI-4K{1 function is required during polarised root
expansion [121]. Distribution of RAB-A4b varies in rhd4-1 mutant lines, which are defective
in root development (short, bulged, branched root hairs). rhd4-1 root epidermal cells also
show altered actin-filament organisation (more actin patches, thinner filament). RHD4 is a
Saclp-like phosphoinositide phosphatase that is suggested to regulate either proper distribution
and/or accumulation of tip-localised RAB-A4b compartments during polarised growth in root
cells and it may play a role in coordinating delivery of cell wall material to the tips of root

hairs. RAB-A4b colocalises with RHD4 in the tips of root hairs in compartments that are
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distinct from the Golgi and the ER but colocalise in post-Golgi / TGN [122]. EYFP:RAB-
A4b localises to the tips of growing root hairs, a process regulated by intracellular calcium
gradients, but disappears in mature root hair cells that have stopped expanding; application
of defensins causes rapid dissipation of the EYFP:RABA4b at the apical tip of the root hair
and a concomitant cessation of root hair elongation. However, EYFP:RAB-A4b gradient is

re-established after antifungal proteins were removed [123].

Involvment in cytokinesis

The Rab-A2/A3 compartment has been placed on the biosynthetic secretory pathway from
Golgi to PM by Chow and colleagues [45]. Endogenous and tagged RAB-A2a is present at the
PM and a mutant form of RAB-A2a, which is predicted to be GTPase-deficient accumulates
exclusively there. Conversely, the S26N and N125I mutants that are predicted to stabilise
the interaction with the exchange factor distribute between the Golgi and the Rab-A2/A3
compartment. The Rab-A2/A3 compartment and the overlapping VHA-al compartment have
been identified as the sites at which newly synthesised KNOLLE protein accumulates during
mitosis [45, 124]. Using protein synthesis inhibitors Dettmer and colleagues [124] provided
evidence that the VHA-al compartment accumulates biosynthetic and endocytosed proteins
and thus lies on both pathways [43]. The compartment in mammalian cells that most closely
resembles the Rab-A2/A3 compartment is the recycling endosome which also resides on the

secretory and endosomal pathways [125].

RAB-A homologues in yeast and mammalian cells

The mammalian subclasses in the Rab-A clade, Rabl1l and Rab25, localise to the recycling
endosome where they regulate traffic to specific PM domains and to the TGN in various cell
types [125]. The recycling endosome receives slowly recycling material from early endosomes
but also receives a subset of secreted proteins from the TGN. Thus, it represents an intersection
of secretory and recycling pathways. In polarised epithelial cells, Rab11A and Rab25 are
spatially segregated from Rab11B [125]. The paralogous S. cerevisiae Rab proteins Ypt31 and
Ypt32 promote exit of secretory cargo from the late Golgi and are required for traffic from the
Post-Golgi Endosome (PGE) to the late Golgi compartment [126, 127, 128]. The PGE acts
as an early endosome in yeast [126, 129] and shares several markers such as the V-ATPase

subunit Stvl and the SNARE Tlg2 with late Golgi compartment [130].
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Figure 1.6: The Rab-A clade of Arabidopsis and its homologues in mammals and yeast. Numbers
indicate bootstrap values, asterisks indicate nodes with bootstrap support of less than 50% (Tree was
constructed by Dr Ian Moore).
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1.4.5 The Rab-B clade

The Rab-B clade comprises only three members: Rab-Bla, Rab-Blb and Rab-Blc [111].

Moore et al (1997) speculate on an involvement of RAB-B in ER to Golgi traffic as the observed
GUS expression patterns of RAB-B corresponded to the requirements of certain plant cell types
that undergo rapid growth and/or membrane biogenesis where ER to Golgi traffic is particularly
important. These cell types were mostly pollen and vascular tissues of vegetative and floral

organs, but expression was also found to a lesser extent in root cells [131].

The tobacco homologue RAB2 is implicated in ER to Golgi transport. GFP:RAB2 associates
with Golgi bodies in tobacco pollen tubes and the expression of a dominant negative mutant
substantially decreased the delivery of GFP labelled Golgi proteins while their ER and cy-
toplasmic signals were increased, suggesting a role for RAB2 in an early secretory pathway

[132].
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1.4.6 The Rab-C clade

The Rab-C is another very small clade with the three members Rab-C1, Rab-C2a and Rab-C2b

[111].

Rab-C proteins have not yet been well studied in Arabidopsis. The only information available
is that RAB-C1 transcript is induced two hours earlier in BABA-treated (B-aminobutyric acid,
amino acid) plants compared to non-induced control plants [133] and that its transcript is also

induced by the application of ABA (aminobutyric acid) [134].

The mammalian homologue of Arabidopsis Rab-C proteins, Rab18, is crucial for ER to Golgi
traffic [135]. The overexpression of Rab18 wild type protein causes dispersal of the Golgi com-
plex and reduces the secretion of the secretory marker VSVG:GFP in HeLa cells. The same ef-
fect was achieved by directing three siRNAs against Rab18. Expression of the CFP:Rab18(S22N)
enhances retrograde Golgi-ER transport and also potentiates BFA-induced ER-Golgi fusion
[135].

1.4.7 The Rab-D clade

The Rab-D clade comprises four members: Rab-D1, Rab-D2a, Rab-D2b and Rab-D2c [111].

Rab-D2a was shown to participate in ER to Golgi transport as evidenced by tobacco infiltration
experiments where the dominant negative mutant of Rab-D2a caused the accumulation of

secreted GFP in the ER [32].

1.4.8 The Rab-E clade

The Rab-E clade has five members: Rab-Ela, Rab-E1b, Rab-Elc, Rab-E1d and Rab-Ele [111].

RAB-Ela was shown to interact with agrobacterial VirB2 which is a major component of the
Type 4 Secretion System (T4SS) pilus of Agrobacterium tumefaciens. However, other compo-
nents of the T4SS of A. tumefaciens do not interact with RAB-Ela. Rab-E1d antisense plants
show reduced susceptibility to transformation indicating its importance for agrobacterium-

mediated root transformation [136].

secGFP is used to study a possible default route of transport from the ER to the apoplast.

Under conditions that inhibit biosynthetic traffic to the apoplast, secGFP protein accumulates
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inside the cells and can be visualised in the endomembrane compartments. Coexpression of
secGFP with wild type RAB-E1d does not change the localisation of secGFP as it appears un-
altered relative to secGFP alone. The presence of dominant negative RAB-E1d (RAB-E1d[NI])
results in increase of GFP fluorescence and intracellular accumulation which suggests secGFP
traffic to be inhibited by RAB-E1d[NI]. Presence of RAB-E1d[NI] also increases the number
of fluorescent cells and the proportion of cells that accumulate GFP in punctate structures as
well as in the ER. In the presence of RAB-E1d[NI], YFP-HDEL (an ER marker) colocalised
with secGFP in the ER retrieval pathway but not in the punctate structures. These post-ER
secGFP punctate structures colocalise with ST-YFP (a Golgi marker) and RAB-F2b, which
is known to localise predominantly to the PVC. RAB-E1d appears not to affect traffic to the
vacuole along the ER-Golgi-PVC pathway as distribution of spo:GFP is not altered when co-
expressed with RAB-E1d[NI]. It is suggested that RAB-E1d[NI] acts specifically in the late
secretory pathway to the apoplast. A portion of secGFP can also be transported to the vacuole
but this transport is not inhibited by RAB-E1d[NI] but appears to increase the proportion of
secGFP that accumulates in the vacuole relative to the cell wall. Localisation of secRFP to
the ER and the apoplast but not to the PVC reveals that the default pathway to the apoplast
does not involve the RAB-F2b positive PVC and that secGFP might carry a cryptic vacuolar
sorting signal. In comparing these results to data gained through investigation of RAB-D2a
(dominant negative RAB-D2a inhibits ER to Golgi traffic) it is suggested that RAB-E1d acts

downstream of the Rab-D subclass [137].

An interactor of RAB-E1d, PIP5K2 (phosphatidylinositol-4-phosphate 5-kinase 2) has been
described by Camacho et al. Rab-E proteins interact with PIP5K2 via its MORN (membrane
occupancy and recognition nexus) domain and it is proposed that this interaction may stimulate

temporally or spatially localised PtdIns(4,5)P(2) production at the PM [138].

1.4.9 The Rab-F clade

The Rab-F clade has only three members: Rab-F1, Rab-F2a and Rab-F2b [111].

RAB-F1 and RAB-F2b may be functionally equivalent (92% sequence identity) in respect
to vacuolar trafficking; S24N mutants of RAB-F1 show inhibition of vacuolar trafficking and

localisation experiments show that RAB-F1 compartments reside at the PVC. [26]

Lee et al (2004) showed the localisation of RAB-F2a and RAB-F2b to the PVC. S24N, T24A
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and [C198S, C199S] mutants give diffuse GFP signals. The Q69L mutant exhibits strong GFP

signals at the tonoplast of the central vacuole [139].

RAB-F2a and RAB-F2b colocalise to the same punctate subpopulations labelled by FM4-64.
RAB-F1 only partially overlaps with RAB-F2a/F2b; this may reflect partially overlapping
but different populations of endosomes. Colocalisation of RAB-F1 can be observed with the
SNARE proteins SYP21 and SYP22 both of which label the PVC. Therefore it is suggested
that RAB-F1 acts at a later stage of the endocytic pathway because SYPs are reported to
function in membrane fusion in late endosomes and/or the vacuole in the vacuolar transport
pathway. GFP:AtVAMP727 colocalises with RAB-F2a and RAB-F2b which suggest that they

represent an earlier compartment that is important for recycling to the PM [140].

In gnom mutants RAB-F2b positive endosomes lose their punctate shape and appear as larger
patches or clustering ring-like structures, which suggests that RAB-F2b positive endosomes are
the site of GNOM dependent recycling of PM proteins such as PIN1. RAB-F2a and VAMP727
also colocalise on those abnormally deformed endosomes. RAB-F1 was found less frequently
on those endosomes. GFP:SYP41, GFP:SYP21 and GFP:SYP22, GFP:SYP31 show same
localisation in gnom mutant as in wild type which suggests that RAB-F2b, RAB-F2a and
VAMP727 are mainly residing in the sole place where GNOM-dependent recycling takes place
[140].

VPS9a (important for embryo development) can activate all three Rab5 members to their
GTP-bound forms despite their diverged structures. Yeast-two-hybrid experiments showed
that VPS9a interacts with the [S24N] and the [N123I] RAB-F2a mutant forms but not with the
wild type and the [Q69L] mutant form. Further, it interacts with the [S24N] and the [N123I]
mutant form of RAB-F1 but not with the wild type or [Q93L] mutant. In vps9a-2 plants,
which are defective in root elongation, RAB-F2b[Q69L] but not RAB-F1[Q93L] suppresses this
defect. GFP:RabF2b and RabF1:GFP show diffuse localisation in mutant embryos (punctate
localisation in wild type plants) therefore VPS9a seems to be the activator for RAB-F1 and
RAB-F2b [141].

Rab-F proteins have been mainly described in the context of vacuolar or pre-vacuolar traffic
but have also been implicated in endocytic transport pathways. The human transferrin recep-
tor (hTfR), for example, is found mainly in RAB-F2b endosomal compartments but also on the
PM. Treartment with BFA leads to the accumulation of hTfR and transfer into larger patches

inside the cell. Ortiz-Zapater et al conclude that h'TfR may cycle between the PM and endo-
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somes and used this model to investigate receptor mediated endocytosis [142]. Interestingly,
the AAA ATPase SKD1, which is required for endosomal sorting of secretory and endocytic
cargo, partially colocalises on MVBs with RAB-F1, RAB-F2a, RAB-F2b and FM4-64 [143].
The boron transporter BOR1 is a PM transporter which is endocytosed upon binding boron.
It colocalises with RAB-F2b in dot-like structures in high-boron containing medium. BORI1 is

transported to and degraded in the vacuole in high-boron conditions [144].

Jaillais et al [145] described the colocalisation of RAB-F1 and RAB-F2b with Sorting Nexin
1 (SNX1) which is involved in the auxin pathway. Dhonukshe et al [96] observed cytokinesis

defects in plants expressing a dominant negative mutant form of RAB-F2b.

RAB-F1 colabels with sterol containing BFA-induced compartments. Cytochalasin D causes
co-accumulation of sterols and RAB-F1 in small intracellular compartments and colocalisation
of FM4-64 with RAB-F1. Both, BFA and cytochalasin D observations, were reversible after
drug washout. Cytochalasin D treatment after BFA-treatment inhibited sterol redistribution

from BFA compartments, therefore sterol redistribution requires the actin cytoskeleton [38].

In tobacco, RAB-F2b partially colocalises with the Golgi marker ST-YFP. The S24N mutant
labels the cytosol and colabels with ST-YFP in punctate structures. The RAB-F2b[Q69L] mu-
tant colocalises with the tonoplast marker BobTTP26-1 but not with the ER marker NtAQP1.
The N123I and [C198, 199S] mutants appear entirely cytosolic. Further, RAB-F2b colocalises

with PS1 (a peaBP80 construct) which suggests localisation at the PVC [146].

1.4.10 The Rab-G clade

The Rab-G clade comprises eight members spread across three subclasses: Rab-G1 (one pro-

tein), Rab-G2 (one protein), and Rab-G3 (six proteins) [111].

Mazel et al (2004) suggest that RAB-G3e is involved in induction of salt and osmotic stress
tolerance. Rab-G3e was increased after treatment with high concentrations of superoxide, and
induced by infection with avirulent P. syringae (bacteria) or B. cinerea (mold). No induction
was seen after methyl jasmonate, cold or wounding treatment and only minor induction by salt
stress. RAB-G3e overexpressing plants appear greener and show higher amount of chlorophyll
at seven days after germination, accelerated flowering time, faster growth as well as longer
petioles. FM1-43 uptake was faster in RAB-G3e overexpressing plants compared to wild type

plants. 200mM NaCl treatment inhibited the growth of wild type and RAB-G3e overexpressing
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plants, but transgenic plants were less sensitive and achieved higher fresh weight. RAB-G3e
overexpressing plants accumulate sodium in the vacuole. Sorbitol treatment in transgenic

plants causes less growth retardation than in the wild type [147].

Nahm et al (2003) investigated subcellular localisation of OsRab7, a rice (Oryza sativa) ho-
mologue of Arabidopsis Rab-G. It was shown that GFP-OsRab7 is localised to the vacuolar
membrane in Arabidopsis protoplasts which suggests that OsRab7 is involved in transport to
the vacuole in plant cells [148]. The yeast homologue Ypt7p is involved in traffic from late

endosome to the vacuole [149].

A YFP fusion protein of RAB-G3f was generated that shows localisation to PVC and vacuole
[150].

1.4.11 The Rab-H clade

The Rab-H clade consists of five members: Rab-Hla, Rab-H1b, Rab-Hlc, Rab-H1d and Rab-
Hle [111].

RAB-H1b was shown to complement a yeast YPT6 null mutant [151]. Johansen et al (2008)
showed that YFP:RAB-H1b and YFP:RAB-Hlc localise at the Golgi and the cytosol in both
Nicotiana tabaccum and in Arabidopsis. Additionally, YFP:RAB-H1b locates to another un-
defined compartment, not labelled by either YFP:RAB-H1c or Golgi markers; only little colo-
calisation could be observed with the PVC marker BP80:GFP as well as with FM4-64. The
function of this GTPase is yet unclear [152]. RAB-H1b and RAB-Hlc interact with the C-
terminus of GC5, a golgin candidate, in a yeast-two- hybrid assay. This interaction was also
confirmed by affinity chromatography and is independent of the nucleotide status of RAB-H1b
and RAB-H1ec [153], which might suggest a role for RAB-H1b in recruiting matrix proteins to

the trans-Golgi cisternae [152].

1.5 The discovery of GFP as a tool in cell biology

The use of fluorescent proteins has revolutionised many areas of research, including membrane
traffic. It took, however, a long time from its discovery until its first use in endomembrane

traffic research.
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In 1955 Davenport and Nicol first described the luminescence properties of the hydromedusa
Aequoria vicotria, and found that the luminescence properties originated from the umbrella
margin, which appeared as glowing points when excited with a light source of 450 - 600nm[154].
It was not until 1962 that the actual substance was isolated and first described as protein [155].
Although a lot of the properties of the now called GFP were described in 1966 [156], it took
another five years for researchers to realise that this protein followed a Forster type fluorescence
radiationless energy transfer [157]. In 1974 GFP was finally crystallised [158] and its structure
resolved in 1979: GFP consists of 238 amino acids, its fluorophore is composed of three post-

translationally modified amino acids (Ser65, Tyr66, Gly67) [159, 160].

In 1992 the gfp gene was cloned [161], another two years later it was first demonstrated that
the GFP protein fluoresces upon ultra violet or blue light excitation in a heterologous organism
system, in the sensory neurons of the nematode C. elegans [162]. The first report of its use in
plant research was from Baulcombe and colleagues in 1995, where the expression of wild type
GFP was achieved using cytoplasmic RNA viruses [163]. In 1996, GFP was first used in plant
endomembrane research to visualise the ER and the nuclear envelope [164]. The localisation of
GFP markers were validated with immunolocalisation studies and have since been increasingly
used to study membrane traffic. The first plant endomembrane component to be illuminated
was the ER (1996, [164]), followed by the nuclear envelope (1997, [165]), Golgi bodies (1998,
[166]), the apoplast (1999, [167]), the vacuole (2000, [168]), the tonoplast (2002, [169]), and
the PM (2002, [170]). The first plant Rab GTPase to be fused to GFP was RabG3e [171].

GFP exhibits remarkable stability to pH, heat, proteases and denaturating agents owing to its
compact structure [172, 173]. GFP isolated from A. victoria has been used to engineer blue,
cyan and yellow mutants, fluorescent proteins from other species have also been identified,
resulting in further expansion of available colours to orange, red and far-red spectral regions

(174, 175, 176, 177).

Fluorescent protein technology has enabled non-invasive imaging of protein dynamics in live
cells; it can be used to monitor gene expression, label proteins, and identify oligomeric states.
Photoactivable proteins allow for temporally controlled observation of proteins and thus of-
fer an alternative to Fluorescence Recovery After Photobleaching (FRAP) or Fluorescence
Loss In Photobleaching (FLIP) experiments. Further Fluorescence Resonance Energy Trans-
fer (FRET) protocols allow for detection of protein protein interactions, helping to distinguish

interactions from co-localisations [178, 179]. Fluorescent proteins can also be used to act as
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genetically encoded sensors, which allow monitoring of physiological parameters, such as pH

[180]. An overview of fluorescent protein techniques and its uses are given in figure 1.7.
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FRET reporter (direct)

Binding of a ligand (triangle) (1)
leads to a conformational change

(2) in a receptor (gray) and alters
FRET from GFP to FIAsH (green dot)

FRET sensor (indirect)

A substrate undergoes modification
(1) (e.g. phosphorylation, arange
dot}, causing a conformational
change (2) and altering FRET from
CFP to YFP

Intermolecular FRET/ 3-FRET
Binding of X to Y (1) leads to CFP-
YFP FRET. Additional binding of Z
(2) makes RFP an acceptor for X/Y

BiFC

Binding of X to ¥ (1) brings split GFP
halves in proximity, which then fold
and form the chromophore (2)

Photo-activation

Intense illumination (1) locally
changes the spectrum of the FP,
allowing movement of the marked
vs. unmarked protein (2) to

be seen

FRAP

Intense illumination (1) locally
bleaches the fluorophore. Diffusion
or fresh synthesis of nonbleached
fluorophore (2) restores fluorescence
in this area

Pulse-chase

A tetracysteine-tagged protein

is labeled with FIAsH (green

dot). After removal of free FlAsH

and biosynthesis of new copies (1),
the latter are detected with ReAsH (2)
(red dots)

Photo-oxidation for EM

Intense illumination of ReAsH

(red dot) forms ROS that can
polymerize DAB (1) to a precipitate
(brown), which can be stained (2)

by Osmium (black) and imaged by EM

CALI

High-intensity illumination of
ReAsH bound to tetracysteine
forms ROS (1) that oxidize and
inactivate the target protein (2)

Figure 1.7: Overview of fluorescent protein techniques with genetic tags. Images A to I show principles
of advanced techniques. Barrels represent fluorescent proteins. X, Y, and Z represent target proteins.
Thickness of waves indicates light intensity. Descriptions are given next to the images [181].
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1.6 Thesis objective

Plant membrane traffic is still poorly understood. Although some aspects of the cellular or-
ganisation are similar to other eukaryotic cells, there are some unique features, like cell plate
formation that can only be studied in plants. Since plants are sessile organisms, alternative

strategies are required and the underlying trafficking machinery may be different.

As mentioned earlier, Rab GTPases are key regulatory elements of membrane traffic, clearly
defining organelle membranes. Therefore, studying trafficking functions of Rab GTPases will
lead to greater understanding of the dynamics and organisation of the plant endomembrane

system.

The Arabidopsis Rab-A clade consists of 26 members, which are further sub-divided into six
functional subclasses, but there are only three homologues in mammals (Rablla, Rabl1lb and
Rab25) and two in yeast (Ypt31, Ypt32). Thus, the Rab-A clade represents a highly expanded
and diversified protein group. An interesting question to address is whether this diversification
represents a range of plant specific processes due to their sessile life or whether future research
will discover redundancies in trafficking functions that may be attributable to an expansion

due to environmental factors, such as pathogen attack.

The aim of this work is to provide an insight into Arabidopsis endomembrane trafficking by
studying one of the 26 Rab-A family members, RAB-A2a. The early-endosomal Rab-A2/A3
compartment localises to a particularly intriguing place in the endomembrane system, the
TGN, which is a central hub for endocytic and secretory traffic. A role for RAB-A2a in
cytokinesis has been described [45], but it is unclear which trafficking routes are dependent on
RAB-A2a function in non-dividing cells. The following chapters aim to address the following

hypotheses:

1. RAB-A2a is required for default traffic to the PM. This hypothesis is supported by the

localisation studies of the preferentially GDP- and GTP-bound mutants of RAB-A2a.
2. RAB-A2a is involved in protein recycling, like its mammalian homologue RAB-11.

3. RAB-A2a acts in a completely different pathway, e.g. an endocytic route that leads to

the vacuole.

In the following chapters, I will address these hypotheses by utilising the dominant negative

approach in conjunction with selected fluorescent protein markers.
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Chapter 2

Materials and Methods

2.1 Materials

2.1.1 Plant material and growth medium

Plant material:
Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used for stable transformation.

Murashige Skoog (MS) medium was prepared by dissolving Murashige and Skoog Basal Salts
(Duchefa Biochemie) in distilled water (dH2O) to a concentration of 0.43% (w/v). Sucrose
(1%, w/v) was added and the pH was adjusted to 5.7 using 1M potassium hydroxide [182]. For
agar plates, 0.8% (w/v) Bacto-agar was added. The medium was autoclaved at 121°C for 20
minutes. For preparation of selection medium, agar was cooled to approximately 50°C before

adding antibiotics.

2.1.2 Bacterial strains and growth media

For cloning, the Escherichia coli (E. coli) strains DH5a [183] and DB3.1 were used.

For stable Arabidopsis transformation, the disarmed Agrobacterium tumefaciens strain GV3101::pMP90

[184] was used.

Two bacterial growth media were used, Luria Bertani (LB) medium and X-Broth:
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Table 2.1: Antibiotics and their concentrations used in this project

Antibiotic Final Concentration
Kanamycin 25pg/ml for selection of plants
Kanamycin 50pg/ml for selection of bacteria
Ampicillin 100pg/ml

Gentamycin 10-20pg/ml
Hygromycin 15ug/ml
Timentin 2ug/ml
Carbenicillin 200pg/ml
Spectinomycin  75ug/ml

LB medium was used to grow E. coli cultures. It contains 1% (w/v) bacto tryptone, 0.5% (w/v)
bacto yeast extract, and 1% (w/v) sodium chloride. The pH was adjusted to 7.0 using sodium
hydroxide. For selection medium, the agar was cooled to 50°C before adding antibiotics. The

autoclaved medium was stored at 4°C.

X-broth is a nutrient-rich variation of LB medium. It was used for the recovery of E. coli
immediately after heat shock. It contains 2 % (w/v) bacto tryptone, 0.5 % (w/v) bacto yeast
extract, 0.4 % (w/v) magnesium sulphate and 10mM potassium chloride. The pH was adjusted

to 7.6 with sodium hydroxide. The autoclaved medium was stored at room temperature.

