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ABSTRACT

ER accessory proteins are a novel class of endoplasmic reticulum (ER) proteins that
facilitate the exit of polytopic membrane proteins from the ER. They are important
for the correct targeting of their cognate polytopic membrane proteins to the plasma
membrane (PM) and their absence leads to abnormal accumulation of their target in
the ER. Until recently, it was not clear if such proteins exist in plants. However,
work by Dharmasiri et al (2006) and Gonzales et al (2005) suggest that such proteins
exists in plants too. Polytopic membrane proteins such as nutrient transporters,
hormone transporters and sugar transporters are a very important class of proteins as
they regulate many important physiological and biochemical processes. Better
understanding of the targeting of these proteins to the PM is of considerable
agronomic interest due to the importance of efficient use of resources in sustainable

agriculture.

One of the projects aims is to identify novel ER accessory proteins in Arabidopsis.
Using a bioinformatics approach, 40 novel ER resident proteins were identified from
a protein localisation database (LOPIT) generated by Dunkley et al (2006) as
potential candidates for ER accessory proteins. Genetic, phenotypic and molecular
approaches have been used to assess their role as potential ER accessory proteins. A
few promising candidates have been identified, one of which AtBPL1 and related
family. The AtBPL1 family has similarity to mammalian BAP31 which has been
shown to function as an ER accessory protein (Ladasky et al, 2006). To determine if
AtBPL1 family plays a similar role in plants a detailed molecular characterisation

was carried out, this involved detailed expression analysis using reporter genes and



in situ immunolocalisation and characterisation of miRNA lines. Smart screens
suggest that BPL1 family members may be involved in the targeting of a nitrate

transporter, however its precise target is currently unknown.

A key focus of this present investigation have been on further characterisation of
AXR4, which is required for the correct targeting of AUX1 to the plasma membrane
(Dharmasiri et al, 2006). AUX1 belongs to a multi-gene family, involving three other
members, LAX1, LAX2 and LAX3. Using genetic and cell biology approaches, AXR4
has been shown to be necessary for the correct localisation of at least two other
members of this family LAX2 and LAX3. AXR4 mutants show defects in targeting
of LAX2 and LAX3 to the plasmamembrane and show weak lax2 and lax3
phenotypes. Co-Immunoprecipitation studies revealed that AXR4 and AUX1 interact
directly when co-expressed in insect cells. Finally molecular, bioinformatics and
protein modelling approachs were used to probe the function of alpha beta hydrolase
domain in AXR4 function. AXR4 appears to be tolerant to amino acid subsitition
even at highly conserved amino acids, suggesting that the alpha beta hydrolase

domain may not be important for its function.
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CHAPTER 1
INTRODUCTION



1. INTRODUCTION

One third of the eukaryotic proteome is passed through the secretory pathway en
route to their final intra- or extra-cellular destination. Therefore highly specific
sorting and trafficking is required to get proteins to their final destination (e.g.
plasma membrane, lysosomes, organelles, vacuole or to be secreted from the cell)
(Wiseman et al, 2007). These include soluble proteins and integral membrane
proteins, collectively referred to as ‘cargo proteins’ (van Vilet et al, 2003).
Trafficking occurs throughout the endomembrane system, as well as to final
destinations such as specific organelles; chloroplast, mitochondria, nucleus, and
plasma membrane (PM). The endomembrane system of eukaryotic cells alone
comprises the organelles of the secretory and endocytic pathways, the endoplasmic
reticulum (ER), the Golgi apparatus, the trans-Golgi network (TGN), prevacuolar
compartments (PVC), lytic compartments (vacuoles or lysosomes), storage vacuoles
(plants), endosomes, and the plasma membrane (Nebenfiihr, 2002). The localisation
of these cargo proteins to specific destinations is therefore complex, involving
multiple interactions, especially for polytopic membrane proteins and ligand-
receptors where correct conformation is extremely important (van Vilet et al, 2003).
Sorting of these cargo proteins and transportation to their final destination is
controlled by wvesicular transport intermediates and their interacting proteins,
allowing cargo to be transported from one organelle to specific membranes where
they then fuse with the cell membrane to deliver their contents (Hanton et al, 2005b;
Palade, 1975). Currently 4752 polytopic membrane proteins have been discovered in
Arabidopsis (approximately 17 % of the proteome) (Ward, 2001), therefore
numerous proteins will be required for correct structural conformation and

trafficking.

1.1. PROTEIN TRAFFICKING

Protein trafficking in eukaryotes is dependent on accurate targeting of transport
vesicles between precisely defined membrane-bound compartments along the
biosynthetic pathway and endocytic pathways. In the past few decades considerable

progress has been made in understanding protein trafficking and the molecular

2



machinery that maintains and regulates membrane traffic. In general vesicular traffic
seems to be operated by similar molecular machinery in all eukaryotic organisms, as
evidenced by homology, many small GTPases, SNAREs, and their associating
proteins are present in animal, yeast and plants (see Ueda & Nakano, 2002 for a
review). However, it has also been demonstrated that plants have also developed a
unique system which not only use conserved machinery but also contain
modifications. For example in plant cells the trans Golgi network (TGN) not only
carries out TGN functions found in other eukaryotes, but also functions as the early

endosome in plants (Ueda & Nakano, 2002).

=torage vacuole

Lytic vacuole

Figure 1. Model showing simplified trafficking routes in the biosynthetic and
endocytic traffic

ER = Endoplasmic reticulum; TGN = trans Golgi network; PAC = precursor
accumulating vesicles; PVC = prevacuolar compartment; MVB = multivesicular

bodies.



Secretory and endocytic traffic allows the cell to have a high level of regulation on
the abundance of plasma-membrane proteins such as receptors, transporters and ion
channels, allowing the cell to have fast adaptability to its environment (reviewed by
Richter et al, 2009).

1.1.1. Biosynthetic pathways

To correctly process, target and transport proteins to their final destination, a
complex trafficking within the cell occurs (see figure 1). Cargo proteins are
synthesised on endoplasmic reticulum (ER)-bound ribosomes, and enter or cross the
ER membrane cotranslationally, within the ER they are correctly folded, assembled
and processed (see van Vilet et al, 2003 for a review). Protein folding within the
secretory pathway needs to process diverse protein conformations as well as being
specific enough to recognise misfolded proteins that can be targeted for degradation
(Buck et al, 2007). 30% of synthesised proteins are estimated to become misfolded,
and these proteins are degraded by the endoplasmic reticulum-associated degradation
(ERAD) which is a cytoplasmic ubiquitin-proteasome pathway (Yamamoto, 2009).
After correct folding the proteins need to be transported to the Golgi and downstream
compartments for further processing and sorting. Transport occurs through lipid
vesicles where the cargo proteins are packaged into the vesicles, these are then
transported to the correct localisation where the vesicle fuses with the cell
membrane, and delivers the cargo proteins into the membrane (Palade, 1975).
Vesicular trafficking has been shown to occur in both the forward (anterograde)
direction (from the ER to the plasma membrane) or in reverse (retrograde) direction
(Hanton et al, 2005b).

Most proteins that leave the ER are trafficked to the Golgi complex (through coat
protein complex Il [COPII] vesicles), although some vesicles have been shown to
bypass the Golgi and head straight to the storage vacuole (Jirgens & Geldner, 2002;
Levanony et al, 1992). Presumably these proteins are the ones that do not need
further processing within the Golgi complex, and have been shown to bud from the

ER in vesicular structures, known as precursor-accumulating (PAC) vesicles

4



(Levanony et al, 1992; Mitsuhashi et al, 2001). Other proteins/lipids have been
shown to traffic between the ER and the plastid, allowing stromal proteins to be
processed in the secretory pathway, such as glycosylation (Nanjo et al, 2006; Rouillé
et al, 2000; Xu et al, 2008; reviewed by Inaba & Schnell, 2008).

Once the proteins reach the Golgi, final processing of the proteins occurs. For
example glycoproteins, glycolipids and proteoglycans encounter modifications by a
large number of enzymes (such as glycosyltransferases, sulfotransferases and
proteases) (Prydz et al, 2008). The Golgi complex is also extremely important for
correct trafficking and it is the major sorting station of the newly synthesised proteins

allowing them to be transported to their final destination (Jirgens & Geldner, 2002).

Transport back to the ER occurs in the cis-cisternae of the Golgi (through COPI
vesicles), and this is an essential pathway that continually recycles proteins and lipids
from the Golgi to the ER in order to maintain an equilibrium between anterograde
and retrograde transport pathways (Hanton et al, 2005; Neumann et al, 2003). Main
protein sorting however occurs at the trans-Golgi network (TGN), which sorts
proteins to their specific destinations by segregating into specific sets of membrane-
enclosed carriers (Bonifacino & Rojas, 2009). Sorting at the TGN is complex
especially in plants, as it does not only sort the anterograde traffic (mediated by two
vesicles, clathrin-coat vesicles and dense vesicles) of newly synthesised proteins to
the plasma membrane, vacuoles and the late endosomes (Vitale & Hinz, 2005). It
also sorts endocytosed proteins from the plasma membrane and the late endosomes,
meaning that it is also involved in retrograde traffic (also mediated by clathrin-coat
and dense vesicles), cycling of plasma membrane proteins and transport of proteins

to the late endosomes for their degradation in lytic vacuoles (Nebenfthr, 2002).

The TGN and late endosomes are involved in the sorting of material to the vacuoles
in plant cells. In plants, there are at least two kinds of vacuoles, lytic vacuoles which
have an equivalent function to lysosomes in yeast, and a plant-specific protein
storage vacuole (Surpin & Raikhel, 2004).



1.1.2. Endocytic pathways

In plants the endocytic pathway and the biosynthetic pathway are tightly linked as
the majority of sorting for both pathways occurs at the TGN. The endocytic pathway
Is essential to internalise exogenous material to the endosomes (through clathrin-
dependent and independent vesicles) and allow highly controlled regulation of
signalling/transport at the cell surface (Geldner, 2004). In eukaryotic cells
endosomes are separated into two types based on their function, the early endosome
and the late endosomes (review by Otegui & Spitzer, 2008). The early endosome
receives endocytosed cargo from the plasma membrane and is involved in recycling
these cargos back to the plasma membrane or sorting the proteins to the late
endosome. In the plant cell the TGN acts as the early endosome, rather than a
separate organelle as found in other eukaryotic cells (Otegui & Spitzer, 2008). The
late endosome, known as multivesicular bodies (MVBs) or prevacuolar
compartments (PVC) in plant cells, are involved in the anterograde trafficking of
proteins to the vacuoles and the sorting of membrane proteins for degradation, as
well as retrograde trafficking of vacuolar cargo receptors (e.g. SNARES) back to the
TGN (Johnannes & Popoff, 2008; Otegui & Spitzer, 2008). It is also believed that
there may be a third compartment a ‘recycling endosome’ as ARF-GEF-GNOM
(involved in the recycling of PIN proteins) does not localise to the TGN or the MVB
(Geldner et al, 2003).

1.2. ENDOPLASMIC RETICULUM TRAFFICKING

Once the protein is assembled and correctly folded, it exits the ER en route to the
Golgi in coat protein complex-I1lI (COPII) vesicles (Baines & Zhang, 2007). The
COPII coat is comprised of three main subunits, two heterodimeric complexes,
Sec23p/24p and Sec13p/31p, and a small Ras-like GTPase Sarl (Barlowe et al, 1993,
1994, reviewed by Lee & Miller, 2007). This COPIl mechanism has been shown to
be highly conserved in eukaryotic cells (reviewed by Hanton et al, 2005b), however
recent evidence suggests that plants have evolved unique characteristics to serve

plant specific needs. It has been shown in plant systems that the ER and Golgi are in



close contact and that the Golgi has been shown to stream over the ER (Hanton et al,
2006).

COPII vesicles are formed in response to activation of Sarl by Sec12p-GEF, which
causes Sarlp-GTP to bind to ER membranes and recruit Sec23p/24p-GAP, which in
turn recruits Sec13p/31p (Bar-Peled & Raikhel, 1997; Barlowe & Schekman, 1993;
Schekman & Orci, 1996, reviewed by Memon, 2004). Sec23/24-Sarl complex is
thought to select cargo for export, as well as proteins required for vesicle direction
(SNARES), before the recruitment of Sec13/31 which polymerises into an octahedral
cage and deforms the membrane into a bud (Bickford et al, 2004; Fath et al, 2007
Hanton et al, 2005b). After this, hydrolysis of GTP by Sarlp (stimulated by Sec23p)
causes Sarlp to dissociate from the membrane, allowing the protein coat to be
released and the vesicle can then go on to fuse with its target membrane (see figure
2) (Haung et al, 2001; Yoshihisa et al, 1993).
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Figure 2: COPII vesicle production and selective packaging of cargo into the
budding vesicle (from Sato & Nakano, 2007).

Vesicle formation is restricted to specialised ER exit sites (ERES) and the budding of
the vesicle is caused by the polymerisation of the subunits causing deformation of the

ER membrane (Barlowe et al, 1994; Heinzer et al, 2008). Upon budding, the
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contents of COPII vesicles are delivered to the Golgi. Several models have been
proposed to explain this process, taking into account the unique dynamics of the ER
and the Golgi, such as the ‘vacuum cleaner’ (Boevink et al, 1998), ‘stop-and-go’
(Nebenfihr et al, 1999), ‘secretory unit’ (daSilva et al, 2004, Stefano et al, 2006),
and ‘kiss-and-run’ model (Yang et al, 2005). Research showed that the percentage of
Golgi in contact with ERES varies from 20-80 % (Kang & Staehelin, 2008). This
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may suggest that the ‘stop-and-go’ or ‘kiss-and-run’ model is most likely to be

correct.

Figure 3: ‘Dock, pluck and go’ model of ER-to-Golgi vesicle trafficking

A) Shows the Go-phase where the Golgi stacks travel along the ER by myosin
motors along actin filaments. B) Shows the ‘dock and pluck’ phase where the COPII
scaffold attaches to the cis-side of the Golgi matrix and pulls the passing Golgi off
the actin track. Allowing the Golgi to halt its progress and the wiggling movement of
the Golgi allows COPII vesicles to be plucked from the ER. After COPII vesicle
harvesting is complete the Golgi can resume its Go-phase (from Staehelin & Kang,
2008).



Both these models are based on the fact that the Golgi stops at ERES sites to allow
protein trafficking. Kang & Stachelin (2008) research suggested that the ‘stop’ signal
is mediated by scaffold-type molecules that assemble on the COPII vesicles that fix
the cis-side of the Golgi to the ERES allowing the two organelles to become
physically coupled. Based on their research they suggested a fifth model ‘dock, pluck
and go’ where the scaffold captures passing Golgi and the movement of the
connected Golgi stacks provides the energy to pluck the budding COPII vesicles and
scaffolds (see figure 3). The Golgi can then resume its translational movement when
COPII vesicle harvesting is complete (Staehelin & Kang, 2008). This model is
supported by the fact that randomly dispersed COPII vesicles constitute <5% of the
total COPII vesicle population, supporting the model that COPII vesicles are released

only when Golgi stacks are in close proximity to an ERES (Kang & Staehelin, 2008).

1.3. PROTEIN SORTING

Sorting of proteins is extremely important so that they can be transported to the
correct final destination, but how is this achieved? There have been numerous
reviews on this subject, showing that sorting takes places in all compartments of the
secretory system, such as in the ER (Baines & Zhang, 2007; Sato & Nakano, 2007),
Golgi (Beck et al, 2009; Hawes & Satiat-Jeunemaitre, 2005; Jurgens & Geldner,
2002; Neumann et al, 2003), and endosomes (Braulke & Bonifacino, 2009;
Johnannes & Popoff, 2008; Vitale & Hinz, 2005).