All media were autoclaved for 20 minutes at 121°C.

2.1.3 Antibiotics

All antibiotics were prepared as 1000x stock solutions in water and filter sterilised (0.22pm
filters). The stock solutions were stored at -20°C and added to the medium at the appropriate
concentrations (see table below). Hygromycin (Calbiochem, Feltham, UK) was available as

stock solution and was added directly into the medium.

2.1.4 Chemicals

Chemicals were supplied by Sigma-Aldrich (St. Louis, Missouri, USA) or Duchefa Biochemie
(Haarlem, The Netherlands).

2.1.5 Plasmids

The plasmid pOpON2.1 (generated by former DPhil student Luisa Camacho) was used to

generate transgenic Arabidopsis lines used in this project. The pOpON2.1 vector (figure 2.1)
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consists of 20145 base pairs, confers spectinomycine resistance in bacteria (Tn7 SpecR) and
kanamycin resistance in plants (NPT II-nos). The LhGR transcription factor (LhGR) is under
the control of the 35S promoter (35S). The promoter for the LhGR transcription factor is the
pOp6 promoter (pOp6), which in turn drives transcription of the GUS reporter gene (GUS)
and the gene of interest (SENSE). Poly-adenlylation sites (pA-OCS) are introduced to stop
transcription of SENSE, GUS and LhGR.

Genes of interest are introduced by Gateway cloning (see section 2.3.5).

Fhol- 20141 - CTCGA_G
arl- 20125 - TIT'CTACAAA_AAA sl Gleeac.
Safl - 19977 - GTCGA_C indlll MG CTT
Sall- 19929 - GTCGA_C Sl L TAC
Pl 19620 . € TOCAM Clal - 162 - AT'CG_AT - dam methylated!
Sall- 18876 - GTCGA_C Saell - £71 - CC_GC'GE
a2 - 18725 - TIT'CTACAAC AAA Clzl - 597 - AT'CG_AT - dam methylaied!
FeoRI- 18702 - CUAATT C ¢ = SnaBI- 1148 - TAC'GTA
KomI- 18700 - G_GTAC o 3 d - EzoRW - 1321 - GAT'ATC
FamHI - 18687 - G'GATC_C 5 EeoR Voot CaliATe
eI - 17950 - G'CTAG_C a;:c . 2_33;9-131' CG_AT
ot - 17909 - GC'GGCC_GC ]
Sael- 17903 - CC_GC'GC Elll- 3134 - A'GATC T
(PmelFcll3610) - 17894 Nodl - 3537 - GC GC(?C_CC
s FGaelL - 3589 CC.GCCE
acll - -
Saoll- 17273 COGOCE oA 3896 _ CCTGCAGE
= Pol - 3596 - C_TGCA'G
Xbal- 3808 - T'CTAC A
FamHI - 3814 - G'CATC_C
FooRI- 4410 - G'AATT_C
. EzoRW - 4610 - GAT'ATC
0 0N2 1 (Kan) Xhol- 5203 - CTCCA_C
p p - HindlIl - 5227 - A"AGCT_T
Sacl- 5281 - C_AGCT'C
201 45 bp Fbal - 5346 - T'CTAG_A
HindIII - 5433 - A'ACCT_T
EzoRI- 5502 - G'AATT_C
FHindII - 5586 - A'AGCT_T
Sael - 5794 - C_ACCT'C
Pol - 6183 - C_TGCA'C
Pol - 6234 - C_TGCA'G
Xhol- 6205 - CTCCA_C
EzoRY - 6392 - GAT'ATC
SifI- 6728 - CC_TGCA'GC
Pol- 6728 - C_TGCA'C
lacZ-alpha - 6758
lacZ-alpha end - 6929
WheI-T019 - G'CTAG_C
Ndel- 11993 - CATA_TC BamHI - T165 - G'GATC_C
ol - T330 - C_TGCA'

Ndel- 14690 - CATA TG

EooRY - 14172 - GAT'ATC

Wdel- 13351 - CATA TG

LE - §%42
Sall- 9375 - GTICGA_C
Pl - 9868 - C_TGCA'G

Figure 2.1: Graphical representation of the pOpON2.1 vector generated with pDRAW software. The
pOpON2.1 vector consists of 20145 base pairs and includes the following elements: spectinomycine
resistance in bacteria (Tn7 SpecR), kanamycin resistance in plants (NPT II-nos), 35S promoter (35S)
controlled LhGR transcription factor (LhGR), the pOp6 promoter (pOp6, target promoter of LhGR),
GUS reporter gene (GUS), gene of interest (SENSE), poly-adenlylation sites (pA-OCS). Colour coding
is as follows: blue: unique sites, red: two sites, purple: three sites, green: four sites, black: restriction
site occurs more than four times.

2.1.6 Oligonucleotide primers

Oligonucleotide primers for PCR reactions were obtained from Bioneer, Daejeon, Republic of

Korea.
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Primer sequences used for Gateway cloning;:

Rab-A2a forward primer:
5-GGGGAGAAGTTTGTACAAAAAAGCAGGCTTCACCATGGGCGAGAAGACCGGACGAA-
37

Rab-A2a reverse primer:

5-GGGGACCACTTTGTACAAGAAAGCTGGGTCTCAAGACGATGAGCAACAAGG-3’

2.1.7 Enzymes

Restriction endonucleases were obtained from New England Biolabs (NEB, Hitchin, UK) or

Fermentas (Loughborough, UK).

2.1.8 Antibodies

Antibodies were either stored at 4°C with 0.05% (w/v) sodium azide or -20°C after addition
of 1 volume of glycerol (Sigma-Aldrich, St. Louis, Missouri, USA, 99.5%). Antibodies used in
this thesis were Anti-Rabbit IgG alkaline phosphatase conjungate (goat) A-3687 from Sigma-
Aldrich, St. Louis, Missouri, USA (a dilution of 1:10000 was used) and an anti-RabA2a
(rabbit) antibody, which has been described in Chow, C. (2006) Specialisation of Arabidopsis

RabA GTPases, D.Phil thesis, University of Oxford, UK (a dilution 1:5000 was used).

2.1.9 Other lab equipment

For centrifugation involving microfuge tubes, the microfuges Biofuge pico, Biofuge fresco (Her-
aeus Instruments GmbH, Hanau, Germany) and Sigma 1-15K Sigma-Aldrich (St. Louis, Mis-
souri, USA) were used with supplied rotors. For centrifugation of 15mL or 50mL falcon tubes,

an Allegra 21R Centrifuge (Beckman-Coulter, High Wycombe, UK Ltd.) was used.
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2.2 Methods

2.2.1 Plant growth conditions and transformation
Plant growth conditions

Routine procedures:

Seeds were aliquoted into in 1.5mL Eppendorf tubes and surface sterilised in 1mL of 70% (v/v)
ethanol by inverting four to six times. The tubes were left to stand for five minutes. The seeds
were the pipetted onto sterile Whatman papers (sterilised with absolute ethanol) in a flow
hood and allowed to dry. Sterilised seeds were then transferred to MS media agar using a

sterile toothpick.
Procedure for primary transformants:

Carbenicillin and timentin were added to the medium, in addition to the line specific antibiotic
(kanamycin or hygromicin). Seeds were washed once with 70% (v/v) ethanol for 10 minutes in
10mL Falcon tubes. Then, the 70% (v/v) ethanol was replaced by the bleach solution (1/10
volume of sodium hypochlorite solution (12%, v/v) and 25% SDS (w/v) and applied for 10
minutes. Tubes were inverted four times. The seeds were washed with sterile dH2O four times
and resuspended in two volumes sterile dH,O. The 2mL to 4mL mixture was transferred to an

agar plate and allowed to dry for two to four hours.

After imbibition at 4°C for two days, plants were grown in the tissue culture growth room
(TCR1: 16 hours light, 8 hours dark, 22°C). Ten to 15 days old seedlings were transferred into

soil and grown in the growth cabinets under same conditions.

Plant transformation

The Agrobacterium mediated floral dip method [185] was used to transform Arabidopsis. Plants
of approximately three weeks of age, with numerous immature floral buds and few siliques were
used for transformation. A 200mL overnight culture of Agrobacterium tumefaciens (ODgoo =
1.8) was centrifuged, the pellet was resuspended in 200mL sucrose solution (5% (w/v) sucrose
and 0.05% (v/v) Silwet L-77). Plants were then immersed upside down into the solution and
mixed for 30 seconds. The plants were laid down on the wet tray and covered with cling film

overnight before returning to the growth cabinet.
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2.3 Cloning

2.3.1 Polymerase Chain Reaction

To amplify DNA fragments from plasmid or genomic DNA, a 20uL. PCR reaction mixture
containing template DNA, Proof I buffer (50mM Tris HC1 pH9.1, 14mM (NHy4)2S0y4), 200pM
dNTPs (Fermentas, Loughborough, UK), 1 - 2.5mM magnesium chloride, primers each at

0.3uM and Taq DNA polymerase (homemade) was prepared.

Where high sequence accuracy was required, pfu Polymerase (Fermentas, Loughborough, UK)
was used with its appropriate buffer. The mixture was then incubated in a thermal cycler
(Biometra T1 themocycler or Biometra T-Gradient). The lid was heated to prevent evapora-
tion of the reaction mixture. A typical PCR program included heating step to 94°C for five
minutes followed by 20 to 35 cycles of denaturation, annealing and extension at appropriate

temperatures.

2.3.2 Restriction enzyme digestion of DNA

Restriction enzyme digestion was carried out according to the product manuals from NEB,
Hitchin, UK or Fermentas, Loughborough, UK. Prediction of restriction band patterns was

done with Mac Serial Cloner (SerialBasics, France).

Restriction enzyme digest for restriction digestion mapping of a plasmid was performed with
a total of 20uL reaction mixture, containing 5uL plasmid (obtained by alkaline lysis protocol
or Qiagen (Hilden, Germany) Spin miniprep), 1x buffer, 0.5U restriction enzyme and dH5O.

The mixture was incubated at 37°C for two hours or overnight.

Five to 10uL of the total digestion was used for gel electrophoresis analysis.

2.3.3 Agarose Gel Electrophoresis

0.5x TBE buffer was used as running buffer and was prepared from a 5x stock (55g Tris, 27.5g
orthoboric acid and 3.72g EDTA in 1L dH2O with pH adjusted to 8.0) with dH2O. The final
concentration of agarose was 0.8% (w/v), achieved by dissolving 0.8g agarose (Bioline, London,
UK) in 100mL 0.5x TBE by microwaving the mixture. Once the gel reached approximately
50°C, 4pL ethidium bromide (10mg/mL) was added. The gel was shaken gently and poured
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into a gel tray with inserted combs (typically 20 slots). The whole gel electrophoresis chamber

was flooded with running gel to a level that the agarose gel was well covered by the buffer.

1x loading dye (0.042% (w/v) bromophenol blue, 0.042% (w/v) xylene cyanol FF, 5% (v/v)
glycerol) was added to the samples and loaded into the wells of the solidified gel. 5pL 1kb
and/or 100bp DNA ladders (Fermentas, Loughborough, UK) were loaded as markers.

The gel was run at a constant voltage (100V) on Horizon 11.14 gel electrophoresis equipment

(Life Technologies Ltd., Paisley, UK). DNA was visualised using a UV transilluminator.

2.3.4 DNA gel purification

To isolate DNA fragments from an agarose gel after electrophoresis, the necessary portion
of the gel was excised and the DNA extracted by following the Qiagen Gel Purification Kit

(Qiagen, Hilden, Germany) protocol according to the manufacturers instructions.

2.3.5 Gateway cloning

Gateway cloning procedures were performed according to the manufacturer’s recommendations

(Invitrogen, Paisley, UK, 2008).

2.3.6 DNA ligation

Ligation reaction was set by preparing a 10uL mixture containing insert DNA, vector DNA,
1uL T4 DNA ligase (Fermentas, Loughborough, UK) and 1x ligase buffer (Fermentas, Lough-
borough, UK). Insert and vector were added at an approximate 3:1 molar ratio. The mixture

was at room temperature for 2 hours or at 16°C overnight.

2.3.7 Bacterial transformation

E. coli was cultured at 37°C with Luria Bertani (LB) medium, either on 1% (w/v) agar plate

or in liquid, with appropriate concentration of antibiotic.

Agrobacterium tumefaciens GV3101::pMP90 was grown at 28°C on LB medium with gen-

tamycin plus suitable antibiotic for selecting the transformed binary vector.
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To prepare glycerol stocks of bacterium strains, 88uL of fresh culture was mixed with 122uL

sterile glycerol and freezing in liquid nitrogen before storing at -80°C.

E. Coli (heat shock)

To transform E. coli cells, 5uL. DNA was added to a tube of competent cells (40uL) and left on
ice for 20 to 30 minutes. The cells were heat shocked at 42°C for two minutes, ImL X-broth
was added immediately after the heat shock. The cells were gently shaken at 37°C for one
hour. Afterwards, the tube was centrifuged (4500 rpm (1500 x g), 5 minutes) and the cells
resuspended in 150uL liquid LB medium. This resuspended culture was plated out on LB

medium selection plate.

For blue/white screening, 80uL X-gal (Melford Laboratories, Chelsworth, UK, 20mg/ml in
DMF) and sterilised 80uL IPTG (1M in dH5O, Melford Laboratories, Chelsworth, UK) was

streaked on the respective plate and left to dry in a flow hood.

Plates were incubated overnight at 37°C for approximately 16 hours.

Agrobacteria (electroporation)

1uL plasmid DNA (QIAGEN kit prep) was added to 20uL electrocompetent Agrobacterium
tumefaciens cells (cells were thawed on ice beforehand). The mixture was pipetted into an
electroporation cuvette which was then pulsed at 2.5kV for approximately 4.5ms using a Biorad
Gene Pulser (BioRad, Hemel Hempstead, UK) and Pulse Controller set with 25uF capacitance
and 20092 resistance. 1mL LB medium without antibiotic was added immediately after the
electroporation and the solution was transferred to a 1.5mL Eppendorf tube. The cells were
incubated for two hours at 28°C without shaking and then plated out onto LB medium selection

plates. These plates were then incubated for two days at 28°C.

2.3.8 Competent cells for transformation

Competent F. coli:
250mL SOB medium (2% (w/v) bacto-tryptone, 0.5% (w/v) yeast extract, 10mM NaCl, 2.5mM
KCl, 10mM MgCly, 10mM MgSOy, pH = 6.7 - 7.0) was inoculated from an overnight grown

LB-culture (ca. 1:50 to ODgoo = 0.05 to 0.08) and culture was grown 28°C with vigorous
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shaking until ODggg reached approximately 0.6. Culture was left on ice for 10 minutes before
spinning down for 10 minutes at 2500g and 4°C. The pellet was gently resuspended in 80mL
ice cold TB (10mM PIPES, 56mM MnCly, 15mM CaClsy, 250mM KCl, adjust pH = 6.7 with
1IN KOH before adding MnCl, to the solution, filter sterilise) and left on ice for 10 minutes.
A further spinning step for 10 minutes at 2500g and 4°C followed. The pellet was then gently
resuspended in 20mL ice cold TB and left on ice for 10 minutes. DMSO was slowly added to
this mix until a final concentration of 7% (v/v) was reached. Suspension was left on ice for 10
minutes before aliquoting to cold tubes on ice and immediately quick freezed in liquid nitrogen

(store at -80°C).

Agrobacterium electrocompetent cells:

5mL of an GV3101 overnight culture was added to 200mL LB medium containing 20ug/mL
gentamycin. The mixture was shaken at 28°C until it reached an ODgpg between 0.5 and
0.6. The culture was left on ice for 30 minutes and centrifuged at 4800 rpm (2200 x g) for 10
minutes at 4°C. The pellet was resuspended in 25mL ice-cold HEPES buffer (1mM HEPES;
pH7.5, filter sterilised). After being washed again with 25mL ice-cold HEPES buffer, the cells
were then washed once with 20mL of ice-cold HEPES buffer with 10% (v/v) glycerol before
being finally resuspended in 20mL of ice-cold HEPES buffer with 10% (v/v) glycerol. Aliquots

were frozen in liquid nitrogen and stored at -80°C.

2.3.9 Purification of plasmid DNA from bacteria
E.Coli

Plasmid DNA from E.coli cells was extracted by either alkaline lysis miniprep or QIAprep Spin
Miniprep Kit (Qiagen, Hilden, Germany) according to the manufacturer instructions. When

using QIAprepe Spin Miniprep Kit 20uL elution buffer was added in the elution step.

Alkalyne lysis minipreps of transformed E.coli was done as follows: 1.5mL of an overnight
grown culture was transferred to an Eppendorf tube and pelleted at 14000rpm, 1 minute. The
pellet was resuspended in 150pL buffer P1 (50mM Tris-HCI pH 8.0, 10mM EDTA pH 8.0,
100ug/mL RNase A). When the pellet was well resuspended, 150uL buffer P2 (0.2M NaOH,
1% SDS (w%v)) was added and the mixture incubated for 5 minutes at room temperature.

150uL buffer P3 (3M KAc, pH 5.5) was added, the solution well mixed and left for 20 minutes
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on ice. After this, the suspension was centrifuged for 20 minutes at 4°C and 14000rpm (19300
x g). The supernatant was transferred into a fresh tube containing 1mL absolute ethanol. A
further 20 minutes centrifugation step at 4°C and 14000rpm (19300 x g) followed, the final

pellet was resuspended in 20pL autoclaved H5O.

Agrobacteria

An alkaline lysis isolation method was used to extract plasmid DNA from Agrobacteria. The

protocol was adapted from Birnboim and Doly [186].

A 2mL overnight grown culture was centrifuged at 4500 rpm (1500 x g) for 4 minutes. The
pellet was washed in 500uL glucose buffer and resuspended in 200uL glucose buffer (50mM
glucose, 25mM Tris, 10mM EDTA) containing 10uL lysozyme (10mg/mL). After leaving the
mixture on ice for 10 minutes, 400uL freshly prepared lysis solution (0.2M sodium hydroxide,
1% (w/v) SDS) was added by gentle mixing. The tube was left on ice for 10 minutes (solution
turns clear) and 300uL neutralisation solution (3M potassium acetate, pH4.8) was added. The
solution was gently inverted and left on ice for 5 to 10 minutes. The solution was centrifuged
at 13000rpm (16600 x g) for 20 minutes at 4°C. The supernatant was transferred to another
microfuge tube and 0.7 volumes of isopropanol (ca. 600uL) was added. After mixing, the
solution was centrifuged at 13000rpm (16600 x g) for 30 minutes at 4°C; the pellet was rinsed
with 70% (v/v) ethanol and left to dry by air. The dried pellet was resuspended in 10uL water;

5uLL were used for E. colitransformation.

2.3.10 Sequencing

A 20uL sequencing reaction was prepared as follows: 4uL. Big Dye dilution buffer (Invitrogen,
Paisley, UK), 4uL 5x Big Dye reaction mix (Invitrogen, Paisley, UK), 250ng template DNA,
0.8uL primer (5uM). The used sequencing PCR programme was as follows: 96°C for 2 minutes
followed by 25 cycles of 96°C for 30s, 50°C for 15s and 60°C for 4 minutes. The DNA was pre-
cipitated by adding 50uL 95% (v/v) ethanol and 2uL 3M sodium acetate (pH 5.2). The sample
was left at -20°C for 30 minutes and centrifuged at 13000rpm (16600 x g) at 16°C for 20 min-
utes. After an air-drying step, the pellet was resuspended in template suspension reagent. The
sequencing reaction products were analysed using the Applied Biosystems 3730xl DNA Ana-

lyzer at the Zoology DNA Sequencing Service (Oxford University). Sequence chromatography
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files were analysed by Chromas software (Technelysium, South Brisbane, Australia).

2.4 Histochemical GUS staining

GUS staining solution was prepared by freshly adding 1mL 10% (w/v) 5-bromo 4-chloro 3-
indolyl-B-D-glucuronide dissolved in DMF to GUS staining buffer, which contained 100mM
sodium phosphate (from 1M stock, pH 7.0), 10mM Tris (from 1M stock, pH 8.0), ImM EDTA
(from 0.5M stock), 0.05% (v/v) Triton X-100 and 0.5mM ferro/ferricyanide. Seedlings were
immersed in GUS staining solution and kept at 37°C for one hour. Destaining was done by
replacing the GUS staining solution with 70% (v/v) ethanol. After overnight incubation at
37°C, the solution was replaced with a 50% (v/v) ethanol / 50% (v/v) glycerol solution. The
glucuronidase activity was indicated by the formation of blue coloured 5-bromo-4-chloroindigo
and the samples were examined by using a Leica microscope. A coolSNAP dital camera (Pho-
tometrics, Tucson, USA) together with the ImagePro software (MediaCybernetics, Rockville,

USA) were used to record the images.

2.5 Protein analysis

2.5.1 Protein extraction

A 50 to 150mg fresh sample (Arabidopsis seedlings, seven days after germination) was collected
in a microfuge tube and immediately frozen in liquid nitrogen. T'wo volumes of extraction buffer
(50mM sodium citrate at pH 5.5, 5% SDS (w/v), 0.01% BSA (w/v) and 150mM NaCl) with 2%
(v/v) beta-mercapthoethanol was added to the samples before it was ground using a pre-cooled
micropestle. After being vortexed briefly, the mixture was boiled for 10 minutes. It was then
centrifuged at 13000rpm (16600 x g) for 30 minutes at 4°C. The supernatant was transferred

to a new microfuge tube, frozen by liquid nitrogen and stored at -80°C.

2.5.2 Western Blot

SDS-PAGE was performed on a BioRad Mini 2D gel system (BioRad, Hemel Hempstead,
UK), using a 12% polyacrylamide gel. First, the running gel was prepared (9.2mL sterile
dH20, 4.8mL Tris (1.5M, pH 8.8), 200uL SDS (10% w/v, Biorad), 6mL acrylamide (40% v/v,
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Anachem), 6uL. TEMED (BioRad, Hemel Hempstead, UK) and 160puL. ammonium persulfate
(10% w /v, freshly prepared, Biorad, Hemel Hempstead, UK) of which 6ml was transferred into
the assembled apparatus and overlaid with water. After the gel was set after about one hour
at room temperature, the stacking gel was prepared (8.3mL sterile dH20, 3.8mL Tris (0.5M,
pH 6.8), 150uL SDS (10% w/v, BioRad, Hemel Hempstead, UK), 1.9mL acrylamide (40% v/v,
Anachem, Luton, UK), 15uL. TEMED (BioRad, Hemel Hempstead, UK) and 225uL, ammonium
persulfate (10% w/v, freshly prepared, BioRad, Hemel Hempstead, UK). The water overlay was
removed from the running gel and the stacking gel mix was added. The approproate comb was
inserted into the stacking gel mixture before the gel was left to polymerise for approximately

20 minutes.

In the meantime, the running buffer (14.4g glycine, BioRad, Hemel Hempstead, UK), 3g Tris
and 1g SDS (BioRad, Hemel Hempstead, UK), add dH50 to a final volume of 1L) was prepared

and poured in the electrophoresis tank assembly, containing the gels.

The appropriate volume of 5x SDS loading buffer (0.375g Trizma Base, 5mL glycerol, 0.5g
SDS, 20mg bromophenol blue in 10mL solution, pH 6.8) was added to each protein sample.
The mixture was heated at 95°C for five minutes and then loaded into the wells. As protein
marker, 5uL of pre-stained ladder (Fermentas, Loughborough, UK) was used. The gels were
run at constant amperage (25mA for the stacking gel and 30mA for the running gel) until the

dye reached the bottom.

The set-up was then disassembled and the running gel transferred into a plastic container,

which contained transfer buffer (200mL methanol, 3g Tris and 14.4g glycine in 1L solution).

The gel and a hydrophilised PVDF membrane were sandwiched between Whatman 3MM filter
papers and sponges in the following order: (cathode side) one sponge, one filter paper, the gel,
the membrane, one filter paper, one sponge (anode side). The cassettes were inserted into the
electrode module which was then put into the tank filled with transfer buffer with 3mL 10%

(w/v) SDS.