There is belief that proteins have a default destination; with soluble proteins having a
default destination to the plasma membrane (Denecke et al, 1990; Handlington &
Denecke, 2000), and membrane proteins are believed to have either the tonoplast or
the plasma membrane as their default pathway (Hofte & Chrispeels, 1992; Vitale &
Raikhel, 1999). However it is obvious that specific sorting takes place within the
secretory system, often relying on motifs within the cargo proteins that interact
directly or indirectly with the transport vesicles to allow correct loading and transport

to their final destination.



1.3.1. Sorting in the ER

The COPII vesicle accommodates an extraordinary variety of cargo proteins with
different structures, functions and ultimate destinations; therefore sorting at the ER
has to cope with this diversity (Sato & Nakano, 2007). It was believed that a bulk
flow transport was the main way of transporting proteins to the Golgi through
nonspecific transport, meaning that the proteins were not sorted at the ER but were
all packaged together on route to the Golgi (Heinzer et al, 2008; Philipson et al,
2001). However a lot of evidence supports more specific sorting at the ER allowing
for selective transport of cargo through specific sorting signals and packaging into
COPII vesicles (Baines & Zhang, 2007). Bulk flow transport has been shown to be a
remarkably inefficient transport method and only contributes in a minor way to
protein secretion (Malkus et al, 2002). It is now quite evident that most secretory
proteins are actively sorted into COPII vesicles (Sato & Nakano, 2007). Selective
recruitment of cargo proteins into vesicles can be divided into two groups; (i) those
that directly bind to components of the COPII coat through ER exit sequence motifs
and (ii) those that require specific receptors (accessory proteins) to link them to
COPII vesicles (Baines & Zhang, 2007; Herrmann et al, 1999).

Direct interaction between cytosolic tails of membrane cargo proteins and COPII
vesicles, such as Sarlp and the Sec23/24p complex is thought to mediate cargo
selection (Aridor et al, 2001; Kuehn et al, 1998). Studies have shown that Sec24p is
primarily responsible for cargo binding, as it contains three distinct binding sites
(Miller et al, 2003) and has multiple isoforms (3 in yeast and 4 in humans) allowing
wide-ranging possibilities for combinatorial selection of ER export motifs (Barlowe
et al, 1994; Higashio et al, 2000; Pagano et al, 1999; Roberg et al, 1999; Wendeler et
al, 2007). Several classes of ER export motifs which are recognised by COPII vesicle
are currently known, such as the di-hydrophobic motifs (FF, YY, LL or FY)
(Contreras et al, 2004; Kappeler et al, 1997; Otte & Barlowe, 2002), dibasic Arg-
Lys-Xaa-Arg-Lys motif (Antonny & Schekman, 2001; Yuasa et al, 2004), RLXD
motif (Fernandez-Sanchez et al, 2008), LVV motif (Zaarour et al, 2009), diacidic
Asp/Glu-Xaa-Asp/Glu motif (Hanton et al, 2005a; Mikosch et al, 2006; Nishimura &
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Balch, 1997; Sieben et al, 2008; Zelazny et al, 2008), YXxXNPF, LxXME and LxxLE
motifs (Mossessova et al, 2003).

These specific motifs can allow specific interaction with different Sec24 proteins
which may be essential for their final localisation. For example the motif RLXD
motif on GLYT1 binds specifically to the Sec24D isoform (Fernandez-Sanchez et al,
2008). There has been a lot of evidence that binding of these proteins to the Sec24
proteins can be highly specific to certain isoforms, for example SERT can only exit
the ER by recruiting Sec24C. Whereas closely related transporter proteins DAT,
NET and GAG transporter 1 relies on Sec24D for ER export, showing that even
closely related proteins can have exclusive Sec24 isoforms that they require for
loading into COPII vesicles (Sucic et al, 2011). It has also been discovered recently
that Sec24 can be phosphorylated by Kkinases such as Akt, this
phosphorylation/dephosphorylation of the different isoforms could allow further

diversity and specificity for transport of cargo (Sharpe et al, 2011).

Recent evidence suggests that sorting at the ER is not only vital for transport to the
Golgi but also to its correct final localisation. GABA transporter-1 (GAT1) is reliant
on COPII trafficking, Reiterer et al (2008) looked at a mutant of the GAT1 (GAT1-
RL/AS) that can no longer interact with Sec24 and therefore is not loaded into COPII
vesicles. GAT1-RL/AS was shown to still passage through the Golgi (probably
through bulk flow) but was unable to be localised correctly to the axon terminal of

neuronal cells (Reiterer et al, 2008).

Surprisingly secretory proteins without ER export motifs are also loaded into COPII
vesicles. These proteins (cargo proteins) are selectively recruited to COPII vesicles
through relatively new and novel proteins called ER accessory proteins that facilitate
loading into COPII vesicles by direct or indirect interaction with COPIl components.
Some ER accessory proteins for example carry an ER export motif which is
recognised by the COPII coat as well as a domain which interacts with the secretory
cargo allowing loading of the cargo protein (Wendeler et al, 2007). Cargo proteins
include soluble luminal cargo, such as glycoproteins and transmembrane proteins

(Sato & Nakano, 2007). In the ER it has been shown that many exported proteins
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require multiple signals to be packed into COPII vesicles, such as a combination of
the above ER exit motifs or associations with more than one ER accessory proteins
(Sato & Nakano, 2007).

1.4. ER ACCESSORY PROTEINS

A large number of secretory proteins are dependent on specific accessory proteins for
exit from the ER. These accessory proteins can be divided into three groups;
outfitters, escorts and transport receptors (see figure 4). The outfitters are involved in
establishing or maintaining a secretion-competent conformation of the cargo protein
and include specific folding catalysts and chaperones that remain within the ER
(Herrmann et al, 1999). In this case the protein itself should have an ER exit motif
and requires the outfitter to make sure it is in the correct configuration allowing this
ER exit motif to interact with COPII vesicles. An example of an outfitter is Shr3p in
yeast, which is required for the trafficking of amino acid permeases (e.g. Gaplp) to
the plasma membrane (Ljungdahl et al, 1992). In the Shr3p null mutant Gaplp is no
longer folded correctly and the proteins aggregate together, preventing Gaplp from
being loaded into COPII vesicles causing Gaplp accumulation in the ER. This is
specific to 18 members of the amino acid permease (aap) yeast gene family, as other
proteins localisation is unaffected in the Shr3p mutant (Gilstring et al, 1999; Kota &
Ljungdahl, 2005). Failure of cargo proteins to associate with their specific outfitter
accessory protein results in incorrect folding and/or aggregation, causing the protein
to be retained in the ER and are ultimately degraded via the ERAD pathway (Kota et
al, 2007). Another role of outfitters would be to ‘mark’ the cargo proteins for ER exit
(e.g. phosphorylation), or active involvement in the loading of the cargo into COPII
(escort contains motif which interacts with COPII but prevents escort loading)
vesicle. For example Saito et al (2007) showed that TANGOL is necessary for
loading of collagen VII into COPII vesicles. Collagen VII is a bulky protein (900
kDa) and is unable to fit into the generic COPII vesicle (60-90 nm) in diameter.
TANGOL is believed to slow COPII biosynthesis by binding to Sec23/24 through the
PRD domain (the same domain as Secl3/31 bind) therefore influencing the
recruitment of Secl13/31. This allows the COPII vesicle to grow larger than it

normally would and allow the loading of collagen VII, once the collagen VII is
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loaded it becomes unbound from TANGO1 and this change in conformation may
allow TANGOL to release Sec23/24, allowing the final recruitment of Sec13/31 and
budding of the vesicle. It has been shown that it does not influence the transport of a
related protein collagen | and therefore is specific for collagen VII (Saito et al,
2009).
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Figure 4: A model of different types of ER accessory proteins

Figure taken from Hermann et al, 1999 - ER accessory proteins can facilitate the
transport of cargo proteins to the Golgi in three main ways. (a) They are involved in
processing of the protein so that it is in the correct configuration for transport into
COPII vesicles. (b) They travel with the secretory protein in the COPII vesicles,
through indirect interaction with the COPII coat proteins (c) The third hypothesis is
they might actively recruit cargo protein at the ERES into budding vesicles and
transport with them by direct interaction with COPII vesicles (from Herrmann et al,
1999).

The escorts have a similar function but differ in the fact that they accompany their
cargo proteins to the Golgi, they therefore include regulatory molecules needed to
prevent premature activity or binding of substrates to the cargo protein (Herrmann et
al, 1999). A well-studied example of a mammalian escort protein is RAP, which is
involved in the correct localisation of low-density lipoprotein (LDL) receptor family
(Bu et al, 1995). In the absence of RAP, LDL receptors aggregate in the ER due to
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premature binding of ligands and are ultimately degraded; therefore RAP acts as an
escorting accessory protein through the secretory pathway preventing premature
interaction with ligands (Bu & Schwartz, 1998).

The third group, transport receptors or guides also cycle between the ER and Golgi,
however they are involved in direct interaction with COPII vesicles, providing the
information required for selective uptake (Herrmann et al, 1999). Well known
mammalian transport receptors are LMAN1-MCFDC protein complex that are
involved in the transport of factors V and VIII (F5F8D) and two lysosomal proteins
cathepson C (catC) and cathepson Z (catZ) (Appenzeller et al, 1999; Cunningham et
al, 2003; Zhang et al, 2005). The cytoplasmic tail of LMANI contains a FF ER exit
motif that interacts with the COPII coats allowing selective cargo loading of its
substrate (Baines & Zhang, 2007).

ER Accessory | Function Cargo Species References
protein
RanBP2 Outfitter Opsin Bos taurus Ferreira et al,
1996
TANGO1 Outfitter Collagen VII | Drosophila Saito et al,
melanogaster | 2009
CALF-1 and Putative CaV2 channel | Caenorhabditis | Saheki &
UNC-36 outfitter elegans Bargemann,
2009
Calmodulin Putative KCNQ2 K+ Homo sapiens | Alaimo et al,
outfitter channel 2009
DRIiP78 Putative Dopamine D1 | Homo sapiens | Bermak et al,
outfitter receptor 2001
NinaA Escort Rhodopsin Drosophila Baker et al,
melanogaster | 1994; Colley
etal, 1991
RAP Escort LDL receptor | Homo sapiens | Bu et al, 1995
family

14




YiflB Escort Serotonin (5- | Rattus Carrel et al,
HT-1A) norvegicus 2008
receptor
CD4 Putative escort | CC chemokine | Homo sapiens | Anchour et al,
receptor 5 2009
(CCR5)
ODR-4 Putative escort | Odorant Caenorhabditis | Dwyer et al,
receptors elegans 1996
PX-RICS and | Putative escort | Cadherin B- Homo sapiens | Nakamura et
GABARAP catnin al, 2008
complex;
FGFR4
cadherin
complex
RAMP1 Putative escort | Calcitonin-like | Homo sapiens | McLatchie et
receptor al, 1998
Stargazin Putative escort | AMPA Cercopithecus | Vandenberghe
receptors aethiops et al, 2005
(GluR1)
ERGIC-53 Transport FV and FVIII; | Mus musculus | Appenzeller et
(LMAN1) - receptor catC and catZ | and Homo al, 1999;
MCFD2¢ sapiens Cunningham
et al, 2003;
Nyfeler et al,
2006; Zhang
et al, 2005
MRAP Transport Melanocortin | Homo sapiens | Webb et al,
receptor 2 receptor 2009
Bap31 Putative Cellubrevin, Mus musculus | Annaert et al,
Transport MHC class I, | and Homo 1997; Ladasky
receptor CD11b/CD18, | sapiens et al, 2006;
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Tetraspanins
(CD9 and
CD81)

Paquet et al,
2004;
Stojanovic et
al, 2005; Zen
et al, 2004

Cornichon

Putative
Transport

receptor

Gurken

Drosophila

melanogaster

Bokel et al,
2005

Pho86

Outfitter

Pho84p

Saccharomyces

cerevisiae

Kota &
Ljungdahl,
2005; Lau et
al, 2000

Shr3p

Outfitter

Amino acid
permeases

- Gaplp

Saccharomyces

cerevisiae

Gilstring et al,
1999; Kota &
Ljungdahl,
2005; Kuehn
et al, 1996;
Ljungdahl et
al, 1992

Chs7

Putative
outfitter

Chs3

Saccharomyces

cerevisiae

Kota &
Ljungdanhl,
2005; Trilla et
al, 1999

Gsf2

Putative
outfitter

Hxtlp

Saccharomyces

cerevisiae

Kota &
Ljungdanhl,
2005;
Sherwood &
Carlson, 1999

Vmal2p,
Vma21p and
Vmaz22p

Putative escort

Vacuolar H*-
ATPase

Saccharomyces

cerevisiae

Malkus et al,
2004

Emp24p—

Transport

Gaslp and

Saccharomyces

Muiiiz et al,
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Erv25p receptor Suc2p cerevisiae 2000
Transport Pro-ALP and | Saccharomyces | Bue et al,
Erv26p/Svp26p receptor Ktr3p cerevisiae 2006, 216
Erv29p Transport Gpaf, CPY Saccharomyces | Belden &
receptor and CFTR cerevisiae Barlowe,
2001; Suaud et
al, 2011
Emp46p— Putative Glycoproteins | Saccharomyces | Sato &
Emp47p® Transport of unknown cerevisiae Nakano, 2003
receptor identity
Erv14p/15p Putative AxI2p and Saccharomyces | Nakanishi,
Transport Sma2p cerevisiae 2007; Powers
receptor & Barlowe,
1998, 2002
Erv4lp— Putative None Saccharomyces | Welsh et al,
Erv46p© Transport identified cerevisiae and | 2006
receptor Mus musculus
PHF1 Outfitter PHT1 Arabidopsis Gonzaélez et al,
thaliana 2005
AXR4 Putative AUX1 Arabidopsis Dharmasiri et
outfitter thaliana al, 2006
NAR2.1 Putative NRT2.1 Arabidopsis Wirth et al,
outfitter thaliana 2007

Table 1: A list of potential ER accessory proteins, adapted from Baines & Zhang,

(2007)

# Confirmed outfitters meet the following two criteria: (i) ER resident protein, (ii) evidence

that deficiency selectively impairs cargo transport. Putative outfitters depend on whether it

has been proven that the protein does not cycle in the secretory pathway.

® Confirmed escorts meet the following two criteria: (i) cycles in the secretory pathway, (ii)

evidence that deficiency selective impairs cargo transport. Putative escorts depend on

whether it has been proven that the protein cycles in the secretory pathway.
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¢ Confirmed transport receptors meet the following three criteria: (i) contains a
transmembrane component and cycles in the early secretory pathway, (ii) evidence that
deficiency selectively impairs cargo transport, and (iii) evidence for a specific receptor-cargo
interaction. Putative transport receptors meet two of the three criteria

YMCFD2 seems to be dispensable for transport of catC (cathepson C) and catZ (cathepson Z)
(Nyfeler et al, 2006)

A large number and varied mechanisms of ER accessory proteins have been
discovered in mammalian and yeast systems to date, and it is likely more will be
discovered as we learn more about trafficking within the cell. The recent discovery
of three plant ER accessory proteins AXR4, PHF1, and NAR2.1 is exciting as it
shows that a similar mechanism also exists in plants. AXR4 is a putative outfitter,
which selectively regulates the localisation of AUX1 (an auxin influx carrier) to the
plasma membrane (Dharmasiri et al, 2006). axr4 mutant causes abnormal
accumulation of AUX1 in the ER and abolishes AUX1 location, while other plasma
membrane proteins remain unaffected (Dharmasiri et al, 2006). AXR4 has an ER
localisation and a putative o/p hydrolase domain, AXR4 therefore may facilitate
trafficking by acting as an outfitter by modifying AUX1 for correct conformation
and therefore allowing it to be recognised as cargo by COPII vesicles (Dharmasiri et
al, 2006).

Similar to AXR4, mutations in PHF1 led to abnormal accumulation of its target
protein PHT1 (a phosphate transporter) within the ER, and loss of correct localisation
(Gonzélez et al, 2005). PHF1 is also believed to be an outfitter as it is also localised
to the ER and has not been detected in COPII vesicles (Gonzalez et al, 2005).
Another possible plant ER accessory protein is NAR2.1 that possibly regulates
NRT2.1 (a high-affinity nitrate uptake protein) localisation to the plasma membrane
(Wirth et al, 2007). While mutants in PHF1 and AXR4 causes accumulation of their
substrate in the ER, in NAR2.1 mutant NRT2.1 is absent from fractions suggesting
that NAR2.1 may be needed to prevent degradation through ERAD and allowing
proper folding for vesicle transport (Wirth et al, 2007). The recent discovery of these
three potential ER accessory proteins suggests that other polytopic membrane

proteins in plants require their own cognate ER accessory protein to facilitate folding
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and/or transport. It is estimated that as many as 35% of the entire human genome
enters the secretory pathway at the ER, therefore there are possibilities of numerous

other ER accessory proteins to be discovered (Saito et al, 2009).

1.5. AXR4 — AN ER ACCESSORY PROTEIN?

AUXIN RESISTANT4 (AXR4) is a 473aa protein which is localised to the ER (see
figure 5) (Dharmasiri et al, 2006; Dunkley et al, 2006). It was initially indentified in
screens for auxin resistant root elongation (Hobbie & Estelle, 1995) and altered root
gravitropism (Simmons et al, 1995). Detailed characterisation of the mutant revealed
a weak auxl-like phenotype (Dharmasiri et al, 2006). It also shared a humber of
other characteristics with auxl mutant such as reduced lateral root number and
similar responses to applications of different types of auxin (Hobbie & Estelle, 1995;
Yamamoto & Yamamoto, 1998, 1999). These results suggested that AXR4 may
function in the same pathway as AUX1 (Dharmasiri et al, 2006).

AXR4GFP

Figure 5: AXR4-GFP localisation in root cells using confocal imaging

(A) AXR4-GFP localisation in root cells using antibodies to GFP (anti-GFP). (B)
Localisation of BiP (a known ER resident protein) in root cells using anti-BiP. (C)
Superimposed confocal images of AXR4-GFP and BiP localisation confirming ER
localisation of AXR4 (from Dharmasiri et al, 2006).

AUX1 is an auxin influx carrier which belongs to the auxin amino acid permease
(AAP) family of proton-driven transporters (Bennett et al, 1996). AUX1 has been
shown to be polar and non polar distributed within different cell files. In

protophloem cells, AUX1 is targeted to the apical face of the cell plasma membrane
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surface, whereas in epidermal cells AUX1 appears to be targeted preferentially to the

upper and lower membrane surfaces (Swarup et al, 2001).

Col-0

axr4

AUX1 PIN1 PINZ2 H*-ATPase

Figure 6: AUX1 trafficking is affected in the axr4 mutant

Hemagglutinin (HA)-AUX1 localisation in the protophloem of Col-0 (A) and axr4-2
(E); PIN1 localisation in Col-0 (B) and axr4-2 (F); PIN2 localisation in Col-0 (C)
and axr4-2 (G); and localisation of plasma membrane H*-ATPase in Col-0 (D) and
axrd-2 (H) (from Dharmasiri et al, 2006).

Dharmasiri et al (2006) showed that in the axr4 mutant AUX1 protein accumulated
in the endoplasmic reticulum (ER) instead of being localised correctly to the plasma
membrane. They provided evidence that AXR4 was specific to AUX1 as the axr4
mutation had no effect on the localisation of other plasma membrane proteins such as
PIN1, PIN2 and H'-ATPase (see figure 6) (Dharmasiri et al, 2006). This
mislocalization of AUX1 explains the axr4 phenotype, and the weaker phenotype
may be due to the fact that small amount of AUX1 is still correctly localised to the

plasma membrane in axr4 (Dharmasiri et al, 2006).
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AXRA4 acts as an ER accessory protein as it is necessary for the correct localisation of
AUX1, however how it actually provides this targeting is unknown. Looking at the
protein sequence, structure and possible domains would allow some insight into
AXR4 function. AXR4 is a single copy gene which is a plant specific protein, with a
single membrane spanning domain near the N-terminus and contains two loosely
conserved esterase lipase domains (aff hydrolase fold) which are found in a diverse
group of hydrolytic enzymes (Dharmasiri et al, 2006; Holmquist, 2000). Tendot Abu
Baker (2007) demonstrated that AXR4 C-terminal is within the ER lumen,
suggesting that the C-terminal may interact with AUX1, to fold, modify or allow
loading of AUXL1 into COPII vesicles. Several hypotheses have been proposed for
AXR4 function to allow exit of AUX1 from the ER, such as the correct folding of
AUX1, post translational modification of AUX1 and regulating lipid composition of
ERES.
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1.6. AIMS AND OBJECTIVES

My project has two main aims

(1) Investigation of possible functions of AXR4;
e Determine if AXR4 and AUX1 interact directly using co-
Immunoprecipitation experiments.
e Determine if AXR4 is involved in the transport of other members of
the AUXL/LAX family
e Determine if the a-f3 hydrolyse fold domain is important for AXR4

function

(2) Discover new ER accessory proteins in Arabidopsis;
¢ Identify potential ER accessory proteins using a bioinformatic and
functional studies.
e Characterise any potential ER accessory protein to determine their

role.
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CHAPTER 2
MATERIAL AND METHODS
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2. MATERIAL AND METHODS
2.1. PLANT MATERIALS

Arabidopsis thaliana seeds were obtained from the Nottingham Arabidopsis Stock
Centre (NASC) or from the Bennett Laboratory seed stocks (Plant Sciences,
University of Nottingham). For a full list of plant materials used during this study,

see appendix 9.1.

2.2. PLANT GROWTH

2.2.1. Plant growth media

For routine plant growth Murashige and Skoog (MS) media (Sigma-Aldrich) was
used at 2.15 g/L basal salts, with 1.0 % (w/v) Bacto™ agar (Appleton Woods), and
adjusted to pH 5.8 with 1.0 M KOH. For more detailed nutrient studies, a growth
medium was made up to allow changes within the nutrient composition of the media
(control solution). This had 1.0 % (w/v) Bacto™ agar, and adjusted to pH 5.8 with
0.1 M HCI.

MS media NH4NO3 825 mg/L, H3BO3 3.1 mg/L, CaCl, 166.1
mg/L, CoCl,.6H,0 0.0125 mg/L, CuSO,4.5H,0 0.0125
mg/L, Na,EDTA.2H,0 18.6 mg/L, FeSO,.7H,0 13.9
mg/L, MgS0O,90.35 mg/L, MnSO4.H,0 8.45 mg/L,
(NH,)sM07044 0.125 mg/L, K1 0.415 mg/L, KNO5 950
mg/L; KH,PO,4 85 mg/L, and ZnSO,4.7H,0 4.3 mg/L
(Murashige and Skoog, 1962).

Control solution KH,PO,4 34.0 mg/L, KOH 28.1 mg/L, MgSO,4.7H,0
184.8 mg/L, CaCl,.2H,0 3.6 mg/L, FeNaEDTA 36.7
mg/L, Ca(NO3),.4H,0 944.6, H3BO3 1.9 mg/L,
MnSQO,4.4H,0 2.2 mg/L, ZnS0O,4.7H,0 0.3 mg/L,
CuSQO4.5H,0 0.8 mg/L, Na;M00,4.2H,0 0.1 mg/L
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Bacto'" agar calcium 0.179 %, chloride 0.021 %, cobalt < 0.001 %,
copper < 0.001 %, iron 0.002 %, lead < 0.001 %,
magnesium 0.068 %, manganese < 0.001 %, nitrate <
0.005 %, phosphate < 0.005 %, potassium 0.121 %,
sodium 0.837 %, sulfate 1.778 %, sulfur 0.841%, tin <
0.001%, and zinc < 0.001 %

For plant selection, antibiotics or chemicals required were added after autoclaving, at
the following concentrations; 2,4-D 25 nM/ml, DEX 10 nM/ml, hygromycin 50

ug/ml, kanamycin monosulphate 50 pg/mi.

2.2.2. Invitro

Arabidopsis thaliana seeds were surface sterilised in 50 % (v/v) bleach (Sigma) for 6
minutes, then washed 4 times in sterile distilled water containing 0.15% Triton X-
100. The seeds were then either washed in 70 % (v/v) ethanol and left to dry on
Whatman filter paper, or sown directly onto the agar with the use of a Gilson. The
seeds were vernalised in the dark at 4°C for 48 hours and then germinated vertically
at 20 =2 °C under constant light conditions for two weeks.

Transformed seeds were grown with appropriate antibiotics for 2 weeks, Arabidopsis
seedlings that developed dark green true leaves and an extending root system were
transferred to compost.

2.2.3. Invivo

After two weeks growth on plates, the seedlings were transferred to individual 9cm
pots containing Levington M3 compost (Scotts U.K. Professional, U.K.). This
compost was supplemented with 50 mL L™ compost of systemic insecticide
“Intercept” [70% (w/w) Imidacloprid] prepared at 0.2 g L™ to prevent sciarid fly
infestation. The plants were then placed in disposable sleeves (Zwapak, Netherlands)
to prevent cross-pollination. The glasshouse was maintained at 21-23 °C with a 16 h
light and 8 h dark cycle, with a light intensity of 150 umols m?s™,
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2.2.4. Root cultures

Root cultures of Arabidopsis thaliana were generated according to the modified
protocol of Rouse et al (1996). Seeds were surface sterilised in 70 % (v/v) ethanol
for 2 minutes, followed by treatment with 20 % (v/v) sodium hypochlorite for 30
minutes. The seeds were washed four times with sterile distilled water, and 2-10
sterile seeds were placed in 250 ml Erlenmeyer flasks containing 100 ml of Gamborg
B5 medium (2 % [w/v] sucrose, 0.32 % [w/v] Gamborg B5 salts [Sigma-Aldrich]
and 0.05 % [w/v] MES-KOH, pH 5.8 and 1 % Gamborg B5 Vitamin Mix [Sigma-
Aldrich]), and sealed with sterile cotton wool plug. Root cultures were grown for 4-5

weeks in shaking incubators in the dark at 100 rpm and temperature of 20-22 °C.

2.2.5. Nutrient screen

Nutrient smart screens were based on main nutrient solution media (see 2.2.1) with
the concentration of specific nutrients adjusted. These screens included; copper (0.1,
10, 20 and 50 uM), nitrogen (0, 0.05 and 4 mM), phosphorous 0 [20 and 100 uM Fe],
0.01 [20 and 100 uM Fe], 0.05 and 25 mM), sodium (0.1, 50, 100 and 200 mM),
sulphate (0, 0.1, and 1 mM) and zinc (1, 500 and 1000 uM). See appendix 9.3 for
making of stock solutions for the smart screens and 6.4 for smart screen media
composition. The phenotypes were characterised after 5 days growth, and again after

2 weeks growth.

2.2.6. DEX treatment

Seedlings were grown for four days and then transferred to plates containing 1 uM

dexamethasone (DEX) and the phenotype was observed for one week.

2.2.7. 2,4-D assays

Seedlings were grown on various concentrations of 2,4-D (25, 50 and 100 nM), and

the root length was scored after 5-7 days.
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2.3. BACTERIA GROWTH

2.3.1. Bacterial growth media

Luria-Bertani (LB) broth had the following composition; 0.5% (w/v) yeast extract,
1.0% (w/v) bacto-trytone, 1.0% (w/v) NaCl, pH 7.0. For plates, 1.0% (w/v) bacto
agar was added. Antibiotics were used in plates and broth at the following
concentrations: ampicillin 100 pg/ml, hygromycin 50 ug/ml, kanamycin

monosulphate 50 pg/ml, rifampicin 25 pg/ml, and spectinomycin 100 pg/ml.

2.4. INSECT CELL GROWTH

2.4.1. Insect cell growth media

Insect Xpress-FCS growth medium had the following composition; Insect Xpress
medium [Lonza] supplemented with 10 % (v/v) heat-inactivated foetal calf serum
[Biowhittaker], and 50 units/ml of penicillin and streptomycin mixture [King &
Possee, 1992].

2.4.2. Insect cell growth

For all baculovirus expression experiments performed in this study, the Sf9 insect
cell line (Vaughn et al, 1977) derived from ovarian tissue of Spodoptera frugiperda
were used. All the insect cell manipulations were performed using standard cell
culture techniques (King & Possee, 1992). Sf9 insect cells were propagated and
maintained as cell monolayer cultures in T75 flasks and as a suspension culture in 50
ml conical flasks containing Insect Xpress-FCS growth medium at 28 °C in a humid
atmosphere. The suspension cultures were placed in an orbital incubator maintained
at 90-120 rpm, Suspension cultures were passaged thrice weekly (when they reached
a cell density of ca. 8 x 10° cells/ml), and were seeded into fresh media at a density
of 1.0 x 10° cells/ml. Monolayer cultures were passaged at confluency with a 1:10
dilution (typically every 3-4 days).
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2.4.3. Small-scale infection of insect cells with recombinant baculovirus

Sf9 cells were seeded in 10 ml aliquots at a cell density of 1 x 10° cells in 50 ml
conical flasks and left to grow O/N shaking at 28 °C until cell density of 2 x 10° cells
was reached. Aliquots of virus inoculums were added based on the titre of the virus
so that a multiplicity of infection (MOI; the ratio of viral particles to Sf9 cells) of
approximately 0.1, 1, 10 and 100 was achieved. The cells were incubated at 28 °C for
48 hours, before being harvested by centrifugation at 3000 g for 15-20 minutes and
resuspended in 0.5 ml ice cold 1x PBS lysis buffer (containing Calbiochem Protease
Inhibitor cocktail set 111 [EDTA free] at 1x final concentration). The cell suspension
was transferred to microcentrifuge tubes and sonicated twice for 10 seconds with the

microprobe sonicator at 40% power.

2.5. MOLECULAR STUDIES

2.5.1. RNA extraction

RNA normally from 5-7 day old whole seedlings was extracted using RNeasy Plant

Mini Kit (Qiagen) following manufacturer’s instructions.

2.5.2. Reverse Transcription PCR

2 pg of total RNA was used for cDNA synthesis, RNA and oligodT primer (100
pmol) were incubated at 70 °C for ten minutes and then left to anneal on ice. Reverse
transcription mix (5X FSB, 0.1 M DTT, 10 mM dNTP and RNase inhibitor) was
added to this reaction and incubated at 42 °C for 2 minutes. SuperScript™
(Invitrogen) was added and left to incubate at 42 °C for 2 hours. The reaction was
terminated by heating at 70 °C for 10 minutes, and the cDNA was stored at —20 °C.
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RNA 2.5 ug 5X FSB 4l
OligodT primer (50 puM) 0.5 ul 0.1MDTT 2 ul
Sterile Deionised Water <11l dNTP (10 mM) 1l
RNase inhibitor 1ul
SuperScript™ 1l

2.5.3. DNA extraction

Plant material (normally 1-2 leaves) was ground to fine powder using liquid nitrogen.
In an eppendorf 400 ul extraction buffer (200 mM Tris-HCL pH 7.5, 250 mM NacCl,
25 mM EDTA, 0.5% SDS) was added and vortexed briefly to mix. Samples were
centrifuged at 16,000 x g for 2 minutes. Equal volume of isopropanol was added to
the supernatant, and mixed by invertion. DNA was pelleted at 16,000 x g for 5
minutes and dried in vacuum for 10 minutes. The DNA was resuspended in 30 pl

sterile water and stored at —20°C.