Electrophoretic transfer happened at 75mA to 100mA constant amperage for 1.5 hours under
constant magnetic stirring. After the transfer was completed and the set up disassembled, the
membrane was blocked with blocking buffer (5% w/v non-fat milk powder in 1x TBS buffer
containing 0.1% v/v Tween 20) for 1 hour at room temperature. The membrane was then

incubated with the primary antibody in blocking solution (overnight at 4°C). On the following
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day, the membrane was washed three times (15 minutes each) with 1x TBS buffer containing
0.1% v/v Tween 20. The membrane was incubated with alkaline phosphatase conjugated
secondary antibodies in blocking solution (not containing any milk powder) for one hour. The
membrane was washed in 1x TBS buffer containing 0.1% v/v Tween 20 for three times at 15
minutes and further washed in dH5O for two minutes. After this, the membrane was developed
in dark with 1 - 1.5mL Westran Blue (Promega, Madison, Wisconsin, USA). The reaction was

stopped by adding a 20mM EDTA solution.

Western Blot quantification was done with ImageJ Gel-Analyzer software.

2.6 Confocal Laser Scanning Microscopy

2.6.1 Imaging

Whole Arabidopsis seedlings (three to seven days after germination) were mounted on slides

with dH5O, except for FRAP experiments where liquid MS medium was used.

Fluorescence was examined with a Zeiss LSM 510 confocal scanning microscope at high mag-
nification using a C-Apochromat 40x/1.2NA water-immersion lens. The acquired images were
analysed and processed with the Zeiss LSM software to construct 3D images or adjust bright-

ness and contrast settings (Carl Zeiss, Jena, Germany).

GFP or YPF were imaged using the excitation wavelength 488nm (typically 5%) with emission
filter 505-550nm or LP505nm. FM4-64 was excited by 488nm or 543nm and collected in channel

S by selecting a suitable range of spectra.

2.6.2 Drug treatments

Drugs and their concentration used in this project are listed in table 2.2.

Table 2.2: Drugs and their concentrations used in this project

Drug Source Concentration used Reference
Brefeldin-A Sigma-Aldrich 50pm [37]
Wortmannin Sigma-Aldrich 33um [187]
Cytochalasin-D  Sigma-Aldrich 50pm [37]
Tyrphostin A51  Sigma-Aldrich 30puM [188]
Tyrphostin A23  Sigma-Aldrich 30puM [188]
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2.6.3 Stainings

FM4-64 (Invitrogen, Paisley, UK): Seedlings were mounted in water with 5uM FM4-64 (5mM
water stock) for the time specified within the individual experiments to visualise endosomes or

to study endocytosis.

2.6.4 FRAP analysis

Arabidopsis seedlings were germinated on MS plates containing DMSO. At the age of three
days after germination, seedlings were transferred into liquid MS medium containing either
DMSO or 20pm DEX for 20 hours. DEX induced seedlings were then screened and selected
according to their phenotype (i.e. strong intracellular accumulation of PIN2:GFP in root cap

cells and minor cytokinesis defects in meristematic cells if, visible).

Seedlings were observed under a cover slide with liquid MS as mounting medium. Slides were
kept moist throughout the time course and only water was added to the edges of the slide
to prevent accumulation of toxic concentrations of salts in the slide environment. Large root
areas were bleached over Z-sections. Arabidopsis main root cells were bleached by a 488nm

Argon laser (80% laser strength, 100% laser output) twice over a Z-section.

Individual PMs were measured, which were at least one bleached cell away from unbleached
areas to exclude effects arising from lateral diffusion. Initial experiments concluded that it
would be necessary to observe a period of 300 minutes after photo-bleaching until maximum
recovery at the PM of PIN2:GFP was observed. Intervals of 60 minutes were chosen to avoid

unnecessary bleaching by the imaging routine.

At the end of the experiment, images were analysed by the Zeiss LSM 510 Imaging software
(figure 2.2). First, the threshold of the samples was determined by selecting an area of the
background where no part of the root had been imaged (figure 2.2 A). Three values of standard
deviation were added to the threshold and used as low threshold base (figure 2.2 B). Then,
the signal intensity of individual PMs was measured by defining a region of interest around
these membranes (figure 2.2 C). Both bleached and unbleached membranes were measured.
However, for recovery measurements of bleached areas, only PMs were selected, which were
part of a cell that was separated from unbleached areas by at least one bleached cell. This
avoids measuring fluorescence recovery from lateral diffusion. The values for the same set of

membranes were measured and recorded over time. The obtained values were then normalised
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to 100% initial fluorescence (corrected ratio of bleached and unbleached areas) and plotted in

a graph.
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Figure 2.2: Screenshots demonstrating analysis of FRAP experiments using Zeiss LSM Browser. (A)
The threshold was determined by selecting an area of the background. (B) Background cut off was
set by adding three standard deviations to the threshold. (C) Values of membranes were measured by
defining the region of interest giving the mean and area number value.
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Chapter 3

Generation and characterisation
of dominant negative marker

lines

3.1 Introduction

The aim of this project is to provide an insight into RAB-A2a dependent membrane traffic
in Arabidopsis thaliana. To do this, I chose a set of fluorescent markers that are trafficked
through the main routes in the Arabidopsis endomembrane system. A dexamethasone inducible
genetic trait, the dominant negative RAB-A2a mutant, was introduced into these fluorescent
marker plant lines and the effect of the dominant negative mutant on the localisation of these

fluorescent markers was studied.

This chapter describes the generation and the rationale for the selection of the transgenic
Arabidopsis lines for the investigation of RAB-A2a dependent membrane traffic in this project.
A detailed description of the trafficking pathways of the selected fluorescent markers is given

in Chapter 4.
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3.1.1 The dominant negative approach

Previous work by Cherry Chow on the Arabidopsis Rab-A clade showed that classic genetic
approaches cannot successfully be used to study the function of these proteins, due to functional
redundancy [189]. Thus, I chose to make use of the dominant negative approach, which has
previously been used to determine Rab GTPase function in transient expression systems [32,

137).

Dominant negative proteins carry mutations that abolish an aspect of the protein’s normal
function. These mutants compete with the wild type protein for interactors and thus, the

function of the wild type protein is effectively inhibited [190].

This is a very powerful alternative approach for studying a protein’s function, compared to
time-consuming immunolocalisation protocols, or where proteins are expressed and studied
in heterologous systems where crucial interactors might be missing, or gene knockout, where
the protein of interest may be required for early developmental processes and thus results
in embryonic lethality [190]. The limitation of this approach lies in the limited knowledge
about interactors of dominant negative Rab GTPase in plants [115, 141]. Thus, in addition
to inhibiting normal protein function, dominant negative mutants may cause secondary effects

that do not reflect the function of the wild type protein.

As mentioned in 1.4.1, mutants have been identified that will keep Rab proteins in preferentially
GDP-bound (‘GDP-locked’), GTP-bound (‘GTP-locked’) or nucleotide free conformation. The
dominant negative Rab mutants are believed to interact with the GEF that catalyses the GDP
to GTP exchange thus shifting the activity cycle towards the ‘off” or ‘inactive’ state. However,
it has been shown that dominant negative Rab mutants can be instable with half lives of 2.5
to 6 hours [191], which is why a high concentration of ten times or more in excess to the
wild type protein and a constant supply of dominant negative protein is required to observe
trafficking defects [106]. This can be achieved by making use of dexamethasone inducible
systems which has been employed successfully in the past to study Rab GTPase function in

plants [32, 45, 192, 193].

3.1.2 The dexamethasone inducible system

Chemically inducible systems are especially desirable in conditions when overexpression of gene

products are lethal. The advantage over constitutive promoters is that inducible systems are
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quiescent in the absence of the respective inducer and therefore do not interfere with plant
development. With such systems, gene expression can be regulated by application of the
inducing chemical at a particular developmental stage and for a specific duration. Further, by
selecting the appropriate promoter to drive expression of the chemically inducible transcription

factor, the expression can be restricted to specific organs, tissues or cell types.

The dexamethasone inducible system was first described by Schena and colleagues in 1991 [194].
Schena and colleagues constructed a two plasmid system, one of them being the effector and the
other one the reporter construct. In one of their effector systems, the rat glucocorticoid receptor
(GR) is fused to the CaMV 35S promoter, a promoter widely used to achieve constitutive
expressionin plants. In their reporter construct, a glucocorticoid receptor element (GRE) was
cloned in front of the gene of interest (see figure 3.1). This system lead to a 270-fold increase

in expression in tobacco protoplasts [194].
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Figure 3.1: The dexamethasone inducible system: The GR resides in the cytoplasm bound to the
90kDa heat shock protein HSP90. When dexamethasone is taken up by the cell, dexamethasone binds
to GR, thereby releasing it from HSP90. GR is released into the cytoplasm and transported into the
nucleus where it binds GRE and initiates transcription of the gene of interest [194].

This system has been further developed into the GVG system: The GVG transcription factor
is a chimera of the DNA-binding domain of the yeast GAL4 transcription factor, the trans-
activating sequence of the herpes virus protein VP16, and the regulatory region of GR. The
reporter construct consists of six tandem repeats of the GAL4 activating sequence upstream
of a luciferase gene. At concentrations greater than 6uM, a more than 100-fold increase of
expression in transgenic Arabidopsis plants is observed [195]. It was later shown that these
systems can cause growth defects in transgenic Arabidopsis plants, similar to plants exhibiting
ethylene signalling defects, and induces the expression of defence-related genes. However, this
is apparently not a direct cause of dexamethasone but results from the expression of GVG

[196].
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The pOp/LhG4 system developed by Moore and colleagues offered a solution to the physio-
logical problems caused by GVG. The pOp promoter consists of two repeats of a lac operator
cloned upstream of a minimal promoter. LhG4 consists of the Saccharomyces cerevisiae Gal4d
transcription activation domain-II and the high affinity DNA-binding mutant of the lac repres-
sor of E. coli, which binds its operator with increased affinity [197]. However, the disadvantages
of this system were the minimal capability of temporal control of expression and reduced ex-
pression levels compared to the GR-systems. Thus, the LhG4 system was further improved
by Craft and colleagues (2005) by adding the ligand-binding domain of GR to the N-terminus
of LhG4 to facilitate glucocorticoid-inducible transgene expression from the pOp promoter in
Arabidopsis. This system is superior to the previous GR-systems as it does not affect plant

growth [198].

The dexamethasone inducible system used in this project is based on the pOp6/LhGR system
from Samalova and colleagues (2005) [199]. This system makes use of the characteristics of
the before mentioned constructs by Craft et al and introduced an improved operator array:
pOp6, a six tandem repeat of the pOp operator that increases binding efficiency of the pOp
promoter. The pOp6/LhGR variant is a high efficiency dexamethasone inducible system with

a reported 10000-fold increase of transgene expression upon induction [199].

3.1.3 The fluorescent marker line set

The marker set allowed me to investigate whether RAB-A2a was involved in (1) default traffic
to the PM, (2) in protein recycling or (3) in a different pathway, e.g. an endocytic or vacuolar

route.

To address objective (1) of this project, markers for default secretion (35S::nlsRm-2A-secGFP
[200]) and PM traffic (UBI10:YFP:PIP1;4 [150], UBI10::YFP:NPSN12 [150]) were selected.
The markers BRI1::BRI1I:EGFP [58] and PIN2::PIN2:EGFP [201] were used to address objec-
tive (2) of the project. Objective (3) is addressed by the investigation of PVC and vacuolar traf-
ficking markers (UBI10:YFP:VAMP711 [150], UBI10:YFP:RAB-G3f [150], 35S::BP80:GFP
[202], 35S::RAB-F2b:GFP [203]) and the internalisation of the endocytic tracer dye FM4-64.

These marker lines are described in Chapter 4.

The markers YEP:RAB-Ale [150], mCherry:RAB-A2a (Monika Kalde, unpublished) and

mCherry:RAB-A5c¢ (Monika Kalde, unpublished) were used to determine the specificity of
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the dominant negative approach. As mentioned in Chapter 1, the Rab-A clade represents
the largest of the eight Arabidopsis Rab GTPase clades, comprising 26 members across six
Rab-A families. Out of these, the Rab-A1l and Rab-A5 families have been implicated in TGN-
associated traffic [118, 119, 120, 204]. There may be at least two possible implications related
to this for this project. Firstly, the TGN is taking a central place in endomembrane traffic.
It might be that the localisation of several Rab-A GTPase members reflects the diversity of
trafficking routes going through this compartment. However, there is also a possibility that
the Rab-A proteins have common trafficking functions and thus share common interactors.
Such interactors could be interacting with the dominant negative mutants of one or more Rab
GTPase and thus lead to wrong conclusions when interpreting data. Thus, it was necessary to
study the effect of the dominant negative RAB-A2a on other members of the Rab-A family as

a control for the specificity of the dominant negative approach.

3.2 Results

3.2.1 The dexamethasone inducible system: pOpON2.1

Although there were already published inducible dominant negative RAB-A2a lines available
[45], T decided to generate a new set of inducible lines by making use of the new vector

pOpON2.1. While the previously used pH-TOP system [45] required separate driver and
reporter constructs, this vector contains both the driver and the reporter on one plasmid (see
figure 3.2). This simplifies selection of plant lines and allows more rapid generation of lines.

The gene of interest is introduced by Gateway cloning.

B RabA2 I cus | .~ LhGR

Figure 3.2: Graphical representation of the pOpON2.1 dexamethasone inducible construct: The ex-
pression of the LhGR transcription factor (‘LhGR’) is under the control of the 35S promoter (‘355’).
When the inducing agent dexamethasone is added, LhGR binds to the pOp6 promoter (‘pOp6’), driving
the expression of the GUS reporter (‘GUS’) and the gene of interest, in this case RabA2a (‘RabA2a’).
Purple boxes represent poly-adenylation sites, the yellow box represents non-coding pOpON2.1 se-
quence, light blue arrows represent the respective genes and point into the direction of transcription,
dark blue boxes show promoters.

The full length genomic DNA of wild type Rab-A2a and its dominant negative mutant (nu-
cleotide free ‘NT’) were amplified by PCR, with the respective Gateway cloning sites on the

5 and 3’ ends. This fragment was then introduced into pDONR207 by a BP reaction and
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then inserted into pOpON2.1 by the LR reaction. The RabA2a sequences were checked by se-
quencing in pDONR207, the insertion of the fragment and the general integrity of pOpON2.1
were tested by four different restriction enzyme digests (Pvull, Xbal, AflIl, BglIIl). The plas-
mids were introduced into the Agrobacterium strain GV3101, plasmid DNA was isolated and
re-introduced into E. coli , and checked by restriction digests (Pvull, Xbal, AflII, BglII) before

using the strains for plant transformation (as described in Chapter 2).

3.2.2 Dominant negative RAB-A2a pOpON2.1 transgenic Arabidop-
sts plants show stronger root growth inhibition than pH-TOP

lines

Dominant negative RAB-A2a induced pOpONZ2.1 lines show complete root growth

inhibition at three days after germination

It was crucial to establish that the newly generated dominant negative lines used for confocal
microscopy analysis in this project exhibit similar characteristics as published by Chow and
colleagues [45], e.g. they should exhibit a gradual inhibition of growth of the main root. In
order to select the best candidate lines for further analysis, T2 lines were germinated on MS
plates containing either 20uM dexamethasone or the respective amount of DMSO as control.
Seedling growth was monitored over a period of up to seven to eight days after germination
and scored each day. As figure 3.3 shows, the induced lines were already affected in their root

growth at day three after germination.

Shoot growth of these lines was severely affected (data not shown). Cotyledons remained very

small with dark green colouring, the ability to grow true leaves was lost.

Dominant negative RAB-A2a induced pH-TOP lines show complete root growth

inhibition from five days after germination

Root growth of two formerly published [45] inducible dominant negative lines of the pH-TOP
system were monitored. These were previously categorised as lines showing strongest root
growth defects in comparison to other available lines of this system. The two graphs (figures
3.4 and 3.5) show inhibition of root growth when treated with dexamethasone. However,

the degree of root growth inhibition varies between these two lines and are less severe than
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compared to root growth inhibition of the strongest pOpON2.1 lines (figure 3.3).

Shoot growth of dominant negative induced pH-TOP lines only exhibited a minor shoot growth

defect (data not shown). Cotyledons were marginally smaller, true leaves are developed.
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Figure 3.3: Root growth of selected Arabidopsis Col-0 pOpON2.1 dominant negative RAB-A2a lines
(B-1 to D-4). 15 to 20 seedlings per line and treatment were scored for their root growth from three
to seven days after germination. The data points represent the mean average root length per line and
day, standard deviations are given. The lines B-1, B-3, D-1 and D-3 represent the strongest lines and
were used for further analysis.
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Figure 3.4: Root growth analysis of the dexamethasone inducible, dominant negative pH-TOP line
2NI 1.5A (Arabidopsis Col-0). Plants were germinated on 20uM dexamethasone or the corresponding
amount of DMSO as control. Root growth was monitored over seven days. Data points represent
mean average root growth, error bars show standard deviation.
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Figure 3.5: Root growth analysis of the dexamethasone inducible, dominant negative pH-TOP line
2NI 1.6C (Arabidopsis Col-0). Plants were germinated on 20uM dexamethasone or the corresponding
amount of DMSO as control. Root growth was monitored over seven days. Data points represent
mean average root growth, error bars show standard deviation.

3.2.3 pOpONZ2.1 transgenic plant lines are more rapidly induced than
pH-TOP lines.

Knowing the rate of the dominant negative RAB-A2a protein induction upon dexamethasone
treatment is crucial in trying to understand data that comes from correlation of inducible
protein expression and its effect on localisation of fluorescent markers. In order to analyse the
expression pattern of the dexamethasone-inducible lines, GUS stainings were carried out with
individual plant lines. As mentioned earlier, not only the gene of interest is expressed after
induction with dexamethasone, but also the reporter gene GUS. GUS activity is visible through
the formation of blue coloured 5-bromo-4-chloroindigo upon adding the substrate solution. The
following time points were chosen: 0 hours, 2 hours, 4 hours, 8 hours, 16 hours, and 24 hours

after induction with dexamethasone.

GUS reporter gene expression is visible after two hours upon induction with dex-

amethasone in dominant negative pOpON2.1 lines.

In pOpON2.1 inducible lines, GUS expression is visible in the vascular tissue at two hours after
induction with dexamethasone (figure 3.6). At four hours after induction, GUS expression is
visible in the epidermal cell layer with a steady increase in staining along the main root. It

appears that the induced protein reaches its maximum in a period of 16 to 24 hours after
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induction with dexamethasone.

7\ 7<=

Figure 3.6: GUS stainings of pOpON2.1 inducible dominant negative lines (Arabidopsis Col-0). The
top lane of images shows a representative image of the main root, the lower lane of images shows
representative images of the root tip. GUS stainings were carried out before induction (Oh) as well
as two to 24 hours after induction with dexamethasone. GUS expression is detected by GUS staining
from two hours after induction with dexamethasone. Maximum staining of roots is already achieved
16 hours after induction with dexamethasone.

main root

root tip

GUS reporter gene expression is visible after four hours upon induction with

dexamethasone in dominant negative pOpONZ2.1 lines.

In pH-TOP inducible lines, GUS expression in the vascular root tissue is visible at four hours
after induction with dexamethasone (figure 3.7). The epidermal cell layer shows GUS expres-
sion at eight hours after induction. The intensity of GUS staining increases over time but
it appears that a stable staining level has not yet been reached by 24 hours after induction,

indicating that the maximum expression of GUS reporter has not yet been achieved.

Oh 2h 4h 8h 16h 24h
5 \ /
2 - W

Figure 3.7: GUS stainings of pH-TOP inducible dominant negative lines (Arabidopsis Col-0). The
top lane of images shows a representative image of the main root, the lower lane of images shows
representative images of the root tip. GUS stainings were carried out before induction (0h) as well as
two to 24 hours after induction with dexamethasone. GUS expression is detected by GUS staining from
four hours after induction with dexamethasone. The maximum staining of reporter gene expression is
apparently not yet reached at 16 to 24 hours after induction with dexamethasone.
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3.2.4 pOpONZ2.1 transgenic plants accumulate more dominant nega-

tive RAB-A2a than pH-TOP lines

pPOpONZ2.1 lines reach maximum protein levels at 16 to 24 hours following dexam-

ethasone induction

Next, I wanted to address the question whether the observed root defects and GUS expression
patterns correlate to an increase of protein over time. Thus, western blot experiments with a
time course from 0 to 48 hours after induction were carried out. Indeed, the results confirm
the findings of the GUS stainings that the amount of protein reaches its maximum between 16

to 24 hours after induction with dexamethasone (figure 3.8).

induced uninduced
Q 2 4 8 16 24 48 M 0 2 4 8 16 24 48
oRAB-A2a
27kDa P e e e —

Figure 3.8: Western blot of a pOpON2.1 line with inducible dominant negative RAB-A2a (Arabidopsis
Col-0 2NT). The left side of the blot shows the amount of RAB-A2a before induction (0 hours) and after
induction (2 to 48 hours). The lanes to the right of the 27kDa marker (‘M’) are controls of uninduced,
DMSO treated samples taken at the same time points. A steady increase in protein concentration
is observed. The maximum is reached at about 16 hours after induction with dexamethasone. In
uninduced samples, light bands of endogenous RAB-A2a protein are visible.

pPH-TOP lines do not reach maximum protein expression before 24 hours after

induction with dexamethasone

The strongest of the two pH-TOP lines, 2NI 1.5A, was compared to the pOpON2.1 system.
RAB-A2a protein starts to accumulate at 2 hours after induction with a steady increase of
protein concentration up to 24 hours (figure 3.9). It appears that the maximum amount of

protein is reached between 16 and 24 hours after induction with dexamethasone.

Quantitative comparison of pOpON2.1 and pH-TOP western blots confirm quali-

tative findings

The next question I addressed was whether the stronger root growth inhibition was due to
more dominant negative RAB-A2a present in pOpON2.1 versus pH-TOP lines as the kinetics

of induction appear the same in the western blot. Hence, I quantified the western blots by
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uninduced induced

0o 2 4 8 16 24 0o 2 4 8 |6 24 M
oRAB-A2a

27kD2

Figure 3.9: Western blot of a pH-TOP line (Arabidopsis Col-0 2NI 1.5A) with inducible dominant
negative RAB-A2a. The first six lanes show uninduced, DMSO treated control samples taken at
Oh to 24h. The second set of six lanes shows dexamethasone induced samples at 0 to 24 hours after
induction. The last lane shows the 27kDa marker (‘M’). There is a steady amount of protein expression
that reaches a maximum level between 16 and 24 hours after induction. In uninduced samples, light
bands of endogenous RAB-A2a protein is visible.

the ImageJ Gel-Analyzer software. To quantify the western blots shown in figure 3.8 and 3.9,
images were converted into grayscale by Adobe Photoshop CS4. Lanes from two to 24 hours
(pOpON2.1) or two to 48 hours (pH-TOP) after induction were defined by rectangular boxes.
ImageJ generated a profile plot, which was used to quantify relative protein content. The area
under the curve was measured by ImageJ, and relative amounts to lane one or the background
were calculated. The results show that both pOpON2.1 and pH-TOP reach maximum protein
levels between 16 to 24 hours after induction with dexamethasone. However, induction of
pOpON2.1 lines results in 10-fold increase of protein content, while pH-TOP only reach a
maximum of 7-fold compared to the 2 hour time point. This reflects a 15000-fold increase
in protein concentration in pOpON2.1 lines versus a 10000-fold increase in pH-TOP lines,
compared to non-induced samples. Thus, the pOpON2.1 systems accumulates protein faster

and at a higher concentration than pH-TOP lines.

3.2.5 Selection of marker lines and transformants

The fluroescent marker lines used for this project (see section 3.1.3) were pre-screened by con-
focal microscopy to check that the fluorescent markers localise to the cellular areas as has been
published (as referenced in section 3.1.3), before they were transformed with the pOpON2.1
dexamethasone inducible system. Further, to ensure only homozygous plants were used, 30
seedlings were germinated on MS agar plates and checked for fluorescence by epifluorescence
microscopy. Only lines where fluorescence was evident in all seedlings, were used for transfor-

mation.