2.5.4. Plasmid isolation

Single colonies were grown overnight in 5 ml of LB and appropriate antibiotic at 37
°C. A glycerol stock was frequently prepared for long term storage (1 ml of the
culture + 0.5 ml 50 % glycerol) at -80 °C.

The rest of the culture was harvested by centrifugation at 1500 g for 3 minutes, and
plasmid preparations were performed using Nucleospin® Plasmid (Macherey Nagal)

following manufacturer’s protocol.

2.5.5. Polymerase Chain Reaction

For routine Polymerase Chain Reaction (PCR) the general protocol and PCR

program is shown below, specific details were changed based on the enzyme used,
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following manufacturer’s instructions. The PCR mixture was kept on an ice block
(ISOfreeze, Alpha Laboratory Supply) before being placed in the PCR machine

when the temperature reached 94 °C.

2.5.5.1. General protocol for Tag DNA polymerase

DNA polymerase 0.2 ul Lid: 110 °C

5 X Buffer 4 ul 1:94°C 2m  denaturation
dNTP (10 mM) 0.4 ul 2:94 °C 30s  denaturation
Primer Forward (10 uM) 1 pul 3:54-60°C 30s  annealing
Primer Reverse (10 uM) 1l 4:72°C 1m extension
DNA 1-2 pl 5:Steps 2-4 34 x

Sterile Deionised water 11.4 pl 5:72°C 10m  extension

2.5.5.2. Protocol for A-tailing

DNA polymerase 0.1l Lid: 110 °C

5 X Buffer 2 ul 1:70°C 15m  extension
10 mM dATP 0.2 ul

Purified PCR product 1-7 pl

Sterile Deionised water to 10 pl

2.5.6. PCR purification

PCR purification was done either by Gel extraction (MiniElute [Qiagen]) or by PCR

clean up (GenElute™ PCR Purification [Sigma]) following manufacturer’s protocol.
2.5.7. DNA restriction

DNA (plasmid or PCR product) was digested with appropriate restriction enzymes
(New England Biolabs), using the buffers and conditions recommended by the

manufacturer. In the case of digestion of DNA with more than one restriction
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enzyme, a reaction buffer compatible with both enzymes was chosen. If no
compatible buffer was found then a sequential digestion was performed.

A typical reaction contained in a final volume of 20 pl; 2-12 ul DNA, 2 ul 10x
buffer, and 1 ul of restriction enzyme. The digestion was performed at 37 °C for 2-3

hours.

2.5.8. Dephosphorylation

After the restriction, if required, the terminal 5’ phosphate groups were removed
from the linearized plasmid DNA by treatment with bacterial alkaline phosphatase

(BAP, USB™), (1 ul per 20 ul reaction) for 30 minutes at 37 °C.

2.5.9. Agarose gel electrophoresis

1.0 % (wi/v) agarose (Bioline) in TBE buffer (90 mM Tris-HCI, pH 8.0; 90 mM boric
acid and 2 mM EDTA) with ethidium bromide added at a final concentration 0.5

ug/ml was used. DNA was electrophoresed at 100 V until bands were separated.
2.5.10. Molecular cloning

The Escherichia coli strain DH5a (Hanahan, 1983) was used for all cloning

experiments and the Agrobacterium tumefaciens strain C581rif (pGV3850)

(Zambryski et al, 1983) was used for all plant transformations.

DNA for cloning into plasmid vectors was PCR amplified and A-tailed if required

(see section 2.5.5.2.). Both the plasmid and insert are then restricted with appropriate

restriction enzymes, gel purified and ligated.

In a 10 pl ligation reaction, 100 ng of vector, an appropriate amount of insert DNA

(3:1 insert to vector molar ratio), 1 ul of 10x T4 Ligase buffer, and 1 ul T4 DNA
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ligase (3 U/ul) were mixed and incubated overnight at 4 °C. A ligation reaction

without the insert was performed as a negative control.
2.5.11. Gateway cloning
Gateway cloning was performed as per manufacturer’s instructions. Entry vectors

were created by restriction and ligation based cloning with the gateway entry vector
PENTR™11.

EcoR |
Not |
EcoRY

Xhol

- _I-m
E85558 cedB
XxZvmxyw

Figure 7: Plasmid map of pENTR™11 (Invitrogen)

Entry vectors were then recombined into destination vector by LR reaction as per
manufacturer’s instructions. A typical LR reaction contained 50-150 ng of the entry
vector, 150 ng of the Destination vector, and 2 pl LR Clonase Il enzyme mix in a
final volume of 10 ul. The reaction was carried out at 25 °C for 2-5 hours, and

terminated with 1 ul Proteinase K (Invitrogen) at 37 °C for 10 minutes.

2.5.12. Bacterial transformation

2.5.12.1. Preparation of chemical-competent E. coli cells

Prewarmed 250 ml LB was inoculated with 1 ml of overnight culture and grown at
37 °C to mid logarithmic phase (OD600 between 0.6 and 0.8). The cells were kept on
ice for 15 minutes prior to centrifugation at 2500 g for 5 minutes at 4 °C. The cell

pellet was gently resuspended in 100 ml of chilled TFBI solution (100 mM RDbCI, 50
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mM MnCl;, 30 mM KOAc, 10 mM CaCl,, 15% (v/v) glycerol, pH 5.8 with 0.2 N
acetic acid), and kept on ice for 5 min. The cell suspension was then re-centrifuged
for 5 min at 2500 rpm, at 4 °C, and the pellet was suspended in 10 ml of chilled
TFBII solution (10 mM MOPS buffer pH 7.0, 10 mM RbCI, 75 mM CacCl,, 15%
(v/v) glycerol). The competent cells were divided into aliquots of 0.2 ml and stored
at -80 °C.

2.5.12.2. E. coli transformation

DNA (1-10 ul) was mixed with 90 ul freshly thawed competent cells. The tube was
then incubated on ice for 20 min, heat shocked at 42 °C for 90 sec, and immediately
placed back on ice for 20 min. 900 ul of LB medium was added to the cells and the
tubes were incubated shaking at 37 °C for 1 hour. Aliquots of up to 150 ul were
plated onto LB agar medium containing the appropriate antibiotics and incubated
overnight at 37 °C.

2.5.12.3.  Agrobacterium tumefaciens transformation

Agrobacterium tumefaciens competent cells were thawed on ice and 1.5 ul plasmid
DNA (approximately 50-100 ng) was added to 40 ul of competent cells. The cells
were transferred to a pre-cooled 0.2 cm electroporation cuvette (Sarstedt) and
electroporated using Gene Pulser TM (Bio-Rad). 1 ml LB was added to the cuvette
and then incubated for 3 hours at 28 °C without shaking. Aliquots of up to 100 ul
were plated on LB agar medium containing appropriate antibiotics and incubated at
28 °C for 2 days.

2.5.13. Plant transformation

Transformation of Arabidopsis was carried out using the floral dip method (Clough
& Bent, 1998). 100 ml LB with appropriate antibiotics was inoculated with 2 ml of
overnight culture, and grown at 28 °C until OD600 = 0.8-1.2. Sucrose (5 % w/v) and
Silwet-L77 (0.5 % v/v) were added to the culture and mixed well. The aerial parts of

the flowering Arabidopsis were dipped into the Agrobacterium culture for 5-20 s.
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Plants were covered with folded plastic sleeves overnight to maintain humidity, the

sleeves were then opened slowly and plants were left to grow.

2.6. PROTEIN STUDIES

2.6.1. Isolation of Arabidopsis thaliana microsomes

A microsomal membrane fraction was prepared by the modified methods of
Kjellboom and Larsson (1984) using Arabidopsis thaliana root cultures prepared as
described in section 2.3.3. Five grams of root tissue were homogenized under liquid
nitrogen, using a mortar and pestle in homogenisation buffer (0.5 M sucrose, 50 mM
HEPES-OH, pH 7.5, 0.5 % polyvinyl polypyrrolidone, 0.1 % [w/v] sodium
ascorbate, 1.0 mM DTT and Complete Protease Inhibitor cocktail [Sigma-Aldrich]).
The homogenate was filtered through 100 um mesh nylon and the resulting filtrate
centrifuged for 12 minutes at 2800 g at 4 °C to remove particulate material. A
microsomal membrane fraction was pelleted further by centrifugation at 100,000 g
for 1 hour at 4 °C. The supernatant was decanted and the microsomal pellet was
resuspended in a solubilisation buffer (100 uL, e.g. PBS, TBS). The microsomal

aliquots were frozen by liquid nitrogen and stored at — 80 °C.
2.6.2. Protein concentration measurements
Protein content was determined using a modified Lowry Assay (Bio-Rad DC Protein

Assay) following the manufacturer’s protocol. Bovine serum albumin (BSA; Sigma)

was used to generate a standard curve (0-10 ug) and all samples were analysed in

duplicates.

Modified Lowry Protein Assay Bio-Rad
Sample/Controls 5ul
Alkaline Copper Reagent (A) 20 pl
Folin Reagent (B) 200 pl

Leave for 15 minutes at RT

Measure absorbance at 650-750 nm
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2.6.3. SDS-polyacrylamide gel electrophoresis

Proteins were separated on the basis of their molecular weight by the denaturing
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
(Laemmli, 1970) using the Bio-Rad Mini-PROTEAN apparatus (Bio-Rad
Laboratories, Ltd). Protein samples were solubilised in SDS-PAGE sample buffer
(31.25 mM Tris (pH 6.8), 1 % [v/w] SDS, 12.5 % [v/v] glycerol, 2.5 % [v/v] 2-
mercaptoethanol, 0.005 % [w/v] bromophenol blue) and incubated at 37 °C for 30
minutes. The samples were loaded on a 5-20 % SDS-polyacrylamide pre-cast Ready
Gel® (Bio-Rad) and separated electrophoretically at 200 V in Tris-Glycine running
buffer (25 mM Tris, 192 mM glycine, 0.1 % [w/v] SDS).

2.6.4. Coomassie blue staining

The gels were routinely stained with a Coomassie blue protein stain (0.25 %
Coomassie Blue R-250) for 1-2 hours shaking gently until the gel is a uniform blue
colour. The gel was destained O/N in destaining solution (5 % [v/v] MeOH, 7.5 %

[v/v] Acetic Acid) until bands are visible and destaining complete.

2.6.5. Western Blotting

After separation by electrophoresis proteins were transferred to a nitrocellulose
membrane using a semi-dry transfer apparatus (Biorad) as per manufacturer’s
instructions. The gel was first washed in purified deionised water, and then soaked in
the transfer buffer (48 mM Tris, 192 mM glycine and 20 % [v/v] methanol, and
0.0375% [w/v] SDS) for 5 minutes. The membrane and 6 pieces of Whatman™
paper were cut to the size of the gel and soaked in the transfer buffer prior to use. To
prepare the paper-membrane-gel-paper sandwich, 3 Whatman™ paper sheets placed
over the bottom electrode (anode), overlaid by the membrane, the gel and 3
additional Whatman™ paper sheets. The transfer was carried out by applying 15 V

for 1 hour.
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After the transfer, the membrane was rinsed with SDW and stained for 5 minutes
with Ponceau Red (2 % ponceau S in 30 % trichloroacetic acid and 30 %
sulfosalicylic acid). The membrane was washed 3-5 times with SDW to remove the

stain.

2.6.6. Immuno detection

The membrane was placed in blocking solution (either 1x TBST or 1x PBST with 5
% [w/v] non-fat milk powder) with gentle shaking for 1 hour at room temperature.
The membrane was then incubated with the primary antibody (1:1000 — 1:10,000,
see table 2) in TBST (a-AXR4, a-BPL1, a-FLAG) or PBST (a-HA, a-HIS) with 1 %
or 0.1 % (a-HIS) (w/v) non-fat milk powder, shaking overnight at 4 °C. The
membrane was washed with 1x TBST (or 1 x PBST) five times for 5 minutes and
then incubated with an appropriate secondary HRP (horseradish peroxidase)-labelled
antibody in blocking solution at 1:1000 — 1:10,000 dilution (see table 2), for 1 hour at

room temperature. The membrane was then washed five times with TBST for five

minutes.

Antibody Dilution Source
Anti-AXR4 1:10,000 Anti-Sheep
Anti-BPL1 1:10,000 Anti-Sheep
Anti-FLAG 1:2,000 Anti-Mouse
Anti-HA 1:1,000 Anti-Mouse
Anti-HIS 1:1,000 Anti-Mouse
Anti-Mouse HRP 1:1,000

Anti-Sheep HRP 1:10,000

Table 2: Antibody dilution for western blots.

The membrane was developed using the enhanced chemiluminescent detection
system (Pierce), following the manufacturer’s instructions. The blots were exposed
using RX medical X-ray film (Fuji Photo Film Co) for 1-15 minutes or until a clear
signal was detected.
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2.6.7. Affinity purification and immunoprecipitation of tagged protein

For the co-immunoprecipitation experiments, the Pierce® Co-Immunoprecipitation
(Co-IP) Kit (Thermo Scientific) was used according to manufacturer’s instructions.
Anti-AXR4, Anti-FLAG and Anti-BPL1 were used at 75, 40 and 61 pg/ul
respectively, with 50 ul resin. 150 ul of sample in IP Lysis/wash buffer (0.025 M
Tris, 0.15 M NaCl, 0.001 M EDTA, 1 % NP-40, 5 % glycerol; pH 7.4) was added to
each column for each pull down experiment, and binding occurred overnight at 4 °C.
Columns were washed 3 times with IP Lysis/wash buffer, and the columns were
eluted four times to completely remove any bound proteins with Elution Buffer (pH
2.8, containing primary amine). Resin was then washed, regenerated and stored for

further use of the columns following manufacturer’s instructions.

2.6.8. Mini-Dialysis

For use with the Co-IP Kit the antibodies were dialysed to PBS buffer using the
Slide-A-Lyzer® MINI dialysis Unit (Thermo Scientific) following manufacturer’s
instructions. 100 pl Anti-RANI (BPL1) (1.22 pg/ul), and 50 pl Anti-AXR4 (1.22
pg/ul) were dialysed.

2.6.9. Detergent solubilisation of AXR4

A selection of common detergents (see table 3) were investigated for their suitability
for the extraction of AXR4 from plant microsomal membrane preparations.
Solubilisation buffer (0.025 M Tris, 0.15 M NaCl, 0.001 M EDTA, 5 % glycerol; pH
7.4) was used and the plant microsomal membrane preparations and detergents were
mixed to give a final reaction volume of 100 pl with the detergent at the
concentration given in table 3. These were then incubated at 4 °C for 60 minutes with
end over end mixing. Insoluble material was isolated by ultracentrifugation at
100,000 g (Optima™ Max Ultracentrifuge; Beckman Coulter) for 1 hour at 4 °C and
resuspended in solubilisation buffer and 10 % SDS. Solubilisation was analysed by

western blotting.
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Detergent Class Concentration (w/v) | Fold CMC (mM)
tested

NP-40 Non-ionic 1% 0.29

Dodecyl-B- Non-ionic 2% 6.7

maltoside (DDM)

CHAPS Zwitterionic 0.1% 4

Table 3: Detergents used for solubilisation of AXR4 in root microsomal membrane

preparations.
2.7. BIOCHEMICAL ASSAYS
2.7.1. Gus staining
Seedlings were stained for GUS activity at different stages of development (3, 5, 7,
9, 12, and 14 days) for 3 h, 6 h and 24 h; then cleared using two methods. The

stained seedlings were then mounted in 50 % glycerol and staining observed using

Leica microscope.

Gus Staining Protocol

4.25 ml 50 mM phosphate buffer pH 7.2

0.25 ml 33 mg/ml K3Fe(CN)6 in PO4 buffer
0.25 ml 44 mg/ml K4Fe(CN)6 in PO4 buffer
0.25 ml 10 mg/ml X-Gluc in Dimethylformamide
Sul Triton X-100

Root clearing protocol 1

Acidified methanol (Conc. HCI [4 % 15 minutes at 50 °C

v/iv], and MeOH [20 % v/v])

Neutralisation solution (NaOH [6 % w/v] 15 minutes at RT

in 60 % EtOH

Ethanol series (40, 20 and 10 %) Rehydrate for 5-10 minutes at each series
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Root clearing protocol 2
Chloral hydrate clearing solution (6:1:2 24 hours at room temperature

Chloral hydrate: glycerol: water)

2.7.2. Starch staining

Whole seedlings were cleared in chloral hydrate overnight (see 2.8.2) and then
placed on a slide. A few drops of lugol’s iodine were added and the root tip was
visualised straight away under the microscope and pictures taken until the starch

staining was complete.

2.8. IMAGE ANALYSIS

Seedlings were analysed for root length and phenotype. Root length was measured
using ImageJ (ImageJ 1.409) and its plugin NeuronJ (Meijering et al, 2004).

2.8.1. Gravitropic assay

Four day old seedlings grown vertically were turned 90 degrees and images of the
root were taken every twenty minutes for 12 hours overnight (in dark) to observe the
seedlings response to gravity. Gravitropic response was analysed using RootTrace
(RootTrace V2; Naeem et al, 2011).

2.8.2. Confocal scanning microscopy

The Leica SP2 confocal laser scanning microscope (Leica Microsystems) was used
to look at fluorescence within plant cells. Cell walls were stained with propidium
iodide (10 pg/ml) (Sigma). Scanning settings used for one experiment were
optimised to obtain the best signal-to-noise ratio, and then kept unchanged
throughout the experiment. The Argon Laser was used at 488 nM and 543 nM to
view fluorescence. Images were processed using the Leica SP2 Image Analysis
software and figures created using Adobe Photoshop (version 6.0; Adobe Systems)

and Microsoft PowerPoint 2007 (Microsoft Corporation).
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2.8.3. Whole mount immunolocalization in Arabidopsis roots

3 day old seedlings were fixed and immunolocalised using various primary and
secondary antibodies, and visualised using confocal microscopy. The seedlings were
fixed in 4 % paraformaldehyde in MTSB (50 mM PIPES, 5 mM EGTA, 5 mM
MgSQO, [pH 7] adjusted with KOH). Samples were washed with MTSB/0.1 % Triton
(5 x 10 min) and with deionised water (5 x 10 min). Cell walls were digested with 2
% driselase in MTSB for 30-45 min, and samples were washed with MTSB/0.1 %
Triton (5 x 10 min). Seedlings were then pre-incubated in 2 % BSA/MTSB (1 hr, 37
°C). Finally, the samples were washed with MTSB/0.1 % Triton (5 x 10 min) and
deionised water (5 x 10 min) and transferred into Slowfade Antifade mounting

medium.

Specific primary antibodies were used at a dilution of 1:200, including anti-AXR4,
anti-BPL1, anti-LAX2, anti-HA (Roche), and anti-GFP. Oregon Green or Alexa-
Fluor coupled secondary anti-Rat, anti-Mouse or anti-Rabbit antibodies (Invitrogen)
were used at a dilution of 1:200. Background staining was performed with Propidium
lodide (Sigma) when appropriate. Seedlings were then viewed with LEICA SP2 laser

scanning confocal microscope (Leica Mircosystem, Bannockburn, IL).

2.9. GENERAL CHEMICALS AND REAGENTS

All chemicals used were of analytical grade and were supplied by the following
companies; Alpha Laboratory Supply (Hampshire, U.K), Amersham Biosciences Inc
(Little Chalfont, U.K), Bioline Ltd (London, U.K), Biorad Laboratories Ltd (Hemel
Hempstead, U.K), Fermentas Life Science (London, U.K), Fisher Scientific
(Loughborough, U.K), Fuji Photofilm UK Ltd (London, U.K), Invitrogen Ltd
(Paisley, U.K), Macherey-Nagal (Hoerdt, France), New England Biolabs Ltd
(Hitchin, U.K), Promega UK Ltd (Hampshire, U.K), Roche Diagnostics (West
Sussex, U.K) Sarstedt (Leicester, UK), Scientific Laboratory Supply (Nottingham,
U.K), Sigma-Aldrich Co. Ltd (Dorset, UK), Stratagene Ltd (Cambridge, U.K), and
Thermo Fisher Scientific (Loughborough, U.K).

40



CHAPTER 3
IDENITYING NEW ER ACCESSORY
PROTEINS
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3. IDENTIFYING NEW ER ACCESSORY PROTEINS

3.1. INTRODUCTION

Approximately one third of the eukaryotic proteome travels through the endoplasmic
reticulum on route to its final destination. Trafficking destinations include specific
organelles such as nucleus, chloroplast, mitochondria; as well as components of the
endomembrane system such as the Golgi, vacuoles, plasma membrane; and
extracellular destination. Protein sorting is therefore extremely important to allow
proteins to reach the correct final destination, as mentioned earlier sorting occurs at
the ER, Golgi, TGN, endosomes and vacuole. Protein sorting within the ER
accommodates an extraordinary variety of cargo proteins with different structures,
functions and ultimate destinations. A lot of these proteins are sorted by signalling
motifs within the proteins themselves; however a lot of proteins have no recognisable
sorting motif. In these cases the proteins are dependent on specific accessory proteins
(ER accessory proteins) for the exit from the ER. As discussed in chapter 1.4.
accessory proteins can be divided into three groups; outfitters, escorts and transport
receptors (Hermann et al, 1999). A large number and varied mechanisms of ER
accessory proteins have been discovered in mammalian and yeast systems in the last
ten years, and it is likely more will be discovered as we discover more about
trafficking within the cell. Despite this ER accessory proteins are still novel in plants,
with only putative ER accessory proteins AXR4, PHF1 and NAR2.1 discovered so
far. This suggests that a similar mechanism exists in plants as well, and it is likely to
be as numerous and varied as the other systems, with other polytopic membrane
proteins requiring their own cognate ER accessory protein to facilitate folding and/or

transport.

Despite having similar functions, almost all of the ER accessory proteins discovered
so far share no sequence homology to each other and seem to represent novel
proteins (Cooray et al, 2009). The only common feature among all these proteins is
their location to the ER and their association with the ER membrane. As there is no
common motif or domain, effort was focused on those proteins located within the ER

with novel or unknown function.
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3.2. BIOINFORMATICS

Systematic analysis of potential ER accessory proteins was done to determine ER
localisation of proteins with unknown function, to do this we made use of a relatively
new proteomic study of the secretory system by Dunkley et al (2006), used to
determine the localisation of new proteins. This study assigned proteins to various
sub-cellular compartments using a proteomics based approach LOPIT (localisation of
organelle proteins by isotope tagging) (Dunkley et al, 2006). The method matches
the distribution of test proteins with that of marker proteins in a density gradient to
determine sub-cellular localisation (figure 8). 182 proteins were localised to the ER

using this study, of these 40 were expressed proteins with unknown function (table 4)
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Figure 8: LOPIT clustering of proteins

PCA analysis: Clustering due to their density gradients distributions and therefore
localisations. Filled shapes indicate known organelle markers allowing identification
of the clusters to a certain organelle and predication of protein localisation of
previously unidentified localisation (small circles). Unfilled shapes (or stars) indicate
proteins with predicted localisations which were confirmed by this method. Inverted
triangles = vacuolar membrane; squares = ER; diamonds = PM; circles (stars) =

mitochondria/plastids; triangles = Golgi apparatus. Figure from Dunkley et al (2006).
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Most known ER accessory proteins do not share any homology or motifs, and seem
to represent novel proteins. Therefore, the first criteria for deciding which proteins to
study were based on the fact that they have a novel or unknown function. Of the 182
proteins localised in Dr. Katherine Lilley’s LOPIT database to the ER, 40 of these
have unknown or novel function. The genes were prioritised based on expression in
the root and whether these genes were part of a gene family. This criterion included
13 proteins encoded by a single copy gene in Arabidopsis showing high expression
within the root, 5 genes that belonged to gene families where only one has significant
expression in the roots, and 2 unique proteins but with low expression in the roots
(table 5). A bioinformatics approach was used on the shortlisted genes to identify
further information about each target, such as location of T-DNA inserts and Blast to
analyse potential function of the genes (The programs Bioinformatic Harvester 11l
(http://harvester.fzk.de/harvester) and aramemnon (http://aramemnon.botanik.uni-

koeln.de/) were used).

Organelle Number of proteins classified by the
LOPIT database

Endoplasmic reticulum 182

Golgi 89

Mitochondria (Plastid) 140

Plasma membrane 92

Vacuole 24

Not Classified 162

Table 4. Summary of localisation results from Dunkley et al (2006).
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Gene T-DNA type | Putative annotation | Domain
and number | based on BLAST
At1g11905 Salk: BAP31-like Protein of
N532583 unknown function
At1g65270 Sail: - Protein of
N822782 unknown function
N819022
Atlg70770 Salk: Transmembrane protein | DUF2359
N665550 214
N66876
Atlg71780 Salk: - Protein of
N614289 unknown function
At2916760 Salk: Six-bladed beta-
N663810 propeller TolB-like,
N513066 Gluconolactonase
At2¢g36290 Salk: Alpha, beta
N525841 hydrolase fold-1
At3g07190 Sail: BAP31-like Protein of
N803596 unknown function
Salk:
N661700
At3g20450 Salk: BAP31-like Protein of
N633340 unknown function
At3g27325 Salk: GPI inositol-deacylase | PGAP1-like;
N527201 Esterase lipase
N527086
At3g44330 Salk: Protein processing - Nicalin, EF-HAND
N593742 putative Nicastrin-like | 1, Nicastrin
component of gamma
secretase complex
At37g62360 Salk NODAL modulator Carbohydrate-
N620858 binding-like fold;
Collagen-binding
surface protein
Cna-like, B region
At4g12590 Sail: Pob Protein of
N837011 unknown function
DUF850 domain
At4g16170 Sail: - Protein of
N829287 unknown function
At4g27500 Salk: PPI1 (proton pump
N540701 interactor)
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Gene T-DNA type | Putative annotation | Domain
and number | based on BLAST

At4929520 Salk Saposin B
N665520

At4932130 Salk: UPF0480 protein Carbohydrate-
N663464 C150rf24 homolog binding-like fold
N637042 precursor, TonB- domain

dependent siderophore
receptor

At5g920520 Salk: WAV2, BEMA46 family | Alpha/beta
N602859 protein hydrolase fold-1
N587030
N558588
N587022

At5g42570 Sail: B-cell receptor- B-cell receptor-
N822482 associated protein 31 associated 31-like
Salk:
N642314
N597360

At5g48860 Salk: Protein of
N600808 unknown function
N600809
N660471

At5g49945 Salk: Coiled-coil domain Protein of
N662942 containing 47 unknown function

DUF1682

Table 5: List of potential ER accessory protein targets

Table listing the gene, T-DNA labels, blast results and domain information. The

Blast and domain results were obtained using Bioinformatic Harvester 1V (beta)
(http://harvester.fzk.de/harvester/), which uses the programs BLINK and NCBI

Entrez Gene respectively.
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3.3. GENETIC STUDIES

RT-PCR Control RT-PCR
ML 583 Col 583 Col

At1g11905

ML 782 Col 782 Col

At1g65270

ML 289 Col 289 Col

At1g71780

Li <—

ML 810 Col 810

At2g16760
— — 7 <
1 H +—

ML 287 Col 287

At4g16170

ML 482 Col 482 Col

At5g42570
%v <
I —
ML 808 Col 808 Col
At5g48660
g ~ <
I S

Figure 9: RT-PCR results for homozygous T-DNA Kos
Left panel shows gene specific RT-PCR (for primers see appendix 9.2). Control RT-
PCR using primers 5° AUX1/3’AUX1. Right diagrams represents gene structures
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with introns (line), exons (grey boxes), T-DNA (triangle) and primer positions

(arrows). ML = molecular ladder. Black arrow = 500 bp.

To probe the role of these putative ER proteins, a genetic approach was used.
Insertional T-DNA knock out (KO) lines were identified, and a PCR based
genotyping approach was used to identify homozygous lines in the T3 generation.
Using this approach of the 20 targets, 14 homozygous T-DNA insert mutants have
been identified. Of these 14 homozygous knock outs (KOs) only 7 have complete
loss of expression based on RT-PCR analysis (see figure 9). For those T-DNA lines
where mRNA is still transcribed, in most cases it may be due to the fact that the
insert is within an intron. For one line, the T-DNA insert is within the 5> UTR and it
appears that the T-DNA itself is driving the expression of this gene, as a 35S

promoter is less than 2 KB upstream of the right border.

3.4. PHENOTYPIC CHARACTERISATION OF TARGETS

Preliminary investigations of the knocks outs revealed no visible differences in
phenotype. This may reflect non-selective conditions, therefore to reveal differences
in phenotype more detailed and targeted screens were designed. Potential targets of
ER accessory proteins include membrane proteins. Approximately 1000 genes (5 %
of the Arabidopsis genome) encode membrane transport proteins (Méser et al, 2001).
Plants have a complex and highly regulated nutrient uptake pathway, with enormous
variety in controlling nutrient uptake and distribution through membrane
transporters. Due to the complexity of nutrient uptake within the plant, smart screens
were designed. These screens take advantage of different levels of nutrients and
minerals, at both minimal and toxic levels to produce growth inhibiting conditions
(see appendix 9.4 for the solutions and treatments used). Under these conditions
potential mislocalization of transporter proteins by the ER accessory proteins, may
give a phenotype. These growth inhibiting conditions for nutrient deficiency or

toxicity were used to analyse the KOs response to different nutrients.
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3.4.1. Nutrient deficient screen

For a rapid analysis of the homozygous T-DNA KOs response to different nutrient
conditions, a large screen was designed using many different nutrient deficient
concentrations. By looking at comparison of root growth between different media
compositions it allowed identification of lines which may show a phenotype under
these screens which can then be focused on for more in depth study. Each line was
compared to Wt (Col) on the control plate (Main Solution - 100 %) allowing
percentage growth differences to be analysed. As the nutrient levels within the
medium needed to be changed, each nutrient needed to be added separately to make
up the solution. A stock solution was made up for each component and added
together to give a final concentration found in the control nutrient solution (see box).
Each different nutrient treatment was based on this but changed so that the nutrient
of interest is in deficiency (see appendix 9 for all the different treatment

concentrations).