In addition to the previously mentioned root growth phenotype, lines were checked that non-

induced seedlings would not show GUS staining to avoid studying ‘leaky’ lines (i.e. that
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Figure 3.10: Quantification of western blot results. Western blot images were converted into grayscale
by Adobe Photoshop CS4 and then analysed by the ImageJ Gel-Analyzer package. Rectangular boxes
defined blot lanes and were used to generate a profile plot. From this profile plot, relative content
measurements were calculated. pOpON2.1 accumulates about 10-fold of protein at 16 and 24 hours
after induction compared to two hours after dexamethasone induction. pH-TOP accumulates about
7-fold protein in the same time frame.

expression of dominant negative RAB-A2a was already present without induction with dex-
amethasone). Further, several unsuccessful crossing experiments with pH-TOP lines suggested
these particular lines were wound inducible, possibly due to the location of insertion of the
T-DNA in the Arabidopsis genome. Both, a dominant negative (lab name 2NI 1.5A) and a wild
type (lab name 2WT 1.45G) RAB-A2a Arabidopsis line were cut at their base with scissors at
the age of three weeks after germination. Two weeks later shoot growth was examined. All
seedlings from the dominant negative line showed strongly inhibited shoot growth, whereas the
wounded wild type line exhibited normal growth (figure 3.11). Thus, pOpON2.1 lines were
screened for non-wound inducibility before carrying out confocal analysis (GUS staining was
carried out 24 hours after wounding the plant leaf with scissors). Table 3.1 shows a sample
table of these screenings. For example, the Arabidopsis Col-0 line 2NI 11 C-1 does not show
GUS staining without dexamethasone treatment and no GUS staining 24 hours after wounding

and was used for further experiments. In contrast, line 2NI 11 B-1 showed wound inducibility
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and was excluded from further experiments.

-
-

2NI .5A 2WT 1.45G

Figure 3.11: Possible wound inducibility of pH-TOP lines. Both, a dominant negative and a wild type
RAB-A2a Arabidopsis line were cut at their base with scissors at the age of 3 weeks. Two weeks later,
the dominant negative line (left) showed strongly inhibited shoot growth, whereas the wounded wild
type line (right) exhibited comparably normal shoot growth.
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Table 3.1: Further screening of pOpON2.1 lines.

Typically, five to eight seedlings per line were

investigated. ‘- means absence of GUS staining, ‘+’ to ‘++++4" describes the degree of GUS staining
observed. Samples labeled ‘+/-’ could not be determined with certainty.

Plant line 2NI11 C-1  2NI11 C-1 2NI11 C-1  2NI11 C-1 2NI11 C-1  2NI11 C-1
Plant no. 1 2 3 4 5 6

DEX treatment +++ ++ - 4+t 44 +

DMSO control - - - - - -

Leaf wounding - - - - - -

Plant line 2NI11 A-1 2NI11 A-1 2NI11 A-1  2NI11 A-1 2NI11 A-1 2NI11 B-1
Plant no. 1 2 3 4 ) 1

DEX treatment 4+ ++ ++ +/- +++ +++ ++
DMSO control - - - - - -

Leaf wounding  + - - - - +

Plant line 2NI11 B-1 2NI11 B-1 2NI11 B-1 2NI11 B-1 2NI11 B-1 2NI11 B-1
Plant no. 2 3 4 5 6 7

DEX treatment 4+ - ++ ++ +/- +++ +++
DMSO control - - - - - -

Leaf wounding  + - 4+ +++ - +

Plant line 2NI21 B-3 2NI21 B-3 2NI21 B-3 2NI21 B-3 2NI21 B-3 2NI21 B-2
Plant no. 1 2 3 4 5 1

DEX treatment +/- - +/- - - -

DMSO control - - - - - -

Leaf wounding  + - - - - -
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3.2.6 Specificity of dominant negative RAB-A2a

As described in 3.1.1, it is believed that the dominant negative mutant of a Rab GTPase will
interfere with the activity cycle of the wild type protein and thus inhibit trafficking that relies
on the functionality of this particular Rab GTPase. Hence, if a fluorescent marker is not able
to reach its normal steady state localisation in presence of a particular dominant negative Rab
GTPase, its trafficking requires a pathway that is dependent on intact wild type Rab GTPase
function. Equally, markers that reach their usual localisation in the presence of the dominant

negative protein are trafficked through a pathway independent of the studied Rab GTPase.

Seedlings of two independent lines were germinated on MS plates containing 20uM dexam-
ethasone or the respective amount of DMSO as control. Triplicate sets of experiments were

conducted for each of the lines, observing three to six individuals per experiment and treatment.

mCherry:RAB-A2a localises to Golgi-like bodies in the presence of dominant neg-
ative RAB-A2a

First, I addressed the question whether dominant negative RAB-A2a would indeed interfere
with the localisation of RAB-A2a itself. If the working model is correct that the dominant
negative mutant keeps the wild type protein in an inactive state and therefor cannot perform
its function as interactors of the activity cycle are titrated out, one would expect RAB-A2a
to appear more cytosolic and its localisation shift towards the Golgi apparatus. Localisation
studies of different mutants have shown that a RAB-A2a mutant that preferentially binds GDP
colocalises with Golgi markers, whereas a RAB-A2a mutant, which preferentially binds GTP,

is found at the cell periphery [45].

The data showed that the dominant negative RAB-A2a affected the localisation of mCherry:RAB-
A2a (figure 3.12). In the control, mCherry:RAB-A2a localised in punctate structures and at
the cell periphery (figure 3.12, A1). However, in the presence of dominant negative RAB-A2a,
mCherry:RAB-A2a was localised to structures that closely resemble Golgi (figure 3.12;, A2).
Golgi bodies have a very characteristic ‘doughnut’ shape that appears slim when observed
from the side. The mCherry:RAB-A2a signal at the cell periphery appeared reduced in the
dexamethasone induced sample compared to the control. Please see Appendix A for further

image examples.
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YFP:RAB-Ale localises to Golgi-like bodies in the presence of dominant negative
RAB-A2a

YFP:RAB-Ale was chosen as a representative for the Rab-A1l class. Members of the Rab-A1l
family reportedly traffic between the Golgi apparatus and the TGN where they play a role
in endosomal recycling (see section 1.4.4). This fluorescent marker was transformed with the
inducible dominant negative RAB-A2a and analysed to test whether the dominant negative
RAB-A2a specifically interferes with RAB-A2a activity or if it interacts with the activity of

other Rab GTPases.

The localisation of YFP:RAB-A1le was affected in the presence of dominant negative RAB-A2a
(figure 3.12, B1 compared to B2). While RAB-Ale localised in small punctate structures and
at the cell periphery in the control (figure 3.12, B1), YFP:RAB-Ale was found in doughnut
shaped compartments and exhibited strong cytosolic localisation in the presence of dominant
negative RAB-A2a (figure 3.12, B2). The appearance of these doughnut-like structures strongly

resemble Golgi bodies. Please see Appendix A for further image examples.

Figure 3.12: Dominant negative RAB-A2a causes localisation of mCherry:RAB-A2a and YFP:RAB-
Ale to Golgi-like bodies. Localisation of mCherry:RAB-A2a (Al and A2) and YFP:RAB-Ale (Bl
and B2) in meristematic, epidermal root cells of two independent transgenic Arabidopsis Col-0 lines
were analysed three days after germination on DMSO or dexamethasone containing MS agar plates
(triplicate experiments per line, utilising four to six seedlings per line and treatment). Al: In the
control samples (DMSO), the mCherry:RAB-A2a appears in intracellular structures and at the PM
(white arrows). A2: In dexamethasone induced samples, the PM localisation is lost and mCherry:RAB-
A2a appears in intracellular, enlarged compartments, resembling Golgi bodies (white arrows). B1:
YFP:RAB-Ale localises in intracellular punctate structures and at the PM (white arrows) in DMSO
control samples. B2: In dexamethasone induced samples, the PM localisation is lost, YFP:RAB-Ale
is localised to intracellular, enlarged compartments, resembling Golgi bodies (white arrows). Scale bar
= Sum.
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The localisation of mCherry:RAB-A5c is not affected by the dominant negative
RAB-A2a mutant

mCherry:RAB-A5c was chosen as a representative of the Rab-A5 family to determine whether
the dominant negative RAB-A2a would interfere with trafficking and thus with the function of
a more distantly related Rab-A protein (figure 1.6). In Arabidopsis roots, RAB-Abc is normally
found along the cell edges in lateral roots, however, this localisation is less prominent in the

main root (Cherry Chow, DPhil thesis).

Three dominant negative RAB-A2a inducible mCherry:RAB-A5c lines were examined. Two
different mCherry:RAB-A5c localisation patterns were observed in the main root of Arabidop-
sis. Onme line exhibited cell edge localised RAB-A5c with intracellular, punctate structures
(figure 3.13, A1 and A2). The other two lines showed only intracellularly localised RAB-A5c in
punctate structures (figure 3.13, B1 and B2). In both cases, the localisation of mCherry:RAB-
A5c was not affected by the presence of the dominant negative RAB-A2a in comparison to

control samples.

Figure 3.13: Localisation of mCherry:RAB-A5c. Al and A2 (mCherry:RAB-Abc lines with edge
localisation): In both the DMSO control samples (Al) and in the presence of dominant negative
RAB-A2a (A2), mCherry:RAB-A5c localises at the cell edges (white arrows) and in intracellular pun-
tuate compartments. Bl and B2 (mCherry:RAB-A5c lines with mostly intracellular localisation):
mCherry:RAB-Ab5c localises to intracellular punctate structures (white arrows) in DMSO control sam-
ples (B1) and in the presence of dominant negative RAB-A2a (B2). Meristematic, epidermal root cells
of three independent transgenic Arabidopsis Col-0 lines were analysed at three days after germination
on DMSO or dexamethasone containing MS agar plates (triplicate experiments per line, utilising four
to six seedlings per line and treatment). Scale bar = 5 ym.
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3.3 Conclusions

In this chapter, the generation of the transgenic lines required for this project and the rationale
for the selection of marker lines were described. Either wild type Rab-A2a or the dominant
negative mutant form were introduced into the pOpONZ2.1 vector, a one vector dexamethasone
inducible system. The resulting plasmids were transformed into Arabidopsis Col-0, which were

either marker free or expressed a fluorescent marker.

Root growth of dexamethasone induced pOpON2.1 and pH-TOP lines were observed until
seven to eight days after germination. The shoot phenotype was examined on the last day of
analysis. The induction of the dominant negative RAB-A2a by the pOpON2.1 system caused
faster and stronger inhibition of root growth. The effect on shoot growth is more evident with
pOpONZ2.1 lines, where cotyledons remained very small with dark green colouring, the ability

to grow true leaves was lost. pH-TOP lines only exhibited a minor shoot growth defect.

The pattern of GUS expression of the two different inducible systems was examined by GUS
stainings. Stainings with induced seedlings were carried out at 0 hours, two hours, four hours,
eight hours, 16 hours, 24 hours after induction with dexamethasone. In pOpON2.1 lines, the
root tip of the main Arabidopsis root, which is the region of interest for this project, started
to stain at eight hours after dexamethasone induction. Maximum staining of the root was
achieved at 16 hours after induction. In pH-TOP lines, GUS staining appears much weaker
with a well stained root tip at 16 to 24 hours after induction. The vasculature of the main root
showed staining at four hours but did not reach a similar staining intensity as the pOpON2.1

lines, which already exhibited staining 2 hours after induction with dexamethasone.

The GUS staining results correlated well with western blot experiments. The treatment with
dexamethasone resulted in a steady increase of dominant negative RAB-A2a concentration and
reached a maximum at around 16 hours to 24 hours after induction with dexamethasone in both
pOpON2.1 and pH-TOP lines. However, it appeared that pH-TOP lines only reached a 7-fold
increase of protein while pOpONZ2.1 lines showed a 10-fold increase of protein, corresponding

to an absolute level of 10000-fold and 15000-fold increase respectively.

In conclusion, the pOpON2.1 lines are induced more rapidly and give rise to a stronger domi-
nant negative RAB-A2a phenotype than the pH-TOP lines. As a result, I decided to proceed

with the pOpON2.1 system for this project.
Transgenic plant lines exhibiting the strongest inhibition of root growth were selected for
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further studies. Weak lines may be more difficult to interpret as the insufficient concentration of
dominant negative RAB-A2a protein, which is required to act inhibitory, may lead to incorrect
conclusions concerning the dependence of a fluorescent marker on an intact RabA2a pathway.
However, this problem was solved by selecting for lines with strong root growth inhibition, as
this is an effect caused by expression of dominant negative RAB-A2a [45]. When using lines
showing strong root growth inhibition, and where the presence of dominant negative RAB-A2a
does not have an effect on the localisation or appearance of a marker, one can safely assume
that this particular protein is not trafficked via a RAB-A2a dependent pathway. Nevertheless,
if the localisation of a marker is affected, more experiments are required to decide whether

RAB-A2a is in fact required for its trafficking or if the observation reflects a secondary effect.

To test the specificity of the dominant negative approach, I tested the effect of the dom-
inant negative RAB-A2a on fluorescent fusion proteins of selected Rab-A family members:
mCherry:RAB-A2a, YFP:RAB-Ale and mCherry:RAB-Ab5c. If the dominant negative RAB-
A2a mutant interferes with wild type RAB-A2a activity, I would expect to see more cy-
tosolic and a predominantly Golgi localised RAB-A2a signal. This is a localisation pattern
that has been described for the preferentially GDP-bound RAB-A2a mutant, which puta-
tively mimics the localisation of inactive RAB-A2a [45]. Indeed, mCherry:RAB-A2a localised
to doughnut-shaped, Golgi-like bodies and showed increased cytosolic labelling. Surprisingly
though, YFP:RAB-Ale also localised to these Golgi-like bodies in the presence of dominant
negative RAB-A2a. A possible explanation could be that the dominant negative RAB-A2a
interferes with a trafficking pathway that is common to both Rab-A1 and Rab-A2 subclasses.
Both subclasses are implicated in TGN-associated traffic [45, 118, 119, 120], are closely related
[111] and thus could potentially share a common trafficking pathway. It could also be that
RAB-A2a and RAB-Ale are partners of a ‘Rab cascade’. Such Rab cascades are known in
mammals and yeast where the insertion of one Rab GTPase into its target membrane leads to
recruitment of a GAP that will then in turn activate a second Rab GTPase to be recruited to
its target membrane [205]. This sequential action of GAPs and GEFs is essential to accurately

determine the identities of membrane compartments.

However, it is currently unclear how exactly dominant negative Rab GTPases act as inhibitors.
It has been suggested that the dominant negative mutant will interact with the exchange factor
of the wild type Rab GTPase, thereby titrating it out of the Rab activity cycle [190]. Thus, the

wild type Rab GTPase is no longer able to exchange its GDP for a GTP and is not activated.
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The dominant negative protein could potentially interact with factors shared between different
Rab-GTPases, thereby affecting several routes, or with a factor completely independent of

membrane trafficking functions.

Nevertheless, it appears that dominant negative RAB-A2a only affects a subset of Rab-A
proteins. Both mCherry:RAB-A2a and YFP:RAB-Ale are visible in Golgi-like compartments
but the localisation of mCherry:RAB-Abc, a representative of the more distantly related Rab-
A5 family, is unaffected. mCherry:RAB-A5c is normally found along the cell edges in lateral
roots (Cherry Chow, DPhil thesis). I observed two different localisation patterns of RAB-Ab5c
in the main root of Arabidopsis. One pattern resembles the edge localisation seen in lateral
roots, the second pattern is an intracellular, punctate pattern. In both cases the localisation of
mCherry:RAB-A5c is not altered in the presence of dominant negative RAB-A2a. This result
suggests that the dominant negative RAB-A2a mutant does not generically inhibit all members

of the Rab-A clade.

In summary, this chapter validated pOpON2.1 as a potent dexamethasone inducible system
that can be used to address the objectives of this work, which is to study RAB-A2a dependent
membrane traffic in Arabidopsis thaliana and to propose a trafficking function for RAB-A2a.
However, the analysis of data generated with the dominant negative RAB-A2a mutant needs
precaution as it is affecting YFP:RAB-Ale localisation and thus potentially normal RAB-Ale

function.

In the following chapter, I will use this system to investigate the effect of the expression of
the dominant negative RAB-A2a mutant on a range of selected trafficking markers. This will
enable me to address the question which trafficking pathways are dependent on RAB-A2a

function.
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Chapter 4

Investigating the effect of the
dominant negative RAB-A2a
mutant on membrane traffic in

Arabidopsis thaliana.

4.1 Introduction

The aim of this study was to investigate RAB-A2a dependent membrane traffic in Arabidopsis
thaliana and to propose a role for the RAB-A2a compartment as part of the TGN. As mentioned
in Chapter 1, the Rab-A2 subclass targets YFP to a BFA-sensitive compartment in Arabidopsis
root tips, where also endogenous RAB-A2a resides. It was suggested that the YFP:RAB-A2a
compartment is an early endosomal compartment as it is labelled by internalised FM4-64 before
the PVC. Furthermore, it was shown to overlap the TGN, defined by the marker VHA-al, close

to the Golgi [45].
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4.1.1 RAB-A2a and the TGN as a central trafficking hub

A possible role of the RAB-A2/A3 compartment in cytokinesis has been proposed [45]. How-
ever, its function in non-dividing cells is unclear. The compartment in mammalian cells that
most closely resembles the Rab-A2/A3 compartment is the recycling endosome which also re-
sides on the secretory and endosomal pathways [125]. Previous localisation studies with the
preferentially GDP or GTP binding mutants suggest a role of the RAB-A2a compartment in
traffic to the PM [45]. Recently, Botanelli and colleagues [206] observed increased secretion of
amy:SPO in the presence of the dominant negative RAB-A2a mutant. Chow and colleagues
(2008) showed that the predicted GTP bound mutant of RAB-A2a is localised to the cell
plate which also reflects the involvement of RAB-A2a in cytokinetic processes as the dominant
negative RAB-A2a mutant disrupts these processes [45]. Nevertheless, it cannot be excluded
that other trafficking pathways might be dependent on the RAB-A2/A3 compartment as the
TGN takes a putatively central position in the plant endomembrane system as a multi-domain

complex that is involved in many trafficking pathways [207].

Studies on the sorting nexin (SNX) group of proteins have contributed a significant controversy
to the plant endomembrane field. Early observations described the sorting nexins, which
together with VPS35, VPS29 and VPS26 form the plant retromer, as part of the TGN and
the MVBs [145]. It was argued that especially the latter aspect contributed to defects in
vacuolar sorting in snz! snz2 double mutants [208]. However, more recent studies using electron
microscopy rather than confocal laser scanning microscopy revealed that SNX proteins localise
to the TGN and that localisation to PVCs could not be identified with certainty [209]. This
shows the higher complexity of the TGN and suggests that the TGN is not just ‘a’ compartment
but rather a multi-domain complex with different functions. Again, this is highlighted by using
the SNX example and their differential involvement in PIN recycling. While both PIN1 and
PIN2 are believed to cycle via the TGN, it is only PIN2 that has been shown to use a SNX1

dependent route [145, 210].

BFA is a fungal toxin that has been widely used to study membrane traffic, more specifically
protein cycling dependent on endosomes. Treatment with BFA causes formation of ‘BFA
bodies’ in Arabidopsis root cells as early as 30 minutes after treatment with a concentration of
50uM BFA. These BFA bodies consist of an accumulation of early endosomal compartments
in its core that are surrounded by Golgi stacks. BFA is known to inhibit cycling of proteins

between PM and the TGN wvia endosomes in Arabidopsis [86]. However, differential effects
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between plant species and tissues have been described [87, 88] (see Chapter 1).

A major target of BFA is the ADP-Ribosylation Factor Guanine nucleotide Exchange Factor
(ARF-GEF) GNOM, an exchange factor for ARF GTPases [89]. ARF-GEFs are regulators of
vesicle trafficking and are required for the GDP to GTP exchange step that drives activity of
GTPases [86]. GNOM is implicated in a lot of trafficking events, such as polar cycling of PIN1
[89] and PIN2 [90] and thereby involved in polar auxin transport. Additionally, GNOM is
required for focal accumulation of PEN1 [91], which is required for innate immune responses in
fungal attack. Furthermore, the function of Arabidopsis Rab GTPases RAB-F2a and RAB-F2b
(but not RAB-F1) were shown to be dependent on GNOM [89]. An example for a BFA-resistant
ARF-GEF is GNOM LIKE 1 (GNL1) that functions in endocytosis but not in protein recycling
[211].

4.1.2 Selected fluorescent markers help to elucidate trafficking path-
ways dependent on RAB-A2a

To investigate the role of RAB-A2a in interphase cells, I decided to investigate the effect of its
dominant negative mutant on a range of fluorescent protein markers in Arabidopsis. Trafficking
markers were selected to cover a range of major trafficking pathways in Arabidopsis: traffic to

the PM, endocytic and PVC traffic, traffic to the vacuole and recycling pathways.

The selected fluorescent markers traffic to known steady state locations within the plant cell
through the endomembrane system (figure 4.1 and table 4.1). Dominant negative proteins
compete with wild type proteins for interactors and thus inhibit the function of wild type
proteins [190]. In the case of Rab GTPases, dominant negative mutants are believed to interact
with the GEF that catalyses the GDP to GTP exchange thus shifting the activity cycle towards
the ‘off’ or ‘inactive’ state [106]. By introducing the dominant negative RAB-A2a GTPase
mutant into the plant, the trafficking pathways of selected fluorescent markers (table 4.1) are
tested for dependency on an intact RAB-A2a trafficking route. In cases where trafficking of a
particular marker requires RAB-A2a mediated trafficking, an altered fluorescence distribution

pattern is expected in the presence of dominant negative RAB-A2a.
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Figure 4.1: Steady state localisations of fluorescent marker lines used in this work. TGN = trans-Golgi
network, PVC = pre-vacuolar compartment, Vac = vacuole, ER = Endoplasmic reticulum. Details
and references are provided in table 4.1 and in the text.

Table 4.1: Fluorescent proteins are used as markers to study different trafficking pathways. This table
gives an overview of the selected fluorescent markers, their steady state localisations and the probed
trafficking pathway.

Marker Localisation Trafficking pathway Reference

nlsRm-2A-secGFP  Nuclear RFP and Default secretion, nu- [200]

secreted GFP clear morphology
YFP:NPSN12 PM Traffic to PM [212]
YFP:PIP1;4 PM Traffic to PM [150]
YFP:VAMP711 PVC and vacuole PVC to vacuole [150]
YFP:RAB-G3f PVC and vacuole PVC to vacuole [150]
BP80:GFP PVC Traffic to PVC [40, 213, 214, 215]
RAB-F2b:GFP PVC Traffic to PVC [26, 139]
PIN2:GFP Endosomes and Polarised secretion, [73, 92, 211, 216]
apical PM protein recycling
BRI1:GFP Endosomes and PM  Traffic to PM and pro- [58, 217, 218]

tein recycling
FM4-64 PM,  endosomes, FEndocytosis [219]

PVC, tonoplast
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Markers used to probe PM traffic

To test the hypothesis that RAB-A2a is involved in traffic to the PM, I chose to analyse nlsRm-
2A-secGFP to probe for default secretion of a secreted soluble marker and the membrane bound
markers YFP:NPSN12 and YFP:PIP1;4 to analyse effects on traffic to the PM of insoluble
cargo. In addition, the effect of the dominant negative RAB-A2a in combination with the drug

BFA was studied in the latter two markers to test for a role in protein cycling.

nlsRm-2A-secGFP is a ratiometric marker that was used to determine changes in default
secretion. The 2A-peptide is cleaved within the cell, the RFP is fused to a nuclear localisation
signal that will allow transport of RFP to the nucleus; the GFP is default secreted to the
plant apoplast where it remains largely invisible when trafficking is intact [220]. Changes in
secretory traffic can be determined by comparing the intensities of RFP versus GFP in the

samples where secGFP is accumulated and visible due to trafficking defects [200].

NPSN12 (Novel Plant Snare protein 12) is one of three members of a novel class of SNARE
proteins. YFP:NPSN12 localises to the PM and occasionally to punctate structures within
the plant cell that are believed, but have not been shown, to be Golgi. However, not much is
known about the exact trafficking pathway or function of this protein and thus requires further

study [212].

PIP1;4 (Plasma membrane Intrinsic Protein 1;4) is an aquaporin. YFP:PIP1;4 was previously
shown to localise exclusively to the PM; the exact trafficking route or function of this protein

is unknown [150].