Control nutrient solution KH,PO,4 24.9 mM, KOH 50.1 mM, MgSQO,4.7H,0 75.0
mM, CaCl,.2H,0 2.4 mM, FeNaEDTA 8.7 mM,
Ca(NO3),.4H,0 400 mM, H3BO3 0.31 mM,
MnSQO,4.4H,0 0.99 mM, ZnS0O,.7H,0 0.10 mM,
CuSQO4.5H,0 0.32 mM, Na;M00,4.2H,0 0.41 mg/L

Screen Concentration
Boron 3uM
Nitrogen 0 uM

50 uM
Phosphorus 0 uM (100 uM Fe)

10 uM (100 pM Fe)

50 uM (100 uM Fe)

Sulfate 0uM

100 uM

Table 6: Essential nutrient deficiency screens and concentrations used.
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The different nutrient treatments, based on nutrient deficiency, should allow small
differences in growth to become more apparent (for a list of the different nutrient
deficient medium used for screens see table 6). For example under normal growth
conditions, the phenotype may be masked due to bulk flow of the transporter or due
to the expression and correct localisation of another transporter of that nutrient.
However in a nutrient deficient situation this will put more pressure on the plant and
small differences in nutrient availability within the plant (due to incorrect localisation
of a membrane transport) may become apparent giving a deficiency phenotype. In
this case the KO would show deficiency symptoms earlier or more severely than wild
type (Wt), in most cases this would be observed by reduced root growth. Another
phenotype which could be apparent is a weaker deficiency phenotype, which could
be due to a mislocalization of a xylem or vacuole transporter; in this case more of the

nutrient would be available to the plant, delaying the deficiency response.

3.4.1.1. Boron
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Figure 10: Boron deficiency screen

Percentage root length in sulphur screens of KO lines in comparison to Col on
control media (100 %). Error bar represents standard error. Statistical difference
represented by asterisks (Student’s T-Test; P > 0.01), 7 day old seedlings, n = 15.
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Boron (B) is an essential element in plants, and its role was first described more than
80 years ago (Takano et al, 2008). B has been shown to have an essential role in the
structure and function of plant cell walls, having a role in cross-linked pectic
polysaccharides (O’Neill et al, 2004), as well as a suggested structural role in
membranes (Goldbach & Wimmer, 2007). B deficiency is a major problem in
agriculture, and deficiency symptoms include cessation of root elongation, reduced
leaf expansion, reduced fertility, all of which are due to reduced cell expansion (Dell
& Huang, 1997). Due to these reasons B was chosen as a nutrient to study. Very low
levels of boron are required within the plant, with wild type plants growing on as
little as 3 uM. Lower (0.3 uM) concentrations result in reduction in root growth
(Noguchi et al, 1997). It was reasoned that mutations that affect boron uptake may
start to show these deficiency symptoms at concentrations where wild type seedlings
are still growing normally. Based on these studies on B deficiency 3 uM was chosen
as the limiting level as it should highlight those lines that are unable to transport
boron as efficiently, while the other lines should show normal growth (Noguchi et al,
1997; Takano et al, 2006). From figure 10 it is evident that there is no obvious
mutant that shows a response to B deficiency, with no statistical differences in
growth.

3.4.1.2. Nitrogen

Nitrogen (N) is one of the major macronutrients for all living organisms, as it is
incorporated into amino acids and nucleic acids, making it essential for growth.
Nitrogen is a major limiting factor in agriculture, as N deficiency affects N and C
metabolism, and the abundance of amino acids and proteins (Scheible et al, 2004).
Studies have also shown the development of the root system is enhanced in NO3’
depletion, possibly for foraging to discover new N patches within the soil (Drew &
Saker, 1975). The study of nitrate transporters is therefore very interesting and while
one potential ER accessory protein NAR2.1 has already been discovered, there are an
extremely large number of nitrate transporters that are involved at different N status
and in different organs (Dechorgnat et al, 2011; Wirth et al, 2007). Due to this large
and varied number of nitrate transporters there is potential of more ER accessory

proteins being involved in their regulation.
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Figure 11: Nitrate deficiency screen

Percentage root length in nitrate screens in comparison to Col on control media (100
%). Error bar represents standard error. Statistical difference represented by asterisks
(Student’s T-Test; P > 0.05), 7 day old seedlings, n = 15.

Based on previous studies 50 uM nitrate were chosen to highlight any nitrate uptake
deficiencies (Gaude et al, 2007). From figure 11 two of the KOs N532583
(At1g11905) and N829287 (At4g16170) showed significant decreased growth under
the highly limiting 50 uM screens. Repeated experiment showed that N829287
differences in growth were insignificant, while N532583 was shown to be significant

and is discussed in the next chapter.

3.4.1.3. Phosphorous

Phosphate (Pi) is an essential macronutrient required in plants, for metabolic
processes such as energy transfer, signal transduction, photosynthesis, respiration, as
well as the biosynthesis of macromolecules (Plaxton & Carswell, 1999). In Pi
deficient soil a number of root modifications take place such as enhanced root
growth, altered root architecture and increased production and elongation of root
hairs, all aimed at enhancing Pi uptake (Bates & Lynch, 1996). Similar to nitrogen
transport, an ER accessory protein has been discovered for one of the phosphate
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transporters PHT1, however similarly there are a large number of phosphate
transporters which may require their own ER accessory protein (Gonzélez et al,
2005; Poirier & Bucher, 2002).

Based on studies in Pi deficient media, levels of 0-50 uM were chosen (Shin et al,
2004). While nutrient deficiency normally results in decreased root growth, in short
term conditions, Pi deficiency causes increased growth (figure 12) which may be due
to the plants foraging response to lack of Pi. Those KOs which have a defect in
phosphate transport, you would expect heightened growth at 50 uM concentration, as
these lines would have less Pi available. And then a sharp decrease in growth at 0
uM where they are no longer receiving enough Pi to function, and the concentration

would become detrimental to growth.
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Figure 12: Phosphorous deficiency screen

Percentage root length in phosphorous screens in comparison to Col on control
media (100 %). Error bar represents standard error. Statistical difference represented
by asterisks (Student’s T-Test; P > 0.01), 7 day old seedlings, n = 15.

While no lines are showing the same increase in growth in comparison to Wt (Col),
all have increased growth under phosphorous limiting conditions. With N822482
(At5g42570) showing increased growth compared to Col in the most limiting

phosphorous concentration (0 uM) which is a significant difference. This screen was
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repeated, however the difference in growth in 0 pM phosphorous were no longer

statistically different to Col.
3.4.1.4. Sulphate

Sulphate (S) is an essential macronutrient required for plant growth, with a wide
range of compounds containing sulphur, it is utilised for the synthesis of amino acids,
proteins, lipids, coenzymes, and other secondary metabolites (Saito, 2000).
Deficiency symptoms are similar to those found in N deficiency, especially in field
based studies (Zhao et al, 1996). From previous studies in S deficiency two sulphate
concentrations were chosen, 0 uM, and 100 uM (Shibagaki et al, 2002). From figure
13 a few lines show a decreased but not significant growth in comparison to Wt
(Col). N663810 (At2g16170) shows statistically increased growth in 0 uM sulphur,
however this does not correspond to its growth at 100 uM which is reduced
compared to control media, further screens show that there is no significant
difference in growth between Col and this KO.
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Figure 13: Sulphate deficiency screen

Percentage root length in sulphate screens in comparison to Col on control media
(100 %). Error bar represents standard error. Statistical difference represented by
asterisks (Student’s T-Test; P > 0.05), 7 day old seedlings, n = 15.
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3.4.2. Toxic screen

Besides nutrient deficiency screens, toxicity screens were also designed with the aim
to identify potential defects in uptake activity (table 7). Many toxic chemicals are
taken up by essential nutrient transporters, for example cadmium is transported by
iron and zinc transporters, while sodium is taken up by potassium transporters. A lot
of nutrients that are essential for plant growth are also toxic to the plant at higher
concentrations; therefore these can also be used to look at transporter activity.
Reduction in root influx transporter efficiency due to localisation defects would
cause a heightened resistance compared to Wt to the specific element(s) that it can
import. On the other hand localisation defects in a vacuole or xylem loading
transporter would prevent the element from being sequestrated safely away where it
cannot damage the plant, allowing it to build up to toxic levels quickly and causing
increased sensitivity to toxic levels of the element.

Screen Concentrations
Boron 150 uM
Copper 10 uM

20 uyM

100 uM
Sodium 50 mM

100 mM
Zinc 250 uM

500 uM

1000 uM

Table 7: Toxic mineral screen and concentration used.

3.4.2.1. Boron

As mentioned in the earlier chapter boron (B) is an essential element involved in the
structure and function of cell walls (O’Neill et al, 2004). The range of B

concentration between deficiency and toxicity is very narrow; however most studies
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have been based on deficiency studies within Arabidopsis, with those looking at high
levels of B only using 150 uM (Nable et al, 1997; Noguchi et al, 1997; Pang et al,
2010; Takano et al, 2006). This concentration was therefore taken as a starter

concentration to look at B toxicity within Arabidopsis thaliana.
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Figure 14: Boron toxicity screen

Percentage root length in boron screens in comparison to Col on control media (100
%). Error bar represents standard error. Statistical difference represented by asterisks
(Student’s T-Test; P > 0.05), 7 day old seedlings, n = 15.

From figure 14 and 15 we can see that two lines N614289 (At1g71780) and N663810
(At2g16170) have increased growth to higher levels of B in comparison to wild type
(Wt). However under these conditions the high levels of B are not causing any
toxicity symptoms in Wi, therefore this screen was repeated with higher levels of B

to allow the phenotype to be analysed more accurately.

Higher concentrations (up to 2000 uM) were used, which gave a 30 % reduction in
root growth in Wt. These higher concentrations gave opposite phenotypes, with both
lines, N663810 and N614289, showing statistically heightened sensitivity to B in
comparison to Wt (figure 16) at 500 uM. B toxicity is known to cause reduced root
cell division leading to reduced growth of roots (Nable et al, 1990).
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Figure 15: Boron toxicity screen

Percentage root length in boron screens in comparison to Col on control media (100
%). Error bar represents standard error. Statistical difference represented by asterisks
(Student’s T-Test; P > 0.05), 7 day old seedlings, n = 10.
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Figure 16: Boron toxicity screen

Percentage root length in boron screens in comparison to Col on control media (100
%). Error bar represents standard error. Statistical difference represented by asterisks
(Student’s T-Test; P > 0.01), 7 day old seedlings, n = 10.
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3.4.2.2. Copper

Copper (Cu) is an essential trace element, acting as a redox-active transition metal
playing critical roles in diverse reduction and oxidation reactions, such as respiration,
photosynthesis hormone signalling, and oxidation stress responses (Marschner, 1995;
Raven et al, 1999). Despite this importance, free Cu ions can cause toxicity, and
previous studies have shown the concentrations as low as 20 uM can cause toxicity
in Arabidopsis (Murphy & Taiz, 1995). Based on this and other studies, 3
concentrations were chosen (10, 20 and 50 uM) to look at copper toxicity and see if
any of the lines show increased resistance to toxic levels (Kampfenkel et al, 1995).
From figure 17, no lines showed increased resistance to toxic levels of Cu, however
two lines (N532583 and N829287) gave increased sensitivity compared to Wt (Col)
at the highest concentration (50 uM). It is likely that the increased sensitivity
observed in N532583 is caused by the already reduced growth on the control media
compared to Col. When N532583 is compared to itself on control media (100 %) the

reduction at 50 pM Cu is no longer significant.

on control media (%)

Percentage growth in comparison to Col

H Control media 10 uM copper W20 puM copper M50 uM copper

Figure 17: Copper toxicity screen

Percentage root length in copper screens in comparison to Col on control media (100
%). Error bar represents standard error. Statistical difference represented by asterisks
(Student’s T-Test; P > 0.01), 7 day old seedlings, n = 15.
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3.4.2.3. Sodium

While sodium (Na) appears non essential for plant growth, there are a number of
cation transporters which can transport Na as well as other cations such as K (Hall et
al, 2006). Na is toxic to most plants at high millimolar concentration, and part of this
toxicity is due to the competition of Na+ and K+ within the plant (Flowers, 1999).
From previous studies a concentration of 50 mM and 100 mM were chosen to look at
sodium toxicity within Arabidopsis (Lee et al, 2004; Maser et al, 2002). Figure 18
shows that the KO N614289 (Atlg71780) had a slight increase in resistance to
sodium but only at the lowest sodium concentration (50 mM), further screens showed
that this difference was not significant. While N532583 (At1g11905) and N600808
(At5g48860) had an increased sensitivity at all concentrations, however analysis
taking into account the reduced growth on the control media showed difference was
not significant.
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Figure 18: Sodium toxicity screen

Percentage root length in sodium screens in comparison to Col on control media (100
%). Error bar represents standard error. Statistical difference represented by asterisks
(Student’s T-Test; P > 0.01), 7 day old seedlings, n = 15.
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3.4.2.4. Zinc

Zinc (Zn) is a micronutrient required by plants, and plays an important role in
enzymes, protein-protein interactions, and transcriptional and post-transcriptional
processes (Broadley et al 2007; Marschner, 1995). Zn can cause toxicity at elevated
concentrations, leading to impaired growth and chlorosis (Schutzendubel and Polle,
2002). From previous Zn toxicity studies three concentrations were chosen (250, 500
and 1000 uM) to look for increased resistance to the presence of zinc (Kobae et al,
2004). Figure 19 shows that a few of the mutants have increased sensitivity to high
levels of zinc with N829287 and N614289 displaying a statistically significant
difference from Wt (Col) at 100 uM Zinc.
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Figure 19: Zinc toxicity screen

Percentage root length in zinc screens in comparison to Col on control media (100
%). Error bar represents standard error. Statistical difference represented by asterisks
(Student’s T-Test; P > 0.01), 7 day old seedlings, n = 15.

3.5. ICP-MS

As well as the smart screen an inductively coupled plasma mass spectrometry (ICP-
MS) analysis was done using plants grown on both nutrient rich (control media) and

nutrient poor soil (minimal media). Nutrient poor soil was made up lacking the
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addition of major macro nutrients (N, P, K, S) (In 55 litres: 41 litres of sphagnum
moss peat, 14 litres of coarse sand, 124 g ground lime stone, 124 g magnesium
limestone, 22 g fritted trace elements), this was then watered with only with water
for the next two months. The nutrient rich soil was watered twice a week with a
nutrient rich solution (control nutrient solution), allowing a difference in nutrients

available in the two different conditions.

ICP-MS allows quantitative determination of trace metals in biological systems. It is
highly sensitive and allows detection of a wide range of metals and several non-
metals such as sulphur and phosphorus (Szpunar, 2005). ICP-MS may allow us to
detect small differences in mineral composition which may not be very prominent in

the phenotype.

Control nutrient solution KH,PO,4 24.9 mM, KOH 50.1 mM, MgSQO,4.7H,0 75.0
mM, CaCl,.2H,0 2.4 mM, FeNaEDTA 8.7 mM,
Ca(NOs3),.4H,0 400 mM, H3BO3 0.31 mM,
MnSQO,4.4H,0 0.99 mM, ZnSO,.7H,0 0.10 mM,
CuSQO4.5H,0 0.32 mM, Na;M00,4.2H,0 0.41 mg/L

From the ICP-MS analysis there are a number of lines of interest such as N614289
(Atlg71780), which has shown a phenotype in more than one screen. This line shows
almost wild type nutrient levels in the nutrient rich media (B); however its nutrient
levels are constantly 80 % that of Col (A), however this is not significantly different.
It is possible that it has a defect in nutrient uptake or storage under nutrient limiting
conditions for all nutrients. Therefore this gene may play a more extensive role than
as an ER accessory protein for a single transporter. Other lines of interest are
N829287 (At4g16170) which showed a significant increased Cu uptake in the
minimal media compared to not only Wt (Col) on minimal media but compared to
the control media. And N663810 which shows significantly decreased uptake of Mg
and Ca in the minimal media compared to Col.
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Concentration of elements by ICP-MS analysis in comparison to Col on minimal media (%)
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Figure 20: ICP-MS analysis of KO lines

Percentage of element concentration of KO lines in comparison to Col on minimal
media (100 %). Error bar represents standard error. Statistical difference represented
by asterisks (T-Test; P>0.05), n = 3.

3.6. DISCUSSION

Protein sorting within the ER accommodates an extraordinary variety of cargo
proteins with different structures, functions and ultimate destination. Many of these
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proteins are sorted by signalling motifs within the proteins themselves; however
some proteins have no recognisable sorting motif. As well as this there are a number
of multi transmembrane proteins where the order of transmembrane inserts into the
membrane needs to be highly regulated, there are also proteins that need to be
prevented from functioning prematurely. In these cases the proteins are dependent on
specific accessory proteins (ER accessory proteins) for the correct structure and/or
exit from the ER. A large number and varied mechanisms of ER accessory proteins
have been discovered in mammalian and yeast systems in the last ten years, and with
the discovery of potential ER accessory proteins in plants, it is likely that a similar
mechanism exists in plants. So far three potential ER accessory proteins have been
discovered so far; AXR4, PHF1 and NAR2.1.

AXR4 is a putative outfitter, which selectively regulates the localisation of AUX1
(an auxin influx carrier) to the plasma membrane (Dharmasiri et al, 2006). Similar to
AXR4, PHF1 is an outfitter involved in the correct localisation of its target protein
PHT1 (a phosphate transporter) (Gonzalez et al, 2005). Mutations in AXR4 and
PHF1 cause an abnormal accumulation of their target protein within the ER, however
in the NAR2.1 mutant, its target protein NRT2.1 is absent from the cell. This
suggests that NAR2.1 works in a different way to AXR4 and PHF1 and may be
involved in preventing degradation through ERAD and allowing proper folding for
vesicle transport (Wirth et al, 2007). This suggests that this mechanism is likely to be
as numerous and varied as in other systems, with other polytopic membrane proteins
requiring their own cognate ER accessory protein to facilitate folding and/or

transport.

This area of research is therefore relatively new within Arabidopsis, and part of the
project was focused on discovering new ER accessory proteins within plants. Despite
having similar functions, ER accessory proteins share no sequence homology to each
other, with no common motif or domain, and seem to represent novel proteins
(Cooray et al, 2009). All ER accessory proteins however are localised to the ER and
contain a transmembrane section, therefore to discover new ER accessory proteins a
LOPIT (localisation of organelle proteins by isotope tagging) dataset was used, with

the criteria for ER accessory proteins (ER localisation, transmembrane proteins,
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novel or unknown function) 40 proteins were targeted by this method. The
assignment of protein localisation by LOPIT appears to be reasonably accurate and
have been validated experimentally by two putative ER accessory proteins (AXR4
and PHF1; Dharmasiri et al, 2006; Gonzalez et al, 2005; respectively).

Using the LOPIT dataset as a starting point, 20 proteins with unknown functions
were prioritised based on high expression within the roots, single copy or multiple
copy genes and whether T-DNA knock out lines were available. Of these 20 proteins,
14 homozygous lines were identified. The inability to identify homozygous lines for
all the targets could be lack of T-DNA within the gene of interest or due to pollen or
embryo lethality. These 14 lines were analysed for mMRNA expression to see if the
gene expression was completely knocked out, of these 7 showed complete loss of
expression. In 6 of the 7 lines where the mMRNA was still expressed, the T-DNA was
located within introns and it is likely that they are still being spliced correctly,
allowing normal expression level (see Appendix 9.5.). In one line the T-DNA insert
was within the 5 UTR and it seems the T-DNA itself is driving the expression for
this gene. Some of the T-DNA reaction used to create SALK T-DNA insertional
lines are derivatives of pROK2 binary vector. pROK2 contain a 35 S promoter less
than 2 Kb upstream of the left border and potentially can drive expression of flanking

genes.

The homozygous KO lines were analysed for an ER accessory protein phenotype for
membrane transporter proteins, based on growth on different nutrient concentrations.
Membrane transport proteins are extremely important in plants, allowing regulation
of a number of nutrients, chemicals, hormones and minerals within the cell. Our
study is focused on the nutrient transporter proteins as these are extremely important
for plant growth, and further understanding of how these are controlled may be
important for crop improvement. Plants need nutrients at different concentrations for
growth, with macronutrients required at comparatively large concentrations, and
micronutrients required at very low concentrations. Therefore plants need to be able
to control the uptake of these nutrients from the soil to ensure that they get the right
guantities, one of the methods to do this is through membrane transporter proteins,

and through their regulation.
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Macronutrients include the elements nitrogen (N), potassium (K), sulphur (S),
phosphorous (P), magnesium (Mg) and calcium (Ca). For the uptake of
macronutrients and their allocation in different cellular compartments and tissues,
plants employ a number of transport proteins, which differ from each other not only
in their tissue and membrane location but also in their mode of energisation,
substrate affinity and specificity (Blatt, 2004). The enormous variety of features
displayed by transport proteins provides an invaluable pool for plants from which to
select those transporters that are best suited to fulfil their nutritional demands in
particular conditions. Approximately 1000 genes (5 %) of the entire genome of
Arabidopsis thaliana have known or putative functions in membrane transport
(Maathuis et al, 2003). A large number of membrane proteins have evolved to

control the movement of ions in and out of cells and their subcellular compartments.

The expression and activity are tightly regulated in response to a number of external
and internal stimuli, letting the plant make the most of its nutrient surrounding,
allowing differential regulation of genes that have similar roles (e.g. ammonium
transporter family). Transcript abundances of ion transporters often vary with the
concentration of their substrate in the growth medium. While some transporters are
induced by a decrease in substrate concentration, others are induced by an increase in
substrate concentration (Amtmann & Blatt, 2009). For example, abundances of
transcripts encoding high-affinity sulphate (e.g. AtSULTR1 [Buchner et al, 2004])
and phosphate (e.g. AtPT1 [Al-Ghazi et al, 2003]) transporters rise in low S and P
growth medium. In contrast, up-regulation of high-affinity nitrate transporter (e.g.
NRT2 [Krapp et al, 1998]) is observed when small amounts of nitrate (~50 uM) are
added to N-depleted medium. The changes are not only occurring at the transcript
level, but also at the protein level, such as phosphorylation, and through
exocytosis/endocytosis (Amtmann & Blatt, 2009). The changes can also be
dependent on time, for example the transfer of plans to N-free medium induces the
expression of AtAMT1;1 and AtAMT1;3 within 3 days, whereas the induction of
AtAMT1;2 and AtAMT2;1 requires more extended periods of N deficiency
(Gazzarrini et al, 1999; Sohlenkamp et al, 2000). Plant membrane transporters not

only regulate the uptake of nutrients from the soil, but they are also involved in the
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transfer of substances throughout the plants, these include xylem loading, vacuole
importers, cellular importers and exporters (Tan et al, 2002).

Therefore, plants have developed finely tuned homeostatic mechanisms aimed at
coordinating systematic spatiotemporal requirements in the acquisition, distribution,
and delivery of metals (Puig and Pefarrubia, 2009). Because of this it is sometimes
difficult to locate proteins involved in nutrient transport, especially if it does not
affect the major high affinity nutrient transporters in the system. This problem is due
to overlapping functions of different genes, and tight control of expression, meaning
that even if a gene is knocked out other genes may be upregulated or take over its

function.

In the initial screen of homozygous KO mutants no difference to Col was observed,
this is not surprising with the high level of control that the plant applies to its nutrient
uptake. As mentioned earlier this could be due to overlapping functions or gene
regulation masking the phenotype, but also membrane transport proteins are not
active everywhere or at all times. Therefore it is possible that under the high nutrient
media that was being used the potential membrane protein target may not be active.
Also membrane transporters have many functions within the plant, for example
uptake from the soil, distribution around the plant, xylem loading, and storage into
vacuoles (Tan et al, 2002). Incorrect localisation of these transporters would have a
different phenotype, with some such as vacuole importers not giving a phenotype

under deficiency conditions.

Another reason for the lack of phenotypes could be due to the bulk flow mechanism
of transport, which is a slow non-selective transport of proteins from the ER to the
Golgi. It has been shown for some ER accessory proteins that the subcellular
localisation of their target is not changed in the mutant although COPII loading has
been abolished (Ladasky et al, 2006). In one case overexpression of a cargo protein
has overcome the ER accessory protein mutant background, showing that it is not
essential for transport (Bokel et al, 2005). In this case, however, the rescued cell
lacked dorsoventral polarity, showing that bulk flow cannot control temporally and

spatially precisely coordinated localisation of the cargo protein (Bokel et al, 2005).
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Therefore for proteins that are highly abundant in the cell and do not need to be
precisely located, the transport protein localisation could be maintained through bulk

flow, reducing the phenotype observed.

Due to this difficulty we developed a number of smart screens using toxic levels of
metals to probe nutrient transport function, and low nutrient levels to observe a
deficiency phenotype which may be masked under normal conditions. These growth
inhibiting conditions for nutrient deficiency or toxicity allow us to analyse the KOs
response to different nutrients, and differences in growth which may be due the
mislocalization of a nutrient membrane transporter protein. Four deficiency screens
were used looking at boron, nitrogen, phosphorous and sulphate, and four toxicity
screens were used looking at boron, copper, sodium and zinc. The majority of the
screens and lines gave no significant difference between Wt response to the different
conditions and the T-DNA KOs response to the different conditions; however a few
lines gave a weak phenotype in these screens. These weak phenotypes could be due
to the fact that only one out of a number of different transporter proteins is being
mislocalized, or it could be that the transporter protein are still reaching the
membrane at various levels through the bulk flow mechanism of transport. Due to
the limitations of the nutrient and toxicity screens, an ICP-MS analysis of the
nutrient content within the plants was also analysed, this allows us to see the base
level of nutrient stasis within the plants. ICP-MS allows us to detect small changes in
the nutrient stasis of the plants, which may be caused by a mislocalization of a

nutrient transporter.

From these two methods, a few of the T-DNA KO lines showed some phenotype,
and could suggest a role as an ER accessory protein. The AtBPL family (T-DNA
KOs N532583) gave a weak phenotype under nitrogen limiting conditions, which is
discussed in the next chapter. N663810 showed increased sensitivity to toxic levels
of boron, N829287 showed increased sensitivity to toxic levels of copper and

N614289 showed a weak phenotype in more than one screen.

N663810 (At2g16170) showed increased sensitivity to toxic levels of boron (> 500

uM), to date two different types of borate transporters have been discovered in
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Arabidopsis; NIP5;1 and BOR1 (Takano et al, 2010). NIP5;1 is essential for efficient
B import into roots under conditions of B limitation, while BOR1 homolog’s are
involved in toxicity tolerance in plants. As there was no decrease in growth under
Boron deficiency it is unlikely that NIP5;1 localisation is effected, however it is
possible that BOR1 (or BOR1 homolog’s) are being affected. BORL1 is a boric acid
exporter involved in xylem loading (Takano et al, 2010), and loss of boron transport
into the xylem would cause boron to build up to toxic levels quicker within the root.
For example BOR4 overexpression results in increased efflux of B from the roots
and significant growth improvement at toxic concentrations of B (millimolar range)
(Takano et al, 2010).

N614289 (Atlg71780) is another line of interest having a weak phenotype in more
than one screen. This line also shows increased sensitivity to toxic levels of boron, as
mentioned in the previous paragraph, it could possibly be involved in the correct
localisation of BOR1 or a BOR1 homolog, effecting xylem loading. Interesting
N614289 also gives a reduced nutrient stasis in the minimal media for the ICP-MS
analysis with an 80 % reduction in all nutrients compared to Wt. Therefore this line
may play a more extensive role than an ER accessory protein for a single transporter,
as it appears to affect multiple nutrient levels within the plant. It may possible be
involved in general protein processing within the ER, such as a chaperone, or

involved within the ERAD system.

N829287 (At4g16170) showed increased sensitivity to toxic levels of copper, as well
as increased uptake of copper in minimal media in the ICP-MS analysis. Copper is an
essential micronutrient that functions as a redox cofactor in multiple plant process,
such as photosynthesis. So far a family of CTR-like high-affinity copper transporters
have been discovered in Arabidopsis (COPT1-5), however only two of these proteins
has a demonstrated role in plants. COPT1 is a high-affinity Cu transport protein
involved in the uptake of Cu at the root tip, being expressed in Cu scarcity (Andrés-
Colés et al, 2010; Sancenon et al, 2003, 2004), and is unlikely to be a potential target
as a mislocalization would not cause heightened sensitivity to high levels of Cu. The
other transport COPT5 is localised at the PVC (pre-vacuolar compartment) and is
involved in the mobilisation of Cu from intracellular vesicles (Garcia-Molina et al,
2011), is also unlikely to be the target as mislocalization would cause increased
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resistance to copper. In yeast excess intracellular Cu can lead to the generation of
harmful reactive oxygen species that cause severe oxidative damage (Halliwell and
Gutteridge, 1984). Therefore it is likely that a vacuolar influx carrier is being
mistargeted; prevent the storage of Cu safely in the vacuole and away from the
intracellular matrix. The lack of correct storage of Cu within the root and shoots may
also cause an increased Cu concentration noticeable in the ICP-MS analysis within
the shoots as more Cu is mobile for transport into the shoots. Further analysis of the
other COPT2-4 transporters to see if any of these are involved in vacuolar

trafficking, could allow identification of a potential target.

All phenotypes discovered were only weak phenotypes, therefore these need to be
studied under more detail to discover the effect of these genes on nutrient
transporters. ICP-MS has a number of limitations, and a lot of nutrients such as
nitrate are unable to be measured using this method. Also the measurement of iron by
ICP-MS in this study, varied enormously between the repeats and between the
different lines, and thus was excluded from the results (data not shown). Because of
these difficulties we were unable to validate any of the nutrient and toxicity screens
phenotypes. Therefore other methods will need to be used to discover if the weak

phenotype is linked to the mislocalization of a membrane transporter.

Once the phenotype has been validated a number of techniques can be used to allow
further understanding of the genes function and target. For example expression
analysis can be used to allow understanding of where and when the gene functions
through promoter GUS constructs and by use of RT-PCR at different tissue stages
and types. As ER accessory proteins such as AXR4 and PHF1 give a weak
phenotype of the mutant transporter they are trafficking, mutant analysis of the KO
and potential target transporter can be compared. Further validation of the phenotype
can be done using metabolic profiling to show changes in the nutrient levels. To
discover potential targets antibodies for the gene of interest can be used in pull
downs and interaction data. Another way to do this is through a LOPIT study
comparing wild type and the mutant, allowing us to detect any proteins that are
mislocalized between the two databases. Yeast-two-hybrid systems can also be used

to show that the two proteins do in fact interact with each other. GFP fusions will
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allow protein localisation to be studied, which may give further insight into where it
acts and how it functions at the cellular level. Also if we discover the target of the
gene GFP fusions or specific antibodies can be used to look at localisation of the

cargo protein in the mutant compared to Wt.

To conclude, a more extensive study of the potential ER accessory proteins
discovered is required. The At5g42570 (BPL family), Atlg71780 (N614289), and
At2g16760 (N663810) need to be characterised in more detail to see whether they
are responsible for the correct localisation of specific nutrient transporters. N614289
Is interesting as it showed a growth defect in almost all nutrient deficient
concentrations studied, and in the ICP-MS analysis showed a consistent 80 %
reduction in growth in comparison to Col in the minimal media used. Therefore it is
possible that this gene has a more general role as an ER protein. Due to the fact that
At5g42570 contains the InterPro domain B-cell receptor-associated 31-like and has
similarity to BAP31 (a known ER accessory protein) in blast searches (43% - 5¢*°),
it may play a similar role to mammalian BAP31 in plants. Therefore this protein was
focused on in the next chapter to see whether we could discover its role in plants and
to see whether it is involved as an ER accessory protein for nitrogen transport within

Arabidopsis thaliana.
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CHAPTER 4
AtBPL1; AN ER ACCESSORY PROTEIN?
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4. AtBPL1; AN ER ACCESSORY PROTEIN?