Selected vacuolar markers to study RAB-A2a dependent membrane traffic
The following selection of vacuolar markers was used to study a possible involvement of RAB-

A2a in a variety of vacuolar trafficking pathways.

YEP:VAMPT711 (Vesicle Associated Membrane Protein 711) is a SNARE fusion protein that

is believed to traffic between the PVC and the vacuole [150].

YFP:RAB-G3f is another member of the Arabidopsis Rab GTPase family. This marker was
used to study the effect of the dominant negative RAB-A2a on PVC and vacuole morphology

[150] and further served to probe specificity of the dominant negative RAB-A2a mutant.

RAB-F2b:GFP is a marker for PVC morphology and in addition, was used to investigate

65



Investigating the effect of the dominant negative RAB-A2a mutant on membrane traffic in
Arabidopsis thaliana.

specificity of the RAB-A2a dominant negative mutant. A possible role in endocytosis and

cycling have been described [26, 139], which are discussed in section 1.6.

BP80:GFP is a well known and studied vacuolar sorting receptor. BP80:GFP is enriched in
clathrin-coated vesicle fractions [213] and has been located in the trans-Golgi and the PVC
[40, 214, 215].

Markers for endocytic and recycling pathways

PIN-FORMED 2 (PIN2) is an auxin transporter which directs root gravitropsim [73] and
received wide attention due to its polar localisation at the basal PM in meristematic, epidermal
root cells. It has been shown that PIN2 initially localises to both apical and basal PM of
Arabidopsis root cells after cytokinesis but will subsequently disappear from one, owing to
sterol-dependent endocytosis [216]. PIN2 is transported to the PM via the Golgi/TGN from
where PIN2 is endocytosed via a GNL1 dependent pathway [211]. Tt cycles back to the TGN
via GNOM-independent endosomes and is then re-delivered to the PM by recycling endosomes.
As all members of the PIN family, it is believed that this protein cycles rapidly between PM
and internal compartments to be able to respond to environmental factors influencing auxin
metabolism quickly [221]. Kleine-Vehn and colleagues (2008) showed that prolonged BFA
treatment causes a shift of PIN2 localisation from the apical to the basal membrane, a process
called ‘transcytosis’. Transcytosis describes a process in which the localisation of a polar protein
is shifted wvia recycling endosomes. This was shown to be dependent on intact microtubules
but independent of the ARF-GEF GNL1 in the case of PIN2 across 30 different Arabidopsis

ecotypes [92].

However, to distinguish possible effects on either polarity control or protein cycling and recy-
cling, it was also necessary to study a non-polar, recycling protein. For this purpose, I chose to
study BRI1:GFP, which is a steroid receptor that localises to the PM and endosomal compart-
ments [58]. Similarly to PIN2:GFP, it is a recycling protein and uses a pathway that involves

the VHA-al compartment [217], but mostly via a GNOM dependent pathway [218].

FM4-64 is a synthetic styryl dye commonly used to probe the endocytic pathway in plant cells.
The described pathway begins at the PM where FM4-64 is internalised in endocytic vesicles, is
gradually transported to the TGN, and subsequently to the PVC until it reaches the vacuole
[219].
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4.2 Results

If not otherwise stated, seedlings were germinated and grown on plates containing 20uM dex-
amethasone or the respective amount of its solvent DMSO as control. Seedling roots were
analysed by confocal microscopy at three days after germination. Induced seedlings are clearly

distinguishable from non-induced seedlings by short roots and small, dark green cotyledons.

Images represent the findings of triplicate experiments per two independent lines with at least
three seedlings per treatment. The analysed cell types from the Arabidopsis main root are
mainly meristematic. In rare occasions mature, elongated root cells were imaged (indicated in

the respective images).

In cases were BFA treatments were applied to marker lines, both dexamethasone induced
seedlings as well as their DMSO treated controls were treated with 50uM BFA. Times vary

depending on experimental purpose and are indicated in the individual experiments.

4.2.1 Dominant negative RAB-A2a affects PIN2:GFP trafficking
PIN2:GFP localisation is affected in the presence of dominant negative RAB-A2a

Chow and colleagues showed that expression of the dominant negative RAB-A2a mutant causes
severe root growth defects [45], which leads to the hypothesis that RAB-A2a may be involved in
trafficking of crucial factors of root development, such as PINs. Therefore PIN2:GFP trafficking
was investigated as representative of the PIN protein family. As mentioned before, PIN2:GFP
is a polar localised, recycling protein that localises to the basal PM in meristematic, epidermal

Arabidopsis root cells.

24 different inducible dominant negative RAB-A2a (A2aNI) Arabidopsis lines in the PIN2:GFP
background were screened for root growth inhibition upon induction with dexamethasone. Out
of these lines, two lines exhibiting the strongest root growth inhibition were selected for confocal

analysis (figure 4.2).

In the presence of dominant negative RAB-A2a, the localisation of PIN2:GFP was dramatically
changed (figure 4.3). PIN2:GFP exhibited a strong intracellular pattern in addition to a weak
PM labeling. Polairty of PIN2:GFP was not clearly visible in both the control and in the

presence of dominant negative RAB-A2a, possibly due to overexpression of the PIN2:GFP
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marker. Please see Appendix A for a wider range of PIN2:GFP examples of these experiments.
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Figure 4.2: Root growth assay of selected PIN2:GFP A2aNT lines (lab names: Line 1: PIN2 2NI11
B-3, Line 2: PIN2 2NI11 B-4). Root growth was monitored for three to seven days after germination
on 20uM dexamethasone or DMSO containing plates. Dexamethasone induced seedlings exhibit root
growth inhibition compared to control seedlings. Data points represent mean average root growth
from 15 to 20 seedlings per line and treatment. Error bars represent standard deviation.

Figure 4.3: Trafficking of PIN2:GFP is affected by the dominant negative RAB-A2a. DMSO:
PIN2:GFP labels the PM in control samples. DEX: Cytokinesis defects (cell wall stubs) are present.
In the presence of dominant negative RAB-A2a, PIN2:GFP exhibits a strong intracellular localisation.
Meristematic, epidermal root cells of two independent transgenic Arabidopsis Col-0 lines were anal-
ysed at three days after germination on DMSO or dexamethasone containing MS agar plates (triplicate
experiments per line, utilising four to six seedlings per line and treatment). Scale bar = 5um.
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PIN2:GFP localisation is not affected by RAB-A2a overexpression or dexametha-

sone treatment

Following the results obtained on PIN2:GFP localisation with dominant negative RAB-A2a,
it was necessary to test whether this change in localisation was due to either the dexametha-
sone treatment itself or a protein overexpression effect. Thus, Arabidopsis PIN2:GFP lines,
where the expression of wild type RAB-A2a (A2aWT) is dexamethasone inducible through the

pOpON2.1 system were screened (figure 4.4) and analysed (figure 4.6).

A western blot probed with anti-RAB-A2a antibodies (figure 4.5) ensured that the inducible
expression of RAB-A2a wild type protein was at least as strong or stronger than that of the
studied inducible dominant negative RAB-A2a lines. In both control and wild type RAB-A2a
overexpressing samples, PIN2:GFP localised to the PM. The analysis of the inducible wild
type RAB-A2a lines revealed no effect on the localisation pattern of PIN2:GFP (figure 4.6),
suggesting that the effect observed in figure 4.3 iwas due to the presence of dominant negative
RAB-A2a and was not an effect of the dexamethasone treatment or the overexpression of

RAB-A2a.
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Figure 4.4: Root growth assay of selected PIN2:GFP A2aWT lines (lab names: Line 1: PIN2 WT1,
Line 2: PIN2 WT3). Root growth was monitored for three to seven days after germination on 20uM
dexamethasone or DMSO containing plates. Dexamethasone induced seedlings showed slightly in-
creased root growth compared to control seedlings. Data points represent average root growth from
15 to 20 seedlings per line and treatment. Error bars represent standard deviation.
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Figure 4.5: Western blot of PIN2:GFP A2aWT and A2aNI. Four inducible A2aWT PIN2:GFP lines
(WT 1 - 4) were compared to three of the strongest A2aNI PIN2:GFP lines (NI 1 - 3). Equal amounts
of sample, standardised to seedling fresh weight, were loaded on a gel and visualised by western blotting
probed with an anti-RAB-A2a antibody. The inducible wild type RAB-A2a lines (‘W'T’) express more
protein than the inducible dominant negative RAB-A2a lines (‘NI’). ‘M’ is a 27kDa marker.

Figure 4.6: Localisation of PIN2:GFP is not altered in the presence of excess wild type RAB-A2a.
DMSO: PIN2:GFP localises to the PM (white arrows) in control samples. DEX: In dexamethasone
induced wild type RAB-A2a overexpressing seedlings, PIN2:GFP localises to the PM (white arrows).
Meristematic, epidermal root cells of two independent transgenic Arabidopsis Col-0 lines were analysed
at three days after germination on DMSO or dexamethasone containing MS agar plates (triplicate
experiments per line, utilising four to six seedlings per line and treatment). Scale bar = 5um.

BFA treatment enhances intracellular accumulation of PIN2:GFP

PIN2:GFP A2aNT lines were treated with BFA to address the question whether RAB-A2a is
involved in cycling of PIN2:GFP. Induced dominant negative RAB-A2a PIN2:GFP seedlings
and uninduced control seedlings were treated with 50uM BFA for 90 minutes and then analysed
by confocal microscopy. In BFA treated control samples, PIN2:GFP was localised at the
PM and in BFA bodies (figure 4.7). In dominant negative RAB-A2a induced BFA treated

samples, PIN2:GFP was found in BFA bodies and exhibited a weak PM signal. It appeared
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the intracellular signal of PIN2:GFP observed in the presence of dominant negative RAB-A2a
was now accumulated in the BFA bodies, indicating a possible role for RAB-A2a in PIN2:GFP

cycling.

Figure 4.7: BFA treatment reveals a possible role for RAB-A2a in PIN2:GFP cycling. A: After BFA
treatment PIN2:GFP labels the PM (white arrows) and localises in BFA bodies (yellow arrows) in
DMSO control samples. B1 and B2: After BFA treatment and in the presence of dominant negative
RAB-A2a, PIN2:GFP localises in BFA bodies (yellow arrows) and exhibits a weak PM signal (white
arrows). Meristematic, epidermal root cells of two independent transgenic Arabidopsis Col-0 lines
were analysed at three days after germination on DMSO or dexamethasone containing MS agar plates
(triplicate experiments per line, utilising four to six seedlings per line and treatment). Scale bar =
Sum.

PIN2:GFP traffic is not affected by dominant negative RAB-A5c

As a next step, I wanted to address the question whether trafficking of PIN2:GFP was specifi-
cally affected by the dominant negative RAB-A2a mutant or if the localisation of this marker
is in general more sensitive to trafficking defects. For this purpose, I analysed the effect of
dominant negative RAB-A5c on PIN2:GFP traffic. The dexamethasone inducible dominant
negative RAB-A5c¢c pOpON2.1 lines in PIN2:GFP background were previously generated by

Camille Foucart (unpublished data). Two lines were selected and analysed.

First, root growth assays were carried out to analyse the severity of root growth inhibition of
dominant negative RAB-Ab5c on the main root of Arabidopsis. As the graph in figure 4.8 shows,
expression of dominant negative RAB-A5c inhibited root growth, albeit to a lesser extent than

dominant negative RAB-A2a.

Seedlings were then analysed by confocal microscopy. In the control samples, PIN2:GFP ex-
hibited the expected PM labeling (figure 4.9). In the presence of dominant negative RAB-A5c,
the localisation and thus trafficking of PIN2:GFP was not affected in meristematic cells. How-
ever, PIN2:GFP exhibited strong intracellular accumulation in lateral root cap cells (data not
shown) which may indicate a role for RAB-Abc in a different trafficking aspect of PIN2:GFP.

This result implies that trafficking of PIN2:GFP is specifically affected by dominant negative
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RAB-A2a, at least in meristematic, epidermal root cells.
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Figure 4.8: Root growth assay of selected PIN2:GFP A5cNI lines (lab names: Line 1: 2366-2c,
Line 2: 131a8b). Root growth was monitored for three to seven days after germination on 20puM
dexamethasone or DMSO containing plates. Dexamethasone induced seedlings exhibited root growth
inhibition compared to control seedlings. Data points represent average root growth from 15 to 20
seedlings per line and treatment. Error bars represent standard deviation.

Figure 4.9: Trafficking of PIN2:GFP in meristematic, epidermal root cells is not affected by dominant
negative Abc. (DMSO) PIN2:GFP labels the PM (white arrows) in control samples. (DEX) PIN2:GFP
labels the PM (white arrows) in dexamethasone induced samples. Meristematic, epidermal root cells
of two independent transgenic Arabidopsis Col-0 lines were analysed at three days after germination
on DMSO or dexamethasone containing MS agar plates (triplicate experiments per line, utilising four
to six seedlings per line and treatment). Scale bar = 5um
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The localisation of BRI1:GFP is not affected in the presence of dominant negative

RAB-A2a

12 different inducible A2aNI Arabidopsis lines in the BRI1:GFP background were screened
for root growth inhibition upon induction with dexamethasone. Out of these lines, two lines

exhibiting the strongest root growth inhibition were selected for confocal analysis (figure 4.10).

BRI1:GFP

30

a0

30

=== ne 1 DMSO
20 ===\ ne 1 DEX

Line 2 DM5S0

Root length [mm)

| ne 2 DEX
10

ST
time [days after germination]

Figure 4.10: Root growth assay of selected BRI1:GFP A2aNI lines (lab names: Line 1: BRI1 2NI11
D-7, Line 2: BRI1 2NI11 D-9). Root growth was monitored for three to seven days after germination
on 20uM dexamethasone or DMSO containing plates. Dexamethasone induced seedlings exhibit root
growth inhibition compared to control seedlings. Data points represent average root growth from 15
to 20 seedlings per line and treatment. Error bars represent standard deviation.

BRIL:GFP labeled the PM and the cell plate in control samples (figure 4.11). This localisation
was not affected in presence of dominant negative RAB-A2a, BRI1:GFP localised to the PM
and was present on cell wall stubs. The results suggest that RAB-A2a does not play a role in
PM trafficking of BRI1:GFP.
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DMSO DEX

Figure 4.11: Localisation of BRI1:GFP is not affected in the presence of dominant negative RAB-
A2a. DMSO: BRI1:GFP labels the PM and localises to the cell plate in control samples. DEX:
In the presence of dominant negative RAB-A2a, BRI1:GFP localises to the PM and to cell plate
aberrations. Meristematic, epidermal root cells of two independent transgenic Arabidopsis Col-0 lines
were analysed at three days after germination on DMSO or dexamethasone containing MS agar plates
(triplicate experiments per line, utilising four to six seedlings per line and treatment). Scale bar =
Sum.

BRI1:GFP cycling is not affected in the presence of dominant negative RAB-A2a

To test whether RAB-A2a was involved in cycling of BRI1:GFP, BFA treatments were car-
ried out. Induced dominant negative RAB-A2a BRI1:GFP seedlings and uninduced control
seedlings were treated with 50uM BFA for 90 minutes and then analysed by confocal mi-
croscopy. In BFA treated control samples, BRI:GFP was localised at the PM and in BFA
bodies (figure 4.12). In dominant negative RAB-A2a induced BFA treated samples, BRI1:GFP
was found in BFA bodies and also labeled the PM. It appears that BRI1:GFP cycling is not

affected by dominant negative RAB-A2a.
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Figure 4.12: BRI1:GFP cycling is not affected by the dominant negative RAB-A2a. DMSO: After
BFA treatment BRI1:GFP labels the PM (white arrows) and localises in BFA bodies (yellow arrows)
in control samples. DEX: After BFA treatment and in the presence of dominant negative RAB-A2a,
BRI1:GFP labels the PM (white arrows) and localises in BFA bodies (yellow arrows). Meristematic,
epidermal root cells of two independent transgenic Arabidopsis Col-0 lines were analysed at three days
after germination on DMSO or dexamethasone containing MS agar plates (triplicate experiments per
line, utilising four to six seedlings per line and treatment). Scale bar = 5ym.

4.2.2 Default traffic to the PM is not affected by dominant negative
RabA2a

Previous mutant localisation studies revealed that the preferentially GDP binding mutant of
RAB-A2a localises to Golgi stacks while the GTP binding mutant is found mostly at the cell
periphery [45]. These findings suggest that the RAB-A2a compartment might play a role in a
trafficking route from the Golgi / TGN to the PM. Therefore, it appeared likely that default

secretory or PM pathways could be affected by the expression of dominant negative RAB-A2a.

Default secretion is not affected by presence of dominant negative RAB-A2a

24 different inducible A2aNI Arabidopsis lines in the nlsRm-2A-secGFP background were
screened for root growth inhibition upon induction with dexamethasone. Out of these lines,
two lines exhibiting the strongest root growth inhibition were selected for confocal analysis

(figure 4.13).
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Due to a high degree of silencing of the 35S promoter and thus expression of both the fluorescent
marker and the inducible construct, data was collected from various cell types across the
seedling root that showed marker expression. The nuclear RFP signal was clearly visible
but no intracellular accumulation of secGFP was observed (figure 4.14). It appears that the

dominant negative RAB-A2a mutant does not affect default secretion of this marker.
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Figure 4.13: Root growth assay of selected nlsRm-2A-secGFP A2aNI lines (lab names: Line 1: 74-6E
2NI11 B-2. Line 2: 74-6E 2NI11 B-3). Root growth was monitored for three to seven days after
germination on 20uM dexamethasone or DMSO containing plates. Dexamethasone induced seedlings
exhibit root growth inhibition compared to control seedlings. Data points represent mean average root
growth from 15 to 20 seedlings per line and treatment. Error bars represent standard deviation.
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l.

Figure 4.14: Dominant negative RAB-A2a does not affect default secretion. The images show nlsRm
(red channel), secGFP (green channel), and the merged image. In both DMSO treated (A) and
dexamethasone induced (B) samples, the red nulcear signal is clearly visible in the nucleus; the nucleus
has normal appearance. In both cases, a trafficking defect of secGFP signal is not visible. Mature,
elongated root cells of two independent Arabidopsis Col-0 lines were analysed at three days after
germination on DMSO or dexamethasone containing MS agar plates (triplicate experiments per line,
utilising four to six seedlings per line and treatment). Scale bar = 5um
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Trafficking of YFP:NPSN12 to the PM is not affected by dominant negative RAB-
A2a

12 different inducible A2aNI Arabidopsis lines in the YFP:NPSN12 background were screened
for root growth inhibition upon induction with dexamethasone. Out of these lines, two lines

exhibiting the strongest root growth inhibition (figure 4.15) were selected for confocal analysis.
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Figure 4.15: Root growth assay of selected YFP:NPSN12 A2aNI lines (lab names: Line 1: NPSN12
2NI11 C-1 Line 2: NPSN12 2NI21 A-3). Root growth was monitored for three to eight days after
germination on 20uM dexamethasone or DMSO containing plates. Dexamethasone induced seedlings
exhibit root growth inhibition compared to control seedlings. Data points represent mean average root
growth from 15 to 20 seedlings per line and treatment. Error bars represent standard deviation.

YFP:NPSN12 was localised at the PM in DMSO control seedlings (figure 4.17, A and B).
In the presence of dominant negative RAB-A2a, YFP:NPSN12 was localised at the PM with
no visible intracellular accumulations. It appears that the trafficking of YFP:NPSN12 is not

affected by the dominant negative RAB-A2a mutant.

Cycling of YFP:NPSN12 is not affected by dominant negative RAB-A2a.

Seedlings were treated with 50uM BFA for two hours and then imaged by confocal microscopy.
In both the control and dexamethasone induced samples, BFA bodies were clearly visible with
no effect on the PM localisation of YFP:NPSN12 (figure 4.17, C and D). This suggests that
RAB-A2a is not invovled in cycling or PM trafficking of YFP:NPSN12.
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Trafficking of YFP:PIP1;4 to the PM is not affected by dominant negative RAB-
A2a.

14 different inducible A2aNI Arabidopsis lines in the YFP:PIP1;4 background were screened
for root growth inhibition upon induction with dexamethasone. Out of these lines, two lines

exhibiting the strongest root growth inhibition were selected for confocal analysis (figure 4.16).
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Figure 4.16: Root growth assay of selected YFP:PIP1;4 A2aNI lines (lab names: Line 1: PIP1;4 2NI21
A-1 Line 2: PIP1;4 2NI21 B-10). Root growth was monitored for three to seven days after germination
on 20pM dexamethasone or DMSO containing plates. Dexamethasone induced seedlings exhibit root
growth inhibition compared to control seedlings. Data points represent mean average root growth
from 15 to 20 seedlings per line and treatment. Error bars represent standard deviation.

YFP:PIP1;4 is localised at the PM in Arabidopsis roots (figure 4.17, E and F). YFP:PIP1;4
was able to reach the PM in the presence of dominant negative RAB-A2a. It appears that
YFP:PIP1;4 is not prevented from reaching the PM in the presence of dominant negative
RAB-A2a.

BFA treatment does not reveal an effect on YFP:PIP1;4 cycling in presence of

dominant negative RAB-A2a

Experiments with BFA treatments were carried out with YFP:PIP1;4 to test the possibility
that RAB-A2a might be required for cycling of this marker (figure 4.17, G and H). In both,
control and induced samples, YFP:PIP1;4 was localised at the PM and in BFA bodies. This
suggests that RAB-A2a dependent traffic is not required for YFP:PIP1:4 cycling.
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Figure 4.17: Trafficking of the PM markers YFP:NPSN12 and YFP:PIP1;4 is not affected by dominant
negative RAB-A2a. A: YFP:NPSN12 localises to the PM in DMSO control samples (white arrows). B:
Cytokinesis defects are visible in the dexamethasone induced sample (yellow arrows). YFP:NPSN12
localises to the PM (white arrows) in the presence of dominant negative RAB-A2a. C: After BFA
treatment, YFP:NPSN12 is observed in BFA bodies (yellow arrows) and at the PM (white arrows) in
DMSO control seedlings. D: In the presence of dominant negative RAB-A2a, YFP:NPSN12 localises
to the PM (white arrows) and in BFA bodies (yellow arrows) after BFA treatment. E: In DMSO
control seedlings, YFP:PIP1;4 signal is observed at the PM (white arrows), no intracellular signals
are visible. F: In the presence of dominant negative RAB-A2a, YFP:PIP1:4 is localised at the PM
(white arrows). G: After BFA treatment, YFP:PIP1;4 localises in BFA bodies (yellow arrows) and
at the PM (white arrows) in control seedlings. H: In the presence of dominant negative RAB-A2a,
YFP:PIP1;4 localises to the PM (white arrows) and in BFA bodies (yellow arrows) after treatment
with BFA. Meristematic, epidermal root cells of two independent transgenic Arabidopsis Col-0 lines
were analysed at three days after germination on DMSO or dexamethasone containing MS agar plates
(triplicate experiments per line, utilising four to six seedlings per line and treatment). Scale bar =
Sum.
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4.2.3 Traffic to the vacuole is not affected by dominant negative

RAB-A2a

As a next step, the effect of the dominant negative RAB-A2a mutant on selected vacuolar

markers was investigated.

Trafficking of YFP:VAMPT711 is not affected by dominant negative RAB-A2a.

Only two lines of inducible A2aNI Arabidopsis lines in the YFP:VAMP711 background were
obtained. These were screened for root growth inhibition upon induction with dexamethasone.

Both lines exhibit strong root growth inhibition and were selected for confocal analysis (figure

4.18).
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Figure 4.18: Root growth assay of selected YFP:VAMP711 A2aNI lines (lab names: Line 1: VAMP711
2NI11 A-1 Line 2: VAMP711 2NI11 A-2). Root growth was monitored for three to seven days after
germination on 20uM dexamethasone or DMSO containing plates. Dexamethasone induced seedlings
exhibit root growth inhibition compared to control seedlings. Data points represent mean average root
growth from 15 to 20 seedlings per line and treatment. Error bars represent standard deviation; where
no error bar is visible standard deviation is (close to) zero.

YFP:VAMPT11 is a marker for vacuolar traffic that is localised at the tonoplast (figure 4.20).
The analysis of the vacuolar marker YFP:VAMP711 shows that there was a subtle effect
on vacuolar morphology resulting from the expression of the dominant negative RAB-A2a;
the vacuolar tonoplast appeared more tubular. However, there was no trafficking defect of

the marker as such as it was possible for the YFP:VAMP711 to reach the tonoplast. The
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appearance of PVCs appeared unaffected.