4.1. BIOINFORMATIC ANALYSIS OF AtBPL1

Using the LOPIT database (Dunkley et al, 2006) as mentioned in the previous
chapter, 40 novel ER proteins were identified; one of these, At5g42570 is of
particular interest. Bioinformatic analysis revealed that it is related to B-cell
receptor-associated protein 31 (BAP31 or BCAP31) in mammalian cells (figure 21).
BAP31 is an integral ER membrane protein with three putative transmembrane
domains (TMDs) and a dilysine motif at its C terminus which is an ER retrieval
signal (KKXX) (Kim et al, 1994). Mammalian BAP31 has been shown to be
involved in numerous processes, such as protein transport, protein processing and
apoptosis. BAP31 functions as a ER accessory protein as a cargo receptor for ER
export of transmembrane proteins, such as cellubrevin, class | major
histocompatibility complex (MHC) molecules, CFTR, membrane-bound
immunoglobulin (1g)G, tetraspanins, cytochrome P450 2C2, tyrosine phosphatise-
like B and the leukocyte integrin CD11b/CD18 (Annaert et al, 1997; Ladasky et al,
2006; Lambert et al, 2001; Paquet et al, 2004; Schamel et al, 2003; Spiliotis et al,
2002; Stojanovic et al, 2005; Szczensa-Skorupa & Kemper, 2006; Wang et al, 2004;
Zen et al, 2004).

It is believed that BAP31 plays its role through quality control of these membrane
proteins, allowing only correctly folded proteins to be transported out of the ER.
Proteins which are not correctly folded are degraded through the ER-associated
degradation pathway (ERAD); this sorts these incorrectly folded proteins to a
juxtanuclear subcompartment before being retrotranslocated into the cytoplasm and
degraded (Wigley et al, 1999). BAP31 has been shown to be a component of this
juxtanuclear subcompartment (ER quality control compartment) (Wakana et al,
2008), and has also been shown to promote retrotranslocation of a mutated form of

CFTR through interaction with components of the translocon (Wang et al, 2008).
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Figure 21: Sequence alignment of HtBAP31 and At5g42570

Sequence alignment of BAP31 and At5g42570, showing 32.5% similarity.
Conserved amino acids in boxed in black; dark blue box showing TM of At5g42570;
light blue box showing BAP31 superfamily domain; dark red box showing TM of
BAP31 (Homo sapiens); light red box showing BAP31 superfamily domain. NCBI
conserved domain analysis database used for predictions (Marchler-Bauer et al,
2009). The analysis results in conserved domain Bap31 superfamily in At5g42570 (E
value 2e-05) and highly conserved domain Bap31 superfamily in BCAP31 (E value
4e-33).

Transmembrane proteins which are cargo for BAP31 are especially prone to ERAD
such as CFTR and class I MHC molecules (Wakana et al, 2008). It is believed that
BAP31 may function by recruiting ER proteins necessary for the correct folding of
these molecules (e.g. chaperones). This complex then facilitates the recruitment of
these cargo proteins to the ER exit site, where correctly folded proteins then
dissociate from BAP31 and are loaded into COPII vesicles (Paquet et al, 2004). This
theory is supported by the fact that BAP31 has been shown to be associated with the

ER chaperone calnexin, which is known to promote class | H folding and subsequent
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assembly with the other chains to create MHC molecules (Vassilakoa et al, 1996). As
well as this, in the absence of BAP31, the colocalization of class | MHC molecules
with mSec31 (a component of mammalian coat protein complex Il coats) is reduced
(Paquet et al, 2004).

Despite this, BAP31 is not essential for trafficking of its cargo proteins to the plasma
membrane, as loss of BAP31 does not affect levels of class | molecules to the surface
of HeLA cells for example (Ladasky et al, 2006). Therefore it is likely it plays a
more important job in quality control for these proteins and may prevent incorrectly
folded proteins from being transported out of the ER. As well as quality control
within the ER, BAP31 is also believed to be involved in retrieving class | molecules
that have lost their peptides in post-ER compartments, so that they can be assembled
correctly within the ER or subject to ERAD (Ladasky et al, 2006).

BAP31 has also been shown to play an important role in apoptosis in both yeast
(YET3) and human cells (Delom et al, 2007; Madeo et al, 2009). In its full length
form, BAP31 has anti-apoptotic activity (such as retention of cytochrome P450 2C2
in the ER), however its cytoplasmic tail is cleaved by caspase-8 during apoptosis to
form p20 (proapoptotic BAP20). p20 activates pro-apoptotic signals, e.g. release of
cytochrome C from the ER (Breckenridge et al, 2002; Chandra et al, 2004; Delom et
al, 2007; Ng & Shore, 1998; Nguyen et al, 2000; Szczensa-Skorupa & Kemper,
2006). A mutated BAP31 which can no longer be cleaved by caspase-8 strongly
inhibits Fas-induced apoptosis (Fas activates procaspase-8 at the plasma membrane
to give active caspase-8), suggesting BAP31 plays a quite important role in this

process (Breckenridge et al, 2003a).

Because of the similarity of At5g42570 with BAP31, this Arabidopsis homolog of
BAP31 was called BAP31-like (BPL1). AtBPL1 encodes a 218 amino acid
transmembrane protein, whose mRNA is expressed at a relatively high level (~400;
Winter et al, 2007) in the root tissue. The gene contains 1 intron, a B-cell receptor-
associated 31-like domain (Pfam), three transmembrane domains and a coiled coil
stretch (Psort2) (figure 22-23) (Aceview 2006).
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Figure 23: Consensus transmembrane spans in At5g42570 based on 16 prediction

software in Aramemnon (Schwacke et al, 2003).

Bioinformatic searches reveal that a number of other plant species such as rice,
maize, Medicago truncatula, grape and Ricinus communis also have a BAP31-like
protein (Breckenridge et al, 2003a; Liebel et al, 2005). Predicted BAP31-like
proteins in these species also terminate with the C-terminus ER retention signal
(KKXX), suggesting that its role in quality control and protein transport may be
conserved within plants. Recently a few studies have suggested that ER-associate
protein degradation (ERAD)-like mechanism also occurs in plants (Muller et al,
2005). For example Mdller et al (2005) discovered C-terminal mutants of MLO
(powdery mildew resistance 0) in barley (Hordeum vulgare) act as universal signals
for protein quality in barley, Arabidopsis thaliana, yeast and human cells by
targeting fusion proteins for degradation. Therefore the ERAD system may be
conserved to some extent in all eukaryotic cells, this is supported by the fact that a
number of Arabidopsis homologs have been identified for known yeast ERAD genes,
such as CDC48 (Muller et al, 2005; Rancour et al, 2002; Vitale & Boston, 2008).
Therefore while very little is known about the ERAD mechanism in plants, it is
therefore possible that AtBPL1 could play a similar role in quality control and
protein transport from the ER. BRI1-5 for example interacts with calnexin for correct
folding in Arabidopsis and therefore could be a potential cargo protein for BPL1
(Hong et al, 2008).

Similar to the ERAD system in plants, little is known about whether plant cells have
an apoptosis-like cell death, with caspase 8 activating pro-apoptotic proteins. In
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plants controlled cell death is called programmed cell death (PCD) and several types
of PCD may operate in plants, one of which is apoptotic-like PCD (AL-PCD) (Reape
& McCabe, 2008). AL-PCD has characteristics of ‘apoptosis’ such as protoplast
condensation and DNA degradation (Reape & McCabe, 2008). However caspases,
which are the main activators of apoptosis in animal cells, have so far been elusive in
plants. Despite this there has been evidence for caspase substrates being cleaved
during plant PCD, and caspase-like proteases have been identified and been shown to
have similar actions to their counterparts, such as caspase-3 like protease (Bosch et
al, 2008; Bosch & Franklin-Tong, 2008; Danon et al, 2004; Woltering et al, 2002;
Zhang et al, 2009). Recently caspase 8/9-like activity (LEVDase) has been
discovered in Papaver during self-incompatibility, therefore it is possible that
AtBPL1 may also play a similar role in apoptotic-like PCD (Bosch & Franklin-Tong,
2007). However the caspase 8 cleavage sites on BAP31 (AAVD.G) (at D** and
D?®) are not conserved in BPL1 and Breckenridge et al (2002) showed the
importance of this site, as changing the asp residue to ala prevented cleavage
(Breckenridge et al, 2003b). Therefore while it is possible it may play a similar role
in AL-PCD it seems unlikely that it is activated by a caspase-8 like protein, therefore
plants may have found a different way to control cytochrome C or they cleave BPL

in an independent manner to create p20.

4.2. AtBAP31 BELONGS TO A MULTI GENE FAMILY

Database searches reveal that the Arabidopsis genome contains at least 4 other
BAP31-like proteins (figure 24), however only one of these genes, At3g07190, also
contains a weakly conserved BAP31 superfamily domain (7.10 e-03). At3g07190
(BPL4) is 39% identical to AtBPL1 (coverage 0.94). All 4 genes have been predicted
to be located in the ER, and all except At5g48660 (BPL3) and At3g20450 (later
predicted not to be part of the family) have the ER retention KKXX C-terminal
motif, and have been given the preliminary function of being involved in intracellular

transport and apoptosis (Schwacke et al, 2003).
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Figure 24: Phylogenetic tree of the AtBPL family members using phylogeny.fr
version 2 (Dereeper et al, 2008; 2010).
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Figure 25: Predicted transmembrane regions in AtBPL family
Multiple alignment of predicted transmembrane regions in genes belonging to the
AtBPL family, performed by Muscle 3.6 (Schwacke et al, 2003).

Multiple sequence alignment of the 4 genes showed that they all contain the three
transmembrane domains (figure 25) and they share a slightly conserved protein
sequence at the N-terminus (24% similarity) and overall they contain only 18%
similarity with each other. Therefore it remains to be seen if their share a similar
function. In comparison to BPL1, BPL2 shares 49 % similarity at the protein level,
BPL3 shares 41 % and BPL4 shares 39%.

4.2.1. Phenotypic analysis of AtBPL family

Due to similarity of BPL1 with the mammalian BAP31 which is a known an ER
accessory protein, the possibility that AtBPL1 has a similar function within plants

was investigated as part of the study.
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4.2.1.1. ERAD system

Very little is known about the ERAD mechanism in plants, however it is possible in
common with BAP31 in animal cells, BPL plays a role in quality control and protein
transport from the ER. BRASSTERIOD-INSENSITIVE 1 (BRI1) for example
interacts with calnexin (a known interactor of mammalian BAP31) for correct
folding in Arabidopsis and therefore could be a potential cargo protein for BPL1
(Hong et al, 2008). BRI1 encodes a cell surface receptor for brassinosteriods, and a
weak bril-5 allele (Ws-2 ecotype) carries a Cyc69Tyr mutation that causes it to be
retained in the ER by the ERQC system (endoplasmic reticulum-mediated quality
control) (Li et al, 2001). Hong et al (2008) have previously shown that inhibition of
the ERQC/ERAD system through mutations or treatments in Arabidopsis results in a
significant suppression of the bril-5 dwarf phenotype. Therefore bril-5 is a good
model to look at the ERAD system within plants and to see whether BPL1 plays a
significant role within this system. bril-5 seeds (donated by Prof. Frans Tax,
University of Arizona) were crossed with the mutant lines and the F2 generation
were observed for suppression of the bril-5 dwarf phenotype. Figure 26 shows that
in the double KO lines there is no rescue of the bril-5 dwarf phenotype, this shows
that BPL1 and BPL2 are not involved the ER retention of BRI1-5 and suggest that
BPL1 family does not play a very general role in the ERAD system, similar to the
ER chaperones BiP and calnexin. It is possible that the members of the family have
overlapping roles and redundancy between BPL1 and BPL2 could prevent the
suppression of the bril-5 mutant phenotype. Another possibly is that the BPL family
may play a more specific role as an ER accessory protein focused on specific targets
similar to BAP3L1.
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Figure 26: Root length of bril-5 bpll crosses
Growth of bplbril-5 double mutant lines, using bpll, bpl2, bril-5 as a control for
comparison. Error bar represents standard error. No statistical difference in double

mutants compared to bril-5 (T-Test; P > 0.01), 7 day old seedlings, n = 12.

4.2.1.2. ER accessory protein

While BPL may not play a role in the general ERAD system in plants, it may have a
more specific role as an ER accessory protein similar to BAP31. To investigate the
role of AtBPL1 and the sequence homologs in plant development, a genetic approach
was used. Homozygous T-DNA insertion knock outs (KOs) were identified in three
of the five genes (At5g42570 — BPL1; Atlg11905 — BPL2; At5g48660 — BPL3). The
effect of these mutations on root/plant growth was analysed (Chapter 3). bpl1, bpl2,
and bpl3 consistently show reduced growth on low nitrogen media, it was reasoned
that this may be due to difficulties in nitrate uptake (figure 27). To investigate this
further chlorate toxic screens were used. Chlorate is a toxic compound which is taken
up by the nitrate transporters (Kosola & Bloom, 1996), and therefore if a nitrate
transporter is being mislocalized it may prevent chlorate uptake, giving resistance to

toxic levels of chlorate.
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Figure 27: Nitrate deficiency screen

Percentage of growth of bpl mutant lines in comparison to Col on control media (100
%). Error bar represents standard error. Statistical difference represented by asterisks
(T-Test; P > 0.01), 7 day old seedlings, n = 11.
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Figure 28: Chlorate toxicity screen in bpl family

Percentage of growth of bpl mutant lines in comparison to Col on control media (100
%). Error bar represents standard error. Statistical difference represented by asterisks
(T-Test; P > 0.01), 7 day old seedlings, n = 11.
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All three bpl mutants show increased sensitivity to chlorate (figure 28). This effect
was small but consistent and was contary to what was expected if a plasma
membrane transporter was mislocalised. However this can be explained if a vacuolar
nitrate transporter is effected. In this case it would prevent chlorate from being
sequestered safely away, therefore would cause it to build up to toxic levels quicker
within the cell, causing deleterious effects. AtCLCa-1 is a vacuole anion channel
involved in transport of nitrate into the vacuole (De Angeli et al, 2006). Mutation in
AtCLCa shows a hypersensitivity to chlorate, with 50 % reduction in shoot fresh

weight in comparison to WT (Geelen et al, 2000).

Therefore to test whether the BPL1 family is involved in the correct localisation of
AtCLCa-1 protein, the phenotype of the clca mutant was checked (donated by Dr.
Barbier-Brygoo, Director of Institut des Sciences du Végétal) (figure 29). Using our
conditions or the conditions used by De Angeli et al (2006), no root related
phenotype for clcal or clca2 (a stronger allele) was discovered at any chlorate
concentrations observed. Under the same conditions the BPL1 family mutants
showed increased sensitivity to chlorate. Therefore it is possible that the BPL family
are involved in nitrate transport, but as they do not phenocopy CLCa mutant it is

unlikely that they are involved in only its trafficking.

The weak nitrogen deficiency phenotype and weak hypersensitivity to chlorate, is not
surprising due to the complexity of the nitrate transport system within plants. Also in
the mammalian BAP31 the mutant does not give a strong phenotype with almost
normal expression of its target proteins at the plasma membrane in some cases.
However it is still possible that lack of a clear strong phenotype may simply be due

to genetic redundancy of the BPL1 family members.
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Figure 29: Chlorate toxicity screen in clc mutants

Percentage of growth of clc mutant lines in comparison to Col on control media (100
%). Error bar represents standard error. Statistical difference represented by asterisks
(T-Test; P