Trafficking of YFP:RAB-G3f is not affected by dominant negative RAB-A2a.

15 different inducible A2aNI Arabidopsis lines in the YFP:RAB-G3f background were screened
for root growth inhibition upon induction with dexamethasone. Out of these lines, two lines

exhibiting the strongest root growth inhibition were selected for confocal analysis (figure 4.19).

YFP:RAB-G3f is a marker for vacuolar traffic that is localised in PVCs and at the tonoplast,
but also serves as specificity control of the dominant negative approach. Appearance of PVCs
appeared unaffected, the vacuoles showed subtle morphological difference (figure 4.19). How-
ever, since RAB-G3f reached the tonoplast, it appears that trafficking of this marker was not

perturbed by dominant negative RAB-A2a.

YFP:RAB-G3f

| ne 1 DMSO
=== ne 1 DEX

Line 2 OM5S0

Root length [mm)
e

sl ne 2 DEX

-10

time [days after germination]

Figure 4.19: Root growth assay of selected YFP:RAB-G3f A2aNT lines (lab names: Line 1: RAB-G3f
2NI11 A-6, Line 2: RAB-G3f 2NI21 A-12). Root growth was monitored for three to seven days after
germination on 20uM dexamethasone or DMSO containing plates. Dexamethasone induced seedlings
exhibit root growth inhibition compared to control seedlings. Data points represent mean average root
growth from 15 to 20 seedlings per line and treatment. Error bars represent standard deviation.
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Figure 4.20: Trafficking of YFP:VAMP711 and YFP:RAB-G3f is not affected by dominant negative
RAB-A2a. The images show FM4-64 stain (15 minutes prior to imaging, red channel), YFP:VAMP711
or YFP:RAB-G3f (green channel), and the merged image. A: YFP:VAMPT11 localises to the tono-
plast in control cells (yellow arrows), the endocytic tracer dye FM4-64 localises to the PM (white
arrows) and endosomal compartments. B: Cytokinesis defects are visible by FM4-64 staining (red ar-
rows). YFP:VAMP711 localises to the tonoplast in dexamethasone induced samples (yellow arrows).
C: YFP:RAB-G3Hf localises to the tonoplast (yellow arrows) and PVCs in control cells. D and E: Cy-
tokinesis defects are visible by FM4-64 staining (red arrows). YFP:RAB-G3f localises to the tonoplast
in dexamethasone induced samples (white arrows) and PVCs. Meristematic, epidermal root cells of
two independent transgenic Arabidopsis Col-0 lines were analysed at three days after germination on
DMSO or dexamethasone containing MS agar plates (triplicate experiments per line, utilising four to
six seedlings per line and treatment). Scale bar = 5Sum.

Trafficking of BP80:GFP is not affected by dominant negative RAB-A2a

38 different inducible A2aNI Arabidopsis lines in the BP80:GFP background were screened
for root growth inhibition upon induction with dexamethasone. Out of these lines, two lines

exhibiting the strongest root growth inhibition were selected for confocal analysis (figure 4.21).

BP80:GFP is a marker for prevacuolar trafficking and localises to PVC. In presence of dominant
negative RAB-A2a, BP80:GFP localised to punctate intracellular compartments that exhibited
FM4-64 staining characteristics to PVCs (figure 4.23). It appears that neither trafficking of
BP80:GFP to the PVC nor its morphology was altered in any visible way in the presence of

dominant negative RAB-A2a.
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Figure 4.21: Root growth assay of selected BP80:GFP A2aNI lines (lab names: Line 1: BP80 2NI11
B-2.2 D-14, Line 2: BP80 2NI11 B-2.2 D-11). Root growth was monitored for three to seven days after
germination on 20uM dexamethasone or DMSO containing plates. Dexamethasone induced seedlings
exhibit root growth inhibition compared to control seedlings. Data points represent mean average root
growth from 15 to 20 seedlings per line and treatment. Error bars represent standard deviation; where
no error bar is visible standard deviation is (close to) zero.

Trafficking of RAB-F2b:GFP is not affected by dominant negative RAB-A2a.

24 different inducible A2aNI Arabidopsis lines in the RAB-F2b:GFP background were screened
for root growth inhibition upon induction with dexamethasone. Out of these lines, two lines

exhibiting the strongest root growth inhibition were selected for confocal analysis (figure 4.22).

RAB-F2b:GFP is a marker for prevacuolar trafficking, is localised at the PVC and serves
as a specificity control for the dominant negative approach. In presence of dominant nega-
tive RAB-A2a, RAB-F2b:GFP localised to punctate intracellular compartments that showed
similar FM4-64 staining characteristics as PVCs (figure 4.23). It appears that trafficking of
RAB-F2b:GFP to the PVC was not affected in the presence of dominant negative RAB-A2a.
Further, the appearance of PVC was also not affected. Thus, the analysis shows that RAB-F2b

trafficking was not affected by dominant negative RAB-A2a.
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Figure 4.22: Root growth assay of selected RAB-F2b:GFP A2aNI lines (lab names: Line 1: RAB-F2b
2NI11 A-9, Line 2: RAB-F2b 2NI21 A-9). Root growth was monitored for three to seven days after
germination on 20uM dexamethasone or DMSO containing plates. Dexamethasone induced seedlings
exhibit root growth inhibition compared to control seedlings. Data points represent mean average root
growth from 15 to 20 seedlings per line and treatment. Error bars represent standard deviation; where
no error bar is visible standard deviation is (close to) zero.
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Figure 4.23: Trafficking of BP80:GFP and RAB-F2b:GFP is not affected by dominant negative RAB-
A2a. The images show the FM4-64 channel (15 minutes staining prior to imaging, red), BP80:GFP
or RAB-F2b:GFP (green) and the merged channel. A: BP80:GFP localises to PVC, of which some
colocalise with the styryl dye FM4-64. B: In the presence of dominant negative RAB-A2a, BP80:GFP
is localised to punctate PVC structures. C: RAB-F2b:GFP localises to PVCs. D: Cytokinesis defects
are visible by FM4-64 staining. In the presence of dominant negative RAB-A2a, RAB-F2b:GFP is
localises to punctate PVC structures. Meristematic, epidermal root cells of two independent trans-
genic Arabidopsis Col-0 lines were analysed at 3 days after germination on DMSO or dexamethasone
containing MS agar plates (triplicate experiments per line, utilising four to six seedlings per line and
treatment). Scale bar = 5um.
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4.2.4 Endocytosis of FM4-64 and transport to the tonoplast is not

affected by dominant negative RAB-A2a

To test whether RAB-A2a was involved in endocytosis and subsequent transport to the vacuole,
I used the styryl dye FM4-64 and observed its endocytosis at different time points after dye
application. When FM4-64 is applied to Arabidopsis seedlings, it immediately labels the PM
and was then endocytosed by the plant cell. After 10 to 15 minutes of dye application, FM4-64
was visible in endosomes (intracellular punctate structures) and was transported to the vacuole
after two to three hours, where it initially labeled the tonoplast. Examples of early FM4-64
endocytosis are shown in figure 4.23. In both control and induced dominant negative RAB-A2a
samples, FM4-64 was endocytosed and visible in endosomes. Figure 4.24 shows endocytosis
of FM4-64 in the previously mentioned PIN2:GFP A2aNI lines (see section 4.2.1) after 2.5
hours of dye application. It appeared that FM4-64 reached the tonoplast in both the control
and induced dominant negative RAB-A2a samples. However, it appears that the morphology
of vacuoles was slightly altered, i.e. vacuoles exhibit more protrusions. The data suggests
that the endocytic route used by FM4-64 was not affected by the expression of the dominant
negative RAB-A2a.

Figure 4.24: FM4-64 endocytosis and transport to the tonoplast are not affected by dominant negative
RAB-A2a. (DMSO) FM4-64 labels the PM (white arrows) and the tonoplast (yellow arrows) after 2.5
hours of dye application. (DEX) FM4-64 is also visible at the PM (white arrows) and the tonoplast
(vellow arrows) in presence of dominant negative RAB-A2a. Meristematic, epidermal root cells of
two independent transgenic Arabidopsis Col-0 lines were analysed at three days after germination on
DMSO or dexamethasone containing MS agar plates (triplicate experiments per line, utilising four to
six seedlings per line and treatment). Scale bar = 5um
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4.3 Conclusions

In this chapter, the influence of the expression of the dominant negative RAB-A2a mutant on
several trafficking pathways, including default secretion, PM trafficking, traffic to the PVC and

vacuolar compartments as well as endocytosis, was studied in the main root of Arabidopsis.

The two PM markers YFP:NPSN12 and YFP:PIP1;4 are not prevented from reaching the PM
by the dominant negative RAB-A2a mutant in any visible way. Secretory traffic was probed
with the ratiometric marker nlsRm-2A-secGFP. No intracellular accumulation of secGFP is
observed in the presence of dominant negative RAB-A2a. This result is surprising as RAB-
A2a has been implicated in biosynthetic traffic to the PM [45] and it suggests that the RAB-A2a
pathway lies on a different route to the PM. Furthermore, neither the formation of BFA bodies

nor the recruitment of these markers to these bodies was affected.

The expression of the dominant negative RAB-A2a mutant caused morphological changes in
vacuoles. Since vacuolar markers, such as YFP:VAMP711 or YFP:RAB-G3f, were still able to
reach the tonoplast, the results suggested that the trafficking route as such was not inhibited,
However, it may be that either an interactor of RAB-A2a is involved in sustaining vacuolar
morphology or that an important vacuolar factor is held at the TGN and thus is unable to

reach its interaction interface, causing secondary effects.

The trafficking of the tested PVC markers was not affected in the presence of dominant negative
RAB-A2a. RAB-F2b:GFP as well as BP80:GFP are detected on PVCs. The morphology of

PVCs appeared the same with or without dominant negative RAB-A2a present.

The two markers RAB-F2b:GFP and YFP:RAB-G3f were also used to probe for specificity
of the dominant negative approach. Trafficking and membrane recruitment of both markers
are not affected by dominant negative RAB-A2a, substantiating that this mutant protein only

interferes with activity of a subset of Rab-A proteins (see Chapter 3).

Time course experiments with FM4-64 do not show a difference in uptake of this styryl dye
in induced dominant negative RAB-A2a samples compared to the controls. In both cases,
FM4-64 reached the tonoplast after 2.5 hours of dye application. This demonstrates that the
endocytic-vacuolar route was not affected. All vacuolar routes tested in this chapter do not
indicate any vacuolar trafficking defects or increase in trafficking. However, the vacuolar route
that leads to degradation of proteins has not been tested here and is an obvious next line of

enquiry.
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The localisation of the polar localised auxin efflux carrier PIN2:GFP was the only affected
marker. In the presence of dominant negative RAB-A2a, the majority of PIN2:GFP was
localised intracellularly; only a small portion of the protein was detected at the PM. BFA
treatment of induced seedlings caused intracellular localised PIN2:GFP to aggregate in BFA
bodies while the PM signal appeared weaker compared to control samples. This result revealed

a possible role for RAB-A2a in PIN2:GFP cycling.

Specificity experiments in the PIN2:GFP background with the inducible wild type RAB-A2a
(acting as overexpressor lines) as well as with the dominant negative mutant of RAB-Abc
confirmed that the observed effects on PIN2:GFP traffic are specific to dominant negative
RAB-A2a action. The overexpression of wild type RAB-A2a did not affect the localisation of
PIN2:GFP despite higher levels of protein present. The dominant negative RAB-A5c¢c mutant
only exhibits an abnormal pattern in lateral root cap cells but not mersitematic cells. It may
be that RAB-A5c is controlling a different aspect of PIN2:GFP trafficking and that dominant

negative RAB-A5¢NI does not interfere with this RAB-A2a pathway.

BRI1:GFP trafficking was not affected by the dominant negative RAB-A2a, neither traffic to
the PM nor its cycling. While both PIN2:GFP and BRI-1:GFP are cycling markers and it seems
that RAB-A2a plays a role in PIN2:GFP cycling, only PIN2:GFP shows polar localisation [201],
while BRI-1:GFP localises to all faces of the PM [58]. These differential effects could either lie
in the difference of polarity or the presence of multiple recycling pathways [222], of which only
PIN2:GFP is trafficked through a RAB-A2a dependent route.

With these results, it is possible to imagine the following scenarios for PIN2:GFP traffic, which

will be addressed in the following chapter:

1. The RAB-A2a compartment is required for initial delivery of de novo synthesised PIN2:GFP

to the apical and basal PM.
2. The RAB-A2a compartment is required for the internalisation of PIN2:GFP.

3. The RAB-A2a compartment is required for PIN2:GFP (re)cycling between TGN and the
PM.

4. The RAB-A2a compartment is not involved at all in trafficking of PIN2:GFP. The ob-

served effects are unspecific.
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Chapter 5

Investigation of the PIN2:GFP

trafficking defect

5.1 Introduction

I showed in the previous chapter that a variety of trafficking pathways are not perturbed by
the expression of the dominant negative RAB-A2a mutant in Arabidopsis roots. However,
the localisation of PIN2:GFP was specifically altered in response to the expression of domi-
nant negative RAB-A2a: PIN2:GFP accumulates intracellularly. Moreover, BFA treatments
revealed a synergistic effect of this drug together with dominant negative RAB-A2a. The intra-
cellular PIN2:GFP now agglomerates in BFA bodies, the PM signal appears weaker compared

to controls. This may suggest a possible role of RAB-A2a in cycling or recycling of PIN2:GFP.

In this chapter I will address the question which of the different trafficking aspects of PIN2:GFP

are dependent on RAB-A2a mediated traffic:

1. Does a defect in PIN2:GFP vacuolar trafficking contribute to the intracellular accumu-

lation, which is seen in the presence of dominant negative RAB-A2a?
2. Is RAB-A2a dependent PIN2:GFP traffic dependent on the actin cytoskeleton?
3. Is RAB-A2a dependent PIN2:GFP traffic dependent on endocytosis?

4. Is the RAB-A2a compartment required for initial delivery of newly synthesised PIN2:GFP
to the PM?
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5. Is the RAB-A2a compartment required for polarised re-delivery process to the apical

membrane?

6. Is the RAB-A2a compartment required for PIN2:GFP recycling between TGN and the
PM?

5.1.1 Vacuolar targeting and degradation of PIN2

The accurate targeting of PIN2 to the vacuole involves proteasome activity, which requires
ubiquitination of PIN2. This ubiquitination functions as a signal that controls how much PIN2
is recycled back to the PM, and how much PIN2 is internalised and targeted for proteolytic
degradation [223]. The function of AMSH3, a de-ubiquitinating enzyme, is required in efficient
targeting of PIN2 to the lytic vacuole, as amsh3 plants do not accumulate GFP in the vacuolar
structures. However, polar PIN2:GFP targeting is not affected in amsh3 plants, which suggests

that AMSHS3 is not involved in the transport of PIN2 to the PM or its recycling [224].

Experiments involving dark treatments of GFP fusion proteins allow investigation of protein
degradation and trafficking to the lytic vacuoles [225]. It has been shown previously that
GFP and related proteins exhibit increased stability in lytic vacuoles due to conformational
changes [43, 226]. Indeed, dark treatments of PIN2:GFP seedlings for two to four hours showed
that GFP can be observed in the lumen of the tonoplast indicating PIN2 degradation in lytic
vacuoles [227], a process dependent on a BFA sensitive ARF-GEF, which is not GNOM [228].

The retromer components SNX1 and VPS29 are implicated in vacuolar targeting of PINs
and are sensitive to Wortmannin [228, 229]. Wortmannin is a fungal metabolite that inhibits
plant endocytosis [27] and also acts on the vacuolar pathway of plants by causing pre-vacuolar
bodies to form small vacuoles by homotypic fusion of PVCs [187]. A small portion of PVC and
SCAMP (Secretory Carrier Membrane Proteins)-positive TGN fusion has also been observed
in Wortmannin-treated tobacco BY-2 cells [230]. Known targets of Wortmannin are PI3K and
PI4K [231], the recycling of the plant vacuolar sorting receptor BP80 between PVC and TGN
is also inhibited [202].
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5.1.2 PIN2 trafficking and the actin cytoskeleton

Trafficking of the auxin efflux carriers PIN1 and PIN3 is dependent on the actin cytoskeleton
[37, 76]. However, the situation for PIN2 is less clear as neither latrunculin B nor cytochalasin
D treatments visibly cause disruption of PIN2 localisation in meristematic root cells [232]. It
appears that the trafficking pathways for polar PIN delivery are highly diverse. Interestingly,
while polar PIN targeting is dependent on the actin cytoskeleton in interphase cells, in divid-
ing cells, PIN proteins are delivered to the forming cell plate by the microtubule-dependent

pathway [37, 96].

The drug cytochalasin D is used to study actin-dependent processes. It blocks the polymeri-
sation and elongation of actin and causes sterol accumulation in endosomal compartments

[38, 214]. Increased instability of actin triggers exocytic trafficking used in plant growth [233].

5.1.3 PIN2 polarity and endocytosis

Polar distribution of PIN2 is maintained by connections between polar domains at the PM
and the cell wall. PM localised Celluose Synthase A3 (CESA3) is a component of the cellulose
synthase complex, which synthesises 3-1,4-glucans that associate to form cellulose microfibrils.
reppd is a weak allele of the CESA3 gene, has defects in cell wall composition and is defec-
tive in PIN polarity. Treating seedlings with the cellulose biosynthesis inhibitors isoxaben or
dichlobenil results in defects of the basal localisation of PIN1-HA. Further, cell wall removal

by protoplasting causes polarity loss of both PIN1:GFP and PIN2:GFP [234].

PIN2 polarity is also highly dependent on its phosphorylation status. The Protein Phosphatase
2A (PP2A) [235] and PINOID kinase [236] have been identified as important regulators of
apical-basal targeting. In both pp2aal pp2aa2 and pp2aal pp2aal polar localisation of PIN2
is affected. PIN2 normally exhibits apical localisation in young cortical cells. In both pp2aal
double mutants PIN2 changed its polarity to basal in young cortical cells. However, the basal
localisation in epidermal cells remains unaffected [235]. Mutations in the phosphorylation site
of the central hydrophilic loop of PIN proteins revealed the importance of phosphorylation and
de-phosphorylation in apical and basal polarity of PIN proteins. For example, a particular
non-phosphorylatable mutant of PIN1-HA, PIN1-HA(Asp), is able to rescue the agravitropic
phenotype of the pin2 mutant and thus acquired PIN2-like function [237]. Overexpression of

the PINOID protein kinase induces a shift from basal to apical PIN localisation [238].
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After the de novo synthesis, PIN2 is initially delivered to the PM in a nonpolar fashion before
its polarity is then established by internalisation from the PM, and polar recycling [85]. Endo-
cytosis of PINs is regulated by the auxin levels in the cell [239]. Increased auxin levels inhibit
the internalisation of PIN and thus constitutive cycling. As a consequence, concentration of
PIN proteins at the PM increase and thereby promote the efflux of auxin out of the cell [240].
Auxin-mediated inhibition of PIN2 endocytosis is impaired by reduction of membrane sterols

216, 239].

Cycling of PIN2 is sensitive to BFA, a potent inhibitor of protein cycling [241]. Prolonged BFA
treatment causes a shift of PIN2 localisation from the basal to the apical membrane, a process
called ‘transcytosis’ [92]. Transcytosis describes a process in which the localisation of a polar
protein is shifted via recycling endosomes and provides a mechanism for rapid changes in PIN
polarity in response to various signals, such as developmental [82, 83] or environmental signals
[76, 93]. Transcytosis is also a well known mechanism for polar delivery of cargos in animal

cells [94, 95].

Recently, Drdova and colleagues (2012) showed that PIN2:GFP recycling is dependent on the
exocyst complex, which is implicated in the fusion of exocytic vesicles. A mutant of one of the
exocyst complex units, exo70A1, exhibits perturbed PIN1:GFP and PIN2:GFP recycling and
impaired trafficking of BRI1:GFP. PIN2:GFP accumulates in abnormally expanded, RAB-A5d
labeled endomembrane compartments [204]. RAB-A5d is a marker for recycling endosomes

but which are distinct from VHA-al:GFP labeled TGN [150, 204].

Previous experiments with PIN2:GFP showed that Tyrphostin A23 prevents PIN2:GFP from
reaching the BFA body in Arabidopsis while FM4-64 internalisation is detected [188]. Tyr-
phostins are used to study endocytosis in Arabidopsis, in particular clathrin mediated en-
docytosis [142, 242]. Tyrphostin A23 inhibits the interaction between the YXXag (ap is a
bulky hydrophobic amino acid) endocytosis signal and the mu2-subunit of the AP2 complex
[243]. AP2 is a clathrin adaptor involved in endocytosis (see section 1.2.1). Tyrphostin A51
is a biologically inactive analogue of Tyrphostin A23 and does not inhibit clathrin dependent
endocytosis. It is thus routinely used as negative control treatment to study this particular

trafficking aspect [243].
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5.2 Results

‘Arabidopsis seedlings’ or ‘seedlings’ in this chapter refer to a transgenic PIN2:GFP line with
the additional trait of dexamethasone inducible expression of the dominant negative RAB-A2a
mutant. For all experiments, two independent lines were used. Experiments were carried out

in triplicates per line with four to six seedlings per experiment and treatment.

5.2.1 Expression of dominant negative RAB-A2a enhances vacuolar

traffic of PIN2:GFP

As mentioned before, experiments involving dark treatments of PIN:GFP can be used to study
its trafficking to the lytic vacuoles and to address the question whether a defect in PIN2:GFP
vacuolar trafficking contributes to the intracellular accumulation that is visible in the presence

of dominant negative RAB-A2a.

Arabidopsis seedlings were germinated on MS agar plates containing 20uM dexamethasone or
the respective amount of DMSO as control. At three days after germination, the seedlings were
subjected to six hours of dark treatment (plates were covered in aluminium foil and kept in the
tissue culture room) and then analysed by confocal microscopy. The observed GFP signal in

vacuoles appeared stronger in seedlings expressing dominant negative RAB-A2a (figure 5.1).

5.2.2 PIN2:GFP labelled PVCs are insensitive to Wortmannin in

presence of dominant negative RAB-A2a

Wortmannin causes homotypic fusion of PVCs and results in generation of small vacuoles.

Wortmannin treatments were used to study pre-vacuolar trafficking of PIN2:GFP.

Arabidopsis seedlings were germinated on MS plates containing DMSO; the seedlings were then
treated with 20um dexamethasone or the respective amount of DMSO for 20 hours before being
subjected to treatment with 33uM Wortmannin for 1.5 hours. Wortmannin treated PIN2:GFP
DMSO controls showed enlarged intracellular compartments as compared to Wortmannin un-
treated samples (figure 5.2). These enlarged compartments, which might reflect enlarged PVCs,

were not visible in the Wortmannin treated samples of dexamethasone induced seedlings.
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Figure 5.1: Dominant negative RAB-A2a causes enhanced PIN2:GFP signal in lytic vacuoles after
dark treatment. The purple line shows where fluorescence intensity measurements (grey value) were
taken through the root, over a distance in pm. These values were plotted on a graph (right side of
the image). In the presence of the dominant negative RAB-A2a mutant (DEX), stronger vacuolar
GFP signals relative to PM signals were observed, compared to uninduced control samples (DMSO).
Stronger vacuolar signals correlate with lower PM signals. Red arrows point to vacuoles, yellow arrows
to PMs. Meristematic, epidermal root cells of two independent transgenic Arabidopsis Col-0 lines were
analysed at four days after germination (triplicate experiments per line, utilising four to six seedlings
per line and treatment).
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DMSO +Wm BEX +Wm

Figure 5.2: PIN2:GFP labelled PVCs are insensitive to Wortmannin in the presence of dominant neg-
ative RAB-A2a. Control Seedlings (DMSO + Wm) show larger punctate structures after Wortmannin
treatment in comparison to the untreated control (DMSO). These larger structures are not visible in
the presence of dominant negative RAB-A2a (DEX, DEX + Wm). Meristematic, epidermal root cells
of two independent transgenic Arabidopsis Col-0 lines were analysed at four days after germination
(triplicate experiments per line, utilising four to six seedlings per line and treatment). Scale bar =
Sum

5.2.3 RAB-A2a dependent traffic of PIN2:GFP is independent of the

actin cytoskeleton

Trafficking of PIN1 and PIN3 in interphase cells is dependent on the actin cytoskeleton. Cy-
tochalasin D treatment was used to study possible involvement of actin-dependent processes

in RAB-A2a dependent PIN2:GFP trafficking.

Arabidopsis seedlings were germinated on MS plates containing DMSQO; then seedlings were
treated with 20um dexamethasone or the respective amount of DMSO for 20 hours before being
subjected to treatment with 50um cytochalasin D treatment for 2.5 hours. The results showed
that the PIN2:GFP trafficking defect induced in the presence of dominant negative RAB-A2a
was neither enhanced nor inhibited after cytochalasin D treatment, no additional patterns were
observed, apart from expected unusual PM formations (figure 5.3). This result suggests that

the RAB-A2a dependent PIN2:GFP trafficking is not dependent on the actin cytoskeleton.
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DMSO + Cyt D | DEX ./

Figure 5.3: The actin cytoskeleton is not involved in RAB-A2a dependent PIN2:GFP trafficking.
DMSO: PIN2:GFP localises to the PM in DMSO treated control samples. DMSO + Cyt D: PIN2:GFP
localises to the PM in cytochalasin D treated control samples. DEX: PIN2:GFP localises to the
PM and to cytokinesis defects. DEX + Cyt D: PIN2:GFP localises to the PM in the presence of
dominant negative RAB-A2a and after treatment with cytochalasin D. Meristematic, epidermal root
cells of two independent Arabidopsis Col-0 lines were analysed at four days after germination (triplicate
experiments per line, utilising four to six seedlings per line and treatment). Scale bar = 5um.

5.2.4 PIN2:GFP recycling is affected by expression of dominant neg-
ative RAB-A2a

Recycling of PM proteins can be studied with BFA washout experiments. In these experiments,
seedlings are treated with the fungal toxin BFA, which causes the formation of BFA bodies.
BFA-sensitive proteins aggregate in these bodies, a process that is reversible. Removal of BFA
restores cycling of proteins. This allows observation of PIN2:GFP recycling as it is recycled

from BFA bodies to the PM after BFA removal.

BFA washout experiments were carried out to determine if PIN2:GFP recycling was defective
in absence of functional RAB-A2a dependent trafficking. Seedlings were germinated on MS
agar plates containing DMSO and then transferred into liquid MS medium containing DMSO
or 20uM dexamethasone for 20 hours. Seedlings were then treated with 50uM BFA for one

hour, imaged, and re-imaged two hours after BFA removal.

In DMSO controls, PIN2:GFP labeled BFA bodies had dispersed two hours after removal of
BFA (figure 5.4 A). In contrast, BFA bodies formed in the presence of dominant negative
RAB-A2a had not dispersed at two hours after BFA removal. As an additional control, these
experiments were also done with BRI1:GFP (figure 5.4 B). As shown in the previous chapter

this marker was not affected by the presence of dominant negative RAB-A2a. In contrast
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to findings with PIN2:GFP above, the BFA bodies formed in dominant negative RAB-A2a
induced BRI1:GFP seedlings dispersed after removal of BFA (figure 5.4 B)

Preliminary results obtained with RAB-A5cNI suggest that PIN2:GFP recycling is specific to
RAB-A2a dependent traffic, as BFA bodies resolve upon removal of BFA in RAB-A5c induced
PIN2:GFP samples (figure 5.5).
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Figure 5.4: RAB-A2a function is involved in PIN2:GFP recycling. Seedlings of PIN2:GFP (A) and
BRI1:GFP (B) dominant negative RAB-A2a inducible lines were imaged after treatment with 50uM
BFA for one hour (DMSO + BFA, DEX + BFA), and two hours after removal of BFA (BFA washout).
(A) While PIN2:GFP control samples resume recycling after removal of BFA, samples expressing the
dominant negative RAB-A2a fail to disperse BFA bodies. (B) In both control and induced samples,
BRI1:GFP recycling is restored after removal of BFA. Meristematic, epidermal root cells of two in-
dependent transgenic Arabidopsis Col-0 lines were analysed at four days after germination (triplicate
experiments per line, utilising four to six seedlings per line and treatment). Scale bar = 5um.
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DEX + BFA DEX, BFA washout

Figure 5.5: RAB-Abc function is not involved in PIN2:GFP recycling. Seedlings of PIN2:GFP dom-
inant negative RAB-A5c inducible lines were imaged after treatment with 50uM BFA for one hour
(DMSO + BFA, DEX + BFA), and two hours after removal of BFA (BFA washout). In both control
and induced samples, PIN2:GFP recycling is restored after removal of BFA. Meristematic, epidermal
root cells of two independent transgenic Arabidopsis Col-0 lines were analysed at four days after ger-
mination (triplicate experiments per line, utilising four to six seedlings per line and treatment). Scale
bar = 5um.
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5.2.5 PIN2:GFP endocytosis is not affected by dominant negative
RAB-A2a

As a next step, I wanted to address the question whether the observed intracellular accumu-
lation of PIN2:GFP is derived from endocytosed material. This can be tested by using the
endocytosis inhibiting drug Tyrphostin A23 in conjunction with BFA treatment. Dhonukshe
and colleagues (2007) reported that PIN2:GFP is prevented from reaching the BFA body after

Tyrphostin A23 treatment, showing that endocytosis is required for this trafficking step [96].

Arabidopsis seedlings (three days after germination on DMSO containing MS agar plates, then
20 hours in MS liquid media containing DMSO or 20uM dexamethasone) were pre-treated for 30
minutes with 30uM Tyrphostin followed by a 30uM Tyrphostin/ 50uM BFA double treatment
for 60 minutes. In uninduced control samples, a reduction of PIN2:GFP labelling in BFA bodies
of DMSO/TyrA23/BFA and DEX/TyrA23/BFA treated samples was observed (figure 5.6). In
both cases, a reduction or lack of PIN2:GFP labeling in BFA bodies of DMSO/TyrA23/BFA
and DEX/TyrA23/BFA treated samples was observed (figure 5.6).
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Figure 5.6: PIN2:GFP endocytosis is not affected by dominant negative RAB-A2a. (BFA) PIN2:GFP
labels the PM and aggregates in BFA bodies. (TyrA23) PIN2:GFP labels the PM after Tyrphostin
A23 treatment. (TyrA51) PIN2:GFP labels the PM after Tyrphostin A23 treatment. (TyrA23 + BFA)
FM4-64 stain is visible in BFA bodies, only a minor portion of PIN2:GFP localises to BFA bodies.
(TyrA51 + BFA) More PIN2:GFP reaches the BFA body relative to the TyrA23 + BFA treatment.
Meristematic, epidermal root cells of two independent transgenic Arabidopsis Col-0 lines were analysed
at four days after germination (triplicate experiments per line, utilising four to six seedlings per line
and treatment). Scale bar = 5um.
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5.2.6 Delivery of de novo synthesised PIN2:GFP to the PM is not

affected by dominant negative RAB-A2a

FRAP experiments were conducted (as described in Chapter 2) to test whether RAB-A2a was
required for delivery of de novo synthesised PIN2:GFP to the PM. The relative recovery values

are shown in table 5.1 and plotted on a graph in 5.7.

The results showed that there was no difference in the recovery rate of PIN2:GFP at the PM in
the presence of dominant negative RAB-A2a compared to control samples. This result suggests
that RAB-A2a function is not required for delivery of de novo synthesised PIN2:GFP to the
PM.

PIN2:GFP FRAP recovery experiments

120.00%
100.00% |
80.00% -

60.00% -
—[EX

Recovery (%)

——DMSO
40.00% -

20.00%

0.00%
pre 0 60 120 180 240 300

time (minutes after photobleaching)

Figure 5.7: PIN2:GFP delivery to the PM is not affected by dominant negative RAB-A2a. The graph
shows the recovery of PIN2:GFP fluorescence over a time of 300 minutes after photobleaching. Data
points are mean averages of fluorescence intensities, error bars represent standard deviation.
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Table 5.1: FRAP measurements. The table shows relative fluroescence intensities compared to initial
100% fluorescence intensity. Numbers were obtained by taking the average of four membranes per time
point and seedling, either DMSO treated (DMSO) or induced with dexamethasone (DEX). The final
mean averages and standard deviations (STD DEV) were calculated from the values of all seedlings,
either induced (DEX) or uninduced (DMSO). 'n.a’ means that values for the particular seedling at
the given time could not be obtained.

Time [min] DEX1 DEX2 DEX3 DEX4 DEX5 DEX6 DEX7
pre 100% 100% 100% 100% 100% 100% 100%
0 5.13% 8.02% 10.98% 3.86% 4.36% 5.59% 2.95%
60 16.72% 13.32% 11.73% 12.19% 18.82% 15.01% 7.88%
120 21.11% 24.40% 20.87% 23.24% 30.10% 21.08% 19.10%
180 25.63% 39.04% 13.78% 28.46% 34.10% 28.15% 30.67%
240 42.87% 36.35% n.a. 35.70% n.a. 29.24% 28.63%
300 46.31% 43.05% 27.48% 39.49% 81.26% 33.06% 39.61%
Time [min] DMSO1 DMSO2  DMSO3  DMSO4  DMSO5 DMSO6  DMSO7
pre 100% 100% 100% 100% 100% 100% 100%
0 3.49% 5.46% 10.39% 8.21% 4.50% 8.17% 4.51%
60 12.49% 15.69% 8.32% 18.23% 20.64% 16.15% 9.43%
120 12.84% 24.38% 12.10% 37.72% 23.26% 22.18% 15.41%
180 26.63% n.a. n.a. 72.63% n.a. 29.46% 24.51%
240 42.23% n.a. n.a. 55.82% 54.71% 33.33% 33.23%
300 42.19% 71.04% 39.32% 79.58% 42.95% 32.24% 37.69%
Time [min] Average STDEV Average STDEV

DEX DEX DMSO DMSO
pre 100% 0% 100% 0%
0 6.46% 1.66% 6.39% 2.47%
60 14.53% 3.39% 14.42% 5.15%
120 24.91% 8.89% 21.13% 12.81%
180 34.86% 29.52% 38.31% 0.23%
240 38.58% 13.77% 43.86% 0.11%
300 50.05% 26.74% 49.29% 21.21%
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5.3 Conclusions

In this chapter, different aspects of PIN2:GFP trafficking were explored and their dependence
on RAB-A2a tested.

Vacuolar GFP signals after dark treatment of PIN2:GFP seedlings were higher in the presence
of dominant negative RAB-A2a seedlings compared to the DMSO controls. This indicates
enhanced trafficking to the vacuole. Interestingly, Botanelli and colleagues observed increased
secretion of amy:SPO in presence of dominant negative RAB-A2a [206]. This potential paradox

will be discussed in Chapter 6.

PIN2:GFP labelled PVCs are insensitive to Wortmannin treatment in the presence of dominant
negative RAB-A2a seedlings. While uninduced PIN2:GFP controls show enlarged spherical
structures [228, 229], this effect was not observed in the presence of dominant negative RAB-
A2a. Since there is no reason to believe that traffic to the vacuole via PVCs is perturbed or
inhibited (see Chapter 4 and [206]), this insensitivity could mean that PIN2:GFP is trafficking
too fast through PVCs to make these compartments visible. It may also be that the dominant
negative RAB-A2a is interacting with a factor that is required for Wortmannin induced PVC
fusion, thus preventing swelling. Changes in vacuolar identity have been described in Ara-
bidopsis adaptin mutants [244]. Although PVCs appear normal in the presence of dominant
negative RAB-A2a (see Chapter 4), it would be interesting to conduct further Wortmannin
experiments with PVC markers, such as BP80:GFP or RAB-F2b:GFP, to see what will happen
to PVC morphology in the presence of dominant negative RAB-A2a there. Further, PIN2:GFP
trafficking to the vacuole following dark treatments in presence of Wortmannin could be useful

[228].

Previous studies on the dependence of PIN2:GFP trafficking on the actin cytoskeleton were
unclear. While PIN2:GFP trafficking does not appear to be influenced by cytochalasin D
treatment, latrunculin B causes formation of round bodies in lateral root cap cells [232]. Both
drugs are used to study actin-dependent trafficking processes [38, 214, 232]. It appears than
the observed PIN2:GFP trafficking defects in presence of RAB-A2a are not dependent on the
actin cytoskeleton as demonstrated by cytochalasin D experiments. Although the drug was
effective and aberrant PM formations were visible, no effects of this drug on the PIN2:GFP

pattern were observed, neither in uninduced nor induced samples.

BFA washout experiments addressed the question whether the dominant negative RAB-A2a
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mutant interfered with PIN2: GFP recycling. These experiments clearly showed the dependence
of PIN2:GFP, but not of BRI-1:GFP, recycling on RAB-A2a mediated trafficking. While the
formation of BFA bodies was clearly reversible in control samples and in dominant negative
RAB-A2a induced BRI-1:GFP seedlings, BFA bodies remained visible in PIN2: GFP samples in
presence of dominant negative RAB-A2a. Furthermore, the recruitment of PIN2:GFP material
to BFA bodies (and thus into intracellular bodies) is dependent on intact endocytosis. This was
shown by double treatment experiments of either Tyrphostin A23 or A51, and BFA. Having
observed an effect on endocytosis of PIN2:GFP in both induced and uninduced samples, this
further substantiates that RAB-A2a dependent traffic is more likely to be from TGN to PM
rather than the reverse direction. In addition, it was interesting to learn that this defect could
not be achieved with the dominant negative version of another RAB-A family member, RAB-
Abc. These findings highlight the diversity in trafficking routes [207], even in more specialised

pathways such as protein recycling.

The mammalian subclasses in the Rab-A clade, Rabl1l and Rab25, localise to the recycling
endosome where they orchestrate traffic to specific PM domains and to the TGN in various cell
types [125]. The recycling endosome receives slowly recycling material from early endosomes
but also receives a subset of secreted proteins from the TGN so it represents an intersection of
secretory and recycling pathways. In polarised epithelial cells, Rab11A and Rab25 are spatially
segregated from Rabl1B [125]. The paralogous S. cerevisiae Rab proteins Ypt31 and Ypt32
promote exit of secretory membrane from the late Golgi and are required for traffic from the
PGE to the late Golgi compartment [126, 127, 128]. The PGE acts as an early endosome
in yeast [126, 129] and shares several markers such as the V-ATPase subunit Stvl and the

SNARE Tlg2 with late Golgi compartment [130].

The next question I addressed, was whether the observed PIN2:GFP trafficking defect is ex-
clusively a defect in PIN2:GFP recycling of endocytosed material or if a defect in de novo
synthesised PIN2:GFP delivery contributed to this phenotype. To investigate this, FRAP ex-
periments were carried out. Large root areas of PIN2:GFP lines were bleached, the recovery
of fluorescence measured in the presence of dominant negative RAB-A2a and in uninduced
control samples. The results of these FRAP experiments suggest that the dominant negative
RAB-A2a GTPase is not interfering with PIN2:GFP delivery to the PM of newly synthesised
PIN2:GFP. The rate of fluorescence recovery at the PM is the same with or without dominant

negative RAB-A2a protein present. Furthermore, it appears that polarity of PIN2:GFP is not
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affected by dominant negative RAB-A2a.

I believe 20 hours of dexamethasone induction is the appropriate measure for the FRAP ex-
periments. Firstly, a clear phenotype was already present in lateral root cap cells, indicating
that the dominant negative RAB-A2a mutant was expressed. This is the most rapid effect
and can be observed as early as 16 hours after inducing with dexamethasone. Furthermore,
in BFA washout experiments a defect in PIN2:GFP recycling was clearly visible at the same
time point, i.e. 20 hours after induction with dexamethasone. Hence, I believe that the FRAP
experiments were designed appropriately and that RAB-A2a is not mediating initial delivery

to the PM of de novo synthesised PIN2:GFP.

In summary, this chapter concludes with the discovery that PIN2:GFP recycling is dependent
on RAB-A2a function. Thus it appears that RAB-A2a performs a very similar role as its

mammalian homologue Rab11.
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General Discussion

This work provides the first systematic analysis of RAB-A2a dependent membrane traffic in
Arabidopsis thaliana. Fluorescent protein technology and the dominant negative approach were
used to probe various trafficking pathways in Arabidopsis, including default PM and vacuolar

trafficking and more specialised routes such as recycling.

The two PM markers YFP:NPSN12 and YFP:PIP1;4 reach the PM despite the presence of
dominant negative RAB-A2a, and are recruited into BFA bodies after BFA treatment. This
showed that neither trafficking to the PM nor their cycling was affected by dominant negative
RAB-A2a. Secretory traffic was investigated with the ratiometric marker nlsRm-2A-secGFP
but no intracellular accumulation of secGFP was observed in the presence of dominant negative
RAB-A2a. Further, the expression of the dominant negative RAB-A2a mutant causes subtle
morphological changes in vacuoles. Nevertheless, the vacuolar markers YFP:VAMP711 or
YFP:RAB-G3f still reach the tonoplast in the presence of dominant negative RAB-A2a. The
trafficking of the pre-vacuolar markers RAB-F2b:GFP and BP80:GFP are not affected by
the dominant negative RAB-A2a. Both markers are detected on PVCs, the morphology of
these PVCs appears the same with or without dominant negative RAB-A2a present. The
two markers RAB-F2b:GFP and YFP:RAB-G3f served as further controls of the dominant
negative approach. Trafficking and membrane recruitment of these two RAB GTPases were
not affected by dominant negative RAB-A2a. Time course experiments with FM4-64 suggest

that RAB-A2a is not involved in an endocytic-vacuolar route.

Further, the effect of the dominant negative RAB-A2a mutant on selected Rab-A GTPase
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members was tested, of which YFP:RAB-Ale and mCherry:RAB-A2a, but not mCherry:RAB-

Abc, appear to re-localise to Golgi-like compartments.

The polar localised auxin efflux carrier PIN2:GFP was the most strikingly affected marker in
the presence of dominant negative RAB-A2a. In this chapter I will consolidate the results
obtained, discuss them in light of published literature and propose a model explaining how

PIN2:GFP recycling may be affected by the dominant negative RAB-A2a.

6.1 A review of PIN2:GFP trafficking
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Figure 6.1: Overview of PIN2 trafficking. This simplified model of an Arabidopsis epidermal meris-
tematic root cell shows organelles and trafficking pathways (blue arrows) involved in PIN2 trafficking.
Dashed arrows indicate alternative routes that have not (yet) been shown to be involved in PIN2
trafficking. Inhibitor treatments are indicated in red, showing their relevant site of action. The PM
is indicated as black border, the PIN2 polar domain is marked in green. PIN2-P = phosphorylated
PIN2, PIN2-Ub = ubiquitinated PIN2, ER = Endoplasmic Reticulum, TGN = Trans-Golgi Network,
PVC = pre-vacuolar compartment, Vac = Vacuole, BFA = Brefeldin-A, Wm = Wortmannin. Details
and references are provided in the text.

PIN2 belongs to the family of PIN proteins, which are PM localised auxin efflux carriers

with mostly polar localisation [71]. PINs are key regulators of auxin-mediated developmental
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processes and are involved in the regulation of tropic growth [72, 73, 74, 75, 76], axis formation
in embryogenesis [77], postembryonic organogenesis [78, 79], root meristem maintenance [80,
81], and vascular tissue differentiation and regeneration [82, 83]. There are a total of eight
members in the PIN family of Arabidopsis, most of which display particular polarities that

reflect the direction of auxin transport in various cell types [84].

In Arabidopsis root cells, PIN2 localises to the basal membrane in epidermal and root cap cells
but exhibits apical localisation in cortical cells of the meristem [232], indicating the direction
of auxin flow [221]. After cytokinesis PIN2 initially localises to both apical and basal PM but
will subsequently disappear from one, owing to sterol-dependent endocytosis [216]. A similar
symmetrical localisation pattern has been demonstrated for PIN1 after de novo synthesis but
it is not clear whether this is also true for de novo synthesised PIN2 [85]. Figure 6.1 shows a
simplified model of PIN2 trafficking in a meristematic, epidermal root cell. PIN2 is transported
to the PM (figure 6.1, pathway ‘1’) from where it is endocytosed via a GNL1 dependent pathway
(figure 6.1, pathway ‘2’) [211]. PIN2 cycles via GNOM-independent endosomes (figure 6.1,
pathway ‘2’) and is then re-delivered to the PM through endosomal compartments (figure 6.1,
pathway ‘4’); this cycling is likely to involve the TGN as my work shows. PIN2 polarity is
highly dependent on its phosphorylation status. The PP2A phosphatase [235] and PINOID
kinase [236] have been identified as important regulators of apical-basal targeting. In both
pp2aal pp2aa? and pp2aal pp2aad mutants, polar localisation of PIN2 is affected [235]: PIN2
normally exhibits apical localisation in young cortical cells, in both pp2aal double mutants
PIN2 changed its polarity to basal in young cortical cells. However, the basal localisation in
epidermal cells remains unaffected [235]. Mutations in the phosphorylation site of the central
hydrophilic loop of PIN1 revealed the importance of phosphorylation and de-phosphorylation
in apical and basal polarity of PIN proteins. For example, a particular non-phosphorylatable
mutant of PIN1-HA, PIN1-HA(Asp), is able to rescue the agravitropic phenotype of the pin2
mutant and thus acquired PIN2-like function [237]. Overexpression of the PINOID protein

kinase induces a shift from basal to apical PIN localisation [238].

PIN2 trafficking is sensitive to BFA, a fungal toxin that has been widely used to study mem-
brane traffic, more specifically protein cycling dependent on endosomes [37, 65]. Treatment
with BFA causes formation of ‘BFA bodies’ in Arabidopsis root cells as early as 30 minutes after
treatment with a concentration of 50uM BFA. These BFA bodies consist of an accumulation of

early endosomal compartments in its core that are surrounded by Golgi stacks. BFA is known
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to inhibit cycling of proteins between PM and the TGN via other endosomal compartments in
Arabidopsis [86] but FRAP experiments of BFA treated Arabidopsis roots revealed that this
drug does not inhibit delivery of de novo synthesised EGFP:LTI6a to the PM, indicating that

default PM targeting is intact in BFA treated Arabidopsis roots [38].

PIN1 was shown to localise in these BFA bodies upon BFA treatment, even when de novo
synthesis was inhibited. This internalisation is completely reversible and indicates constitutive
endocytosis and recycling of PIN proteins [37]. Kleine-Vehn and colleagues (2008) showed that
prolonged BFA treatment causes a shift of PIN2 localisation from the basal to the apical mem-
brane in epidermal root cells, a process called ‘transcytosis’. This was shown to be dependent
on intact microtubules but independent of the ARF-GEF GNLI1 in the case of PIN2 across 30
different Arabidopsis ecotypes [90, 92]. Transcytosis describes a process in which the localisa-
tion of a polar protein is shifted via ‘recycling endosomes’ and provides a mechanism for rapid
changes in PIN polarity in response to various signals, such as developmental or environmental
signals [92]. Transcytosis is also a well known mechanism for polar delivery of cargos in animal

cells [94, 95].

Recently, Drdova and colleagues (2012) showed that PIN2:GFP recycling is dependent on
the exocyst complex (figure 6.1, pathway ‘4’), which is implicated in the fusion of exocytic
vesicles. A mutant of one of the exocyst complex units, exo70A1, exhibits perturbed PIN1:GFP
and PIN2:GFP recycling and impaired trafficking of BRI1:GFP. PIN2:GFP accumulates in
abnormally expanded, RAB-A5d labeled endomembrane compartments [204]. RAB-A5d is a
marker for recycling endosomes that are distinct from VHA-al:GFP labeled TGN [150, 204].

Previous experiments with PIN2:GFP showed that Tyrphostin A23 prevents PIN2:GFP from
reaching the BFA body in Arabidopsis while FM4-64 internalisation is detected [188]. In mam-
malian cells, Tyrphostins act as inhibitors of tyrosine kinases. They are structural analogues
of tyrosine and function by binding to the active sites of the enzymes [245]. Tyrphostins
are used to study endocytosis in Arabidopsis, in particular receptor mediated endocytosis
[142, 242]. Tyrphostin A23 inhibits the interaction between the YXXa¢ (ap is a bulky hy-
drophobic amino acid) endocytosis signal and the mu2-subunit of the AP2 complex [243]. AP2
is a clathrin adaptor involved in endocytosis (see section 1.2.1). In plants, tyrphostin A51 is
considered a biologically inactive analogue of Tyrphostin A23 as it does not inhibit this aspect

of plant endocytosis. It is thus routinely used as negative control treatment [243].

The accurate targeting of PIN2 to the vacuole involves proteasome activity, which requires
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ubiquitination of PIN2 [223] (figure 6.1, pathway ‘3’ and ‘6’). This ubiquitination functions
as a signal that controls how much PIN2 is recycled back to the PM, and how much PIN2
is internalised and targeted for proteolytic degradation [223]. The function of AMSH3, a de-
ubiquitinating enzyme, is required in efficient targeting of PIN2 to the lytic vacuole, as amsh3
plants do not accumulate GFP in the vacuolar structures. However, polar PIN2:GFP targeting
is not affected in amsh3 plants, which suggests that AMSHS3 is not involved in the transport of
PIN2 to the PM or its recycling [224]. The retromer is a cytosolic protein complex consisting
of VPS35, VPS29 and VPS26 and the SNX group of proteins that associates with post-Golgi
compartments and is involved in protein targeting to the lytic vacuole, including PINs [246].
SNX1 colocalises with both RAB-F1:GFP and GFP:RAB-F2b and is sensitive to Wortmannin
(figure 6.1, pathway ‘6’) [228, 229], a fungal metabolite that inhibits plant endocytosis [27]
and also acts on the vacuolar pathway of plants by causing pre-vacuolar bodies to form small
vacuoles by homotypic fusion of PVCs [187]. Known targets of Wortmannin are PI3K and
PI4K [231], the recycling of the plant vacuolar sorting receptor BP80 between PVC and TGN
is also inhibited [202]. Early observations described SNX1 as part of the TGN [247] and the
PVCs [145], and described a possible involvement of PVCs in protein recycling to the PM [145].
However, more recent studies using electron microscopy rather than confocal laser scanning
microscopy revealed that SNX proteins localise to the TGN and that localisation to PVCs
could not be identified with certainty [209]. This may suggest the TGN rather than PVCs are

the primary compartment involved protein recycling to the PM.

Experiments involving dark treatments of GFP fusion proteins allow investigation of protein
degradation and trafficking to the lytic vacuoles [225]. It has been shown previously that GFP
and related proteins exhibit increased stability in lytic vacuoles due to conformational changes
[43, 226]. Indeed, dark treatments of PIN2:GFP seedlings for two to four hours showed that
GFP can be observed in the lumen of the vacuole indicating PIN2 degradation in lytic vacuoles
[227]; its transport to the vacuole is dependent on a BFA sensitive ARF-GEF, which is not

GNOM [228].

Two members of the RAB-A family, RAB-Alb and RAB-Alc have been implicated in PIN2
recycling. RAB-Alb (BEXS5) localises to the TGN and early endosomes and is involved in
TGN to PM trafficking of PM cargos, such as PIN1:GFP, PIN2 and GFP:PIP2a [119]. This
link was discovered through a forward genetic screen for Arabidopsis mutants that showed

increased intracellular accumulation of PIN1 in response to the trafficking inhibitor BFA. bez,
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a dominant negative mutant, is hypersensitive to BFA and is defective in PM traffic as shown
by absence of recovery of PM traffic after BFA washout. However, even though endosome
morphology is reportedly abnormal in bezd, the PM labelling of PIN1:GFP and PIN2:GFP
appears intact and comparable to wild type; recyling of PIN2:GFP is reportedly defective
as BFA bodies do not disperse in bez5 [119]. Further, it was recently shown that RAB-Alc
localises to an endosidin 1 (ES1) sensitive population of the TGN, partially overlapping the
VHA-al domain and is believed to play a role in cytokinesis as it localises to the cell plate
in dividing cells [120]. It is speculated that Rab-Al is indirectly involved in auxin-mediated
responses as ES1 is known to inhibit trafficking of PIN2 and AUX1. This is also observed in

TRAPPII mutants, a protein complex that acts upstream of RAB-Alc [120].

6.2 Examination of PIN2:GFP trafficking in the presence

of dominant negative RAB-A2a

In the following sections, I will examine how the results of my work relate to the above men-
tioned literature, propose a model for RAB-A2a PIN2:GFP trafficking and discuss the wider

implications of this work.

6.2.1 The default route of PIN2:GFP to the PM is not inhibited by

dominant negative RAB-A2a

Two PM markers YFP:NPSN12 and YFP:PIP1;4 reach the PM despite the presence of domi-
nant negative RAB-A2a, and are recruited into BFA bodies after BFA treatment. This showed
that neither trafficking to the PM nor their cycling was affected by dominant negative RAB-
A2a. Secretory traffic was investigated with the ratiometric marker nlsRm-2A-secGFP but
no accumulation of secGFP was observed in presence of dominant negative RAB-A2a. These
results indicated that RAB-A2a may be involved in specialised trafficking to the PM. It was
speculated earlier that it could be involved in biosynthetic traffic to the PM, a hypothesis

based on the localisation of the preferentially GDP- or GTP-bound mutants [45].

The localisation of the polar localised auxin eflux carrier PIN2:GFP was the most strikingly af-
fected marker. In the presence of dominant negative RAB-A2a, PIN2:GFP is strongly localised

intracellularly; only a small portion of the PIN2:GFP is detected at the PM. BFA treatment of
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Figure 6.2: Different scenarios for the default route of PIN2:GFP to the PM. Organelles and trafficking
pathways (blue arrows) involved in PIN2 trafficking are shown. Dashed arrows indicate alternative
routes that have not (yet) been shown to be involved in PIN2 trafficking. Inhibitor treatments are
indicated in red, showing their relevant site of action. The PM is indicated as black border, the PIN2
polar domain is marked in green. ER = Endoplasmic Reticulum, TGN = Trans-Golgi Network, PVC

= pre-vacuolar compartment, Vac = Vacuole, BFA = Brefeldin-A. Details and references are provided
in the text.

seedlings expressing dominant negative RAB-A2a caused aggregation of intracellular localised
PIN2:GFP in BFA bodies while the PM signal appeared weaker compared to control samples.
This result indicates a possible role for RAB-A2a in PIN2:GFP cycling .

BFA treatments suggest that the nature of PIN2:GFP intracellular accumulation is TGN rather
than Golgi, a conclusion that is substantiated by merely comparing the appearance of these
accumulations to the characteristic doughnut shape of Golgi bodies in Arabidopsis. However,
as previously described, treatment with BFA causes the formation of BFA bodies, whereas in
Arabidopsis root cells TGN material is localised in the core of the BFA body and Golgi bodies
are surrounding it [87, 88]. My experiments show that intracellular PIN2:GFP accumulates
in the BFA body core in the presence of dominant negative RAB-A2a. The TGN-nature of
PIN2:GFP accumulations may also be substantiated by Wortmannin treatments that suggest

either decreased sensitivity of PVC to this drug, or a proportional shift of more TGN compart-
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ments, where PVCs become less apparent. This would mean that pathway (2) of figure 6.2 is
unlikely to be affected by dominant negative RAB-A2a. As the rate of fluorescence recovery
after photobleaching at the PM is essentially the same in the presence or absence of dominant
negative RAB-A2a, it appears that pathway (1) of figure 6.2 is not inhibited. Thus, the overall
conclusion is that default traffic of PIN2:GFP to the PM is not affected in the presence of
dominant negative RAB-A2a.

6.2.2 PIN2:GFP recycling is inhibited in the presence of dominant
negative RAB-A2a
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Figure 6.3: Possible trafficking scenarios of PIN2:GFP to the vacuole. Organelles and trafficking
pathways (blue arrows) involved in PIN2 trafficking are shown. Dashed arrows indicate alternative
routes that have not (yet) been shown to be involved in PIN2 trafficking. Inhibitor treatments are
indicated in red, showing their relevant site of action. The PM is indicated as black border, the
PIN2 polar domain is marked in green. ER = Endoplasmic Reticulum, TGN = Trans-Golgi Network,
PVC = pre-vacuolar compartment, Vac = Vacuole, BFA = Brefeldin-A, Wm = Wortmannin, Tyr =
Tyrphostin A23. Details and references are provided in the text.

The literature on PIN2:GFP recycling allows several possible scenarios in epidermal root cells,

which are are shown in figure 6.3. Once PIN2:GFP reaches the PM and is phosphoylated by
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the respective kinase [248], it is endocytosed via a Tyrphostin A23 sensitive pathway to the
TGN (1) or perhaps Golgi (4). From the TGN, it could either follow a recycling step through
the default secretory route (2) or a specialised recycling route (3), or, PIN2:GFP is trafficked
from Golgi directly to the PM (4) or from Golgi through the TGN wia the default secretory

route (2).

BFA treatments cause the formation of BFA bodies, a process that is completely reversible [37].
BFA washout experiments addressed the question whether RAB-A2a is involved in PIN2:GFP
recycling. These experiments showed that PIN2:GFP recycling is dependent on RAB-A2a
mediated trafficking. The formation of BFA bodies was clearly reversible in control samples
but BFA bodies remained visible in PIN2:GFP samples in the presence of dominant negative

RAB-A2a, at least two hours after removal of BFA.

It has been previously shown that the recruitment of PIN2:GFP to BFA bodies is dependent on
endocytosis [188]. Utilising the double drug treatment approach of Tyrphostin A23 and BFA as
described by Dhonukshe and colleagues[188], my results show that endocytosis and recruitment
of PIN2:GFP to BFA bodies is not inhibited by dominant negative RAB-A2a. Thus, the
question is which of the pathways (2), (3) or (4) is perturbed in presence of dominant negative
RAB-A2a. Section 1.2.1 established that the nature of intracellular PIN2:GFP accumulations
is rather TGN than Golgi, so it appears unlikely that pathway (4) is utilised by PIN2:GFP
for recycling, although such a recycling pathway may exist for other proteins [48]. FRAP
experiments indicate that default traffic of PIN2:GFP to the PM is intact in presence of
dominant negative RAB-A2a, therefore pathway (2) can be ruled out. Therefore, the data
suggests that dominant negative RAB-A2a interferes with a recycling pathway from the TGN

to PM, here shown as pathway (3).

6.2.3 Trafficking of PIN2:GFP to the vacuole is enhanced in the pres-

ence of dominant negative RAB-A2a

There are several possibilities of how PIN2:GFP could be trafficked to the vacuole that conform
with reports from the literature (figure 6.4). PIN2 is ubiquitinated at the PM which directs the
protein into the proteolytic route to the vacuole [223]. Along this trafficking pathway, PIN2
is passed through SNX1 and RAB-F labeled compartments [228; 229]. In the case of SNX1,

it is not entirely clear whether it is localised to TGN only or additionally localises to PVC
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Figure 6.4: Different scenarios for PIN2:GFP recycling pathways. Organelles and trafficking pathways
(blue arrows) involved in PIN2 trafficking are shown. Dashed arrows indicate alternative routes that
have not (yet) been shown to be involved in PIN2 trafficking. Inhibitor treatments are indicated in red,
showing their relevant site of action. The PM is indicated as black border, the PIN2 polar domain is
marked in green. PIN2-P = phosphorylated PIN2, PIN2-Ub - ubiquitinated PIN2, ER = Endoplasmic
Reticulum, TGN = Trans-Golgi Network, PVC = pre-vacuolar compartment, Vac = Vacuole, BFA =

Brefeldin-A, Wm = Wortmannin, Tyr = Tyrphostin A23. Details and references are provided in the
text.

[209]. Therefore, it might be that PIN2:GFP is either directly transported to PVC (pathway
3) and then to the vacuole (pathway 1), or it might well be that PIN2:GFP is trafficked to a
domain of the TGN (pathway 2) that sorts the protein into a vacuolar pathway (pathways 2
and 1) [228]. Another possibility could be the targeting of PIN2:GFP to the Golgi (pathway
4) where it is subsequently sorted to PVC (pathway 5) and then transported to the vacuole
(pathway 1). The involvement of dominant negative RAB-A2a can be ruled out in the latter

case (pathway 4 and 5 leading to 1), for reasons discussed in the preceding sections.

As shown in Chapter 5, vacuolar GFP signals were higher in the presence of dominant nega-
tive RAB-A2a seedlings compared to the control samples following dark treatment, indicating
enhanced vacuolar trafficking. However, Botanelli and colleagues showed increased secretion

of amy:SPO in presence of dominant negative RAB-A2a [206]. This is seemingly a paradox
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that can be resolved with the following scenario: One could assume that if PIN2:GFP follows
a pathway from the PM to TGN and one pathway to PVC, and if one trafficking pathway is

blocked, that the other is enhanced.

PIN2:GFP labelled intracellular compartments are insensitive to Wortmannin treatment in
presence of dominant negative RAB-A2a seedlings. While uninduced PIN2:GFP controls show
enlarged spherical structures [228, 229], this effect was not observed in the presence of dominant
negative RAB-A2a. Since there is no reason to believe that traffic to the vacuole via PVCs
is perturbed, as RAB-F2b:GFP and BP80:GFP labeled PVC morphology appears unaffected
in the presence of dominant negative RAB-A2a, it could mean that pre-vacuolar membrane
identity is altered. Changes in vacuolar identity have been described in Arabidopsis adaptin
mutants [244]. It might also be that there is a higher ratio of TGN-like compartments visible,
making PVC compartments less apparent. It would therefore be interesting to investigate
how RAB-F2b:GFP and BP80:GFP labeled PVC respond to Wortmannin treatment. Also,
PIN2:GFP trafficking to the vacuole following dark treatments in the presence of Wortmannin

could be useful [228].

Taken together, the pathway (2) leading to (1) and pathway (3) leading to (1) may all be

possible considering the available literature and the analysis of results in this project.

6.2.4 A model for RAB-A2a dependent PIN2:GFP trafficking in

Arabidopsis thaliana

In Chapter 3, I tested the specificity of the dominant negative approach by studying the effect
of dominant negative RAB-A2a on the localisation of selected the Rab-A family members.
The selected markers were mCherry:RAB-A2a, the closely related YFP:RAB-Ale and more
distantly related mCherry:RAB-A5c [111]. mCherry:RAB-A2a localises to doughnut shaped
bodies, which may be Golgi bodies, and shows increased cytosolic labelling. This was an ex-
pected result as Chow and colleagues (2008) showed that a preferentially GDP-binding mutant
of RAB-A2a localises to the Golgi in Arabidopsis roots [45]. Such preferentially GDP binding
mutants reflect the inactive state of a Rab GTPase [106, 190]. Interestingly, YFP:RAB-Ale
also localises to these Golgi-like bodies in the presence of dominant negative RAB-A2a. It may
be that RAB-A2a and RAB-Ale share a basic trafficking pathway or are part of a Rab cascade,

in which the recruitment of one Rab GTPase to the membrane is crucial for activation and
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Figure 6.5: A model for RAB-A2a dependent PIN2:GFP trafficking in Arabidopsis thaliana epidermal
meristematic root cells. Organelles and trafficking pathways (blue arrows) involved in PIN2 trafficking
are shown. Blue arrows indicate intact trafficking routes, orange dashed arrows indicate perturbed
trafficking route in the presence of dominant negative RAB-A2a. Inhibitor treatments are indicated
in red, showing their relevant site of action. The PM is indicated as a black border, the PIN2 polar
domain is marked in green. ER = Endoplasmic Reticulum, TGN = Trans-Golgi Network, PVC = pre-
vacuolar compartment, Vac = Vacuole, BFA = Brefeldin-A, Wm = Wortmannin, Tyr = Tyrphostin
A23. Details and references are provided in the text.

Vac

membrane recruitment of another Rab GTPase [205]. Both Rab-A1 and Rab-A2 subclasses are
implicated in TGN-associated traffic to the PM [45, 118, 119, 120] and Rab cascades are known
in mammals and yeast [205]. Nevertheless, it appears that dominant negative RAB-A2a only
affects a subset of Rab-A proteins. The localisation of mCherry:RAB-Abc, a representative
of the more distantly related Rab-A5 family, is unaffected. This may mean that PIN2:GFP
cannot be sorted from TGN into the recycling route as neither RAB-A2a nor RAB-Ale reach

their site of action in presence of dominant negative RAB-A2a.

According to these results and the preceding discussion, I propose a PIN2:GFP trafficking
model that is depicted in figure 6.5. My data have shown that default PM and endocytic
traffic are intact in the presence of dominant negative RAB-A2a. Additionally, vacuolar traf-

ficking of PIN2:GFP is enhanced. It appears that only the recycling step from TGN to the
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PM is inhibited by expression of dominant negative RAB-A2a. Expression of dominant nega-
tive RAB-A2a causes localisation of mCherry:RAB-A2a and YFP:RAB-Ale to compartments
closely resembling Golgi bodies. Thus, mCherry:RAB-A2a and YFP:RAB-Ale are no longer
able to reach their site of action, the TGN, in the presence of dominant negative RAB-A2a,
where they would normally engage in recycling functions. I propose that PIN2:GFP is held at
a TGN/ early endosomal compartment (possibly RAB-A5d positive?) from which its recycling
to the PM is inhibited, due to the lack of functional RAB-A2a (and RAB-Ale) at the TGN.

As mentioned in section 1.1, two other members of the Rab-A family, RAB-Alb and RAB-
Alc have been implicated in PIN2:GFP recycling from TGN to PM [119, 120]. Interestingly,
the localisation of YFP:RAB-Ale is affected in the presence of dominant negative RAB-A2a.
However, neither of the first two Rab-A members cause a comparably strong intracellular
accumulation of PIN2:GFP as was observed in this work in the presence of dominant negative
RAB-A2a. Thus, it might be that Rab-A1 members aide in ‘cleaning up’ polarity of PIN2:GFP,
i.e. to recycle PIN2:GFP that is localised in excess at the extremities of the polar domain,
whereas RAB-A2a is the major regulator of constitutive recycling, which proportionally may
take place more frequently thus explaining the more dramatic phenotype. This assumes that
experiments were conducted under similar conditions and proteins were expressed at similar
levels. However, RAB-A2a mediated recycling appears different from polar delivery processes
as polarity is not visibly affected in the presence of dominant negative RAB-A2a. As suggested
by Kleine-Vehn and colleagues, polarity control of PIN2 may involve spatial regulation of PIN2

endocytosis and immobilisation in the PM rather than recycling [249].

However, one issue that needs to be addressed in the future concerns the definition of the
TGN. As mentioned in Chapter 1, the TGN is believed to be a multi-domain complex, a
central hub for secretory and endocytic traffic. Considering the results of my work, I am
not convinced this single compartment view is correct. It is surprising that while the default
pathway of PIN2:GFP to the PM is intact, PIN2:GFP that enters the recycling route is not
just re-delivered to the PM wvia the default pathway. As my results suggest, PIN2:GFP is held
at a TGN-like state, caused by a trafficking inhibition through the expression of the dominant
negative RAB-A2a. This could mean that there is not just a TGN but many different TGNs
that employ different targeting mechanisms and are thus required for different trafficking steps,
as has been suggested previously [44, 250]. It could be that the TGN is made up of individual

endosomal compartments, of which some are required for either default PM delivery, recylcing
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or vacuolar targeting. The TGN in Arabidopsis was first defined by Staehelin and Moore as
clathrin-coated tubular network [251]. Dettmer and colleagues showed that VHA-al localised
to tubulovesicular membranes close to the trans site of Golgi bodies and based the definition
of the TGN in Arabidopsis upon this marker [43]. But what is the evidence for a single multi-
domain compartment? The marker VHA-al is currently used to spot the TGN in EM images
but it does not appear as a distinctive organelle, such as ER and Golgi [43]. The TGN appears
rather as an agglomeration of vesicular structures that lie in close proximity to each other
[43, 45]. I thus challenge the current view of a single TGN compartment and rather suggest
that the TGN is a ‘network’ of associated but distinct endosomal compartments with distinct
functions. In this way, it appears plausible why PIN2:GFP is held intracellularly but is not
transported to the PM through the default TGN mechanism, and may provide an explanation
why BRIL:GFP recycling is intact in the presence of dominant negative RAB-A2a (as it is
trafficked through other TGN compartments and therefore does not merge with PIN2:GFP

into the same recycling pathway).

Taken together, this work contributes to a better understanding of PIN2:GFP traffic, high-
lighting that there may be more than one TGN compartment, and reveals that researchers may
have to reconsider past experiments involving dominant negative mutants of trafficking regu-
lators, as dominant negative RAB-A2a not only alters the localisation of mCherry:RAB-A2a
but also of another RAB, YFP:RAB-Ale.

6.3 Future directions

Cytokinesis and PIN proteins have polar traffic in common. It will be interesting to see whether
RAB-A2a is specifically involved in the recycling of polar proteins, as recycling of non-polar
markers is not dependent on RAB-A2a function. FRAP experiments with a controlled gravity
vector could help to address this question. Also, the effect of dominant negative RAB-A2a on

other polar markers such as PIN1, AUX1 or NIP5;1 could be investigated.

This work revealed and analysed PIN2:GFP trafficking defects in the presence of a dominant
negative RAB-A2a. It would be of great interest to see whether endogenous PIN2 trafficking

is affected too; this can be achieved by immunolocalisation experiments.

Identification of Rab interactors would help in understanding cellular functions of these proteins

and shed light on the exact mechanism of membrane traffic interference by dominant negative
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mutants. Yeast-two-hybrid assays did not prove very useful in identifying interactors, however,
immunoprecipitation may be a possibility. Further, it would be interesting to determine the
cargo of Rab vesicles. By making use of fluorescent protein technology, FACS (fluorescence
assisted cell sorting) could be used to separate different vesicles and other techniques such as

mass spectrometry could be used to determine cargo.

Finally, RAB-A2a acts on traffic between TGN and the PM. This makes RAB-A2a an interest-
ing candidate for protein trafficking to the plant apoplast and root secretion. At present, there
is no information on how plants regulate the composition of the apoplast or how root secretion
is achieved. In both cases, membrane trafficking could be involved and could be studied by
investigating the effect of dominant negative Rab GTPases on leaf apoplast composition or

root secretion, which may also lead to important results in other fields such as plant pathology.
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Additional images
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Figure A.1: Dominant negative RAB-A2a causes localisation of YFP:RAB-Ale to Golgi-like bodies.
Localisation of YFP:RAB-Ale in roots of two independent transgenic Arabidopsis Col-0 lines were
analysed three days after germination on DMSO or dexamethasone containing MS agar plates (trip-
licate experiments per line, utilising four to six seedlings per line and treatment). A: YFP:RAB-Ale
localises in intracellular punctate structures and at the PM in DMSO control samples. B: In dex-
amethasone induced samples, the PM localisation is lost, YFP:RAB-Ale is localised to intracellular,
enlarged compartments, resembling Golgi bodies. Images are 3D projections. Scale bar = 5um.
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Figure A.2: Dominant negative RAB-A2a causes localisation of mCherry:RAB-A2a to Golgi-like bod-
ies. Localisation of mCherry:RAB-A2a in roots of two independent transgenic Arabidopsis Col-0 lines
were analysed three days after germination on DMSO or dexamethasone containing MS agar plates
(triplicate experiments per line, utilising four to six seedlings per line and treatment). A: In DMSO
control samples, the mCherry:RAB-A2a appears in intracellular structures and at the PM. B: In
dexamethasone induced samples, the PM localisation is lost and mCherry:RAB-A2a appears in intra-
cellular, enlarged compartments, resembling Golgi bodies. Images are 3D projections. Scale bar =
Sum.
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Figure A.3: Dominant negative RAB-A2a causes prominent intracellular localisation of PIN2:GFP.
Localisation of PIN2:GFP in roots of two independent transgenic Arabidopsis Col-0 lines were anal-
ysed three days after germination on DMSO or dexamethasone containing MS agar plates (triplicate
experiments per line, utilising four to six seedlings per line and treatment). A: PIN2:GFP localises to
the PM and few endosomes in DMSO control samples. B: In the presence of dominant negative RAB-
A2a, PIN2:GFP exhibits prominent intracellular localisation, that ranges from clustered aggregates
(1) to comparably even distribution (2). In 10% of analysed seedlings either BFA body like structures
(3) or vacuolar like accumulations (4) were visible. Images are 3D projections. Scale bar = 5um.
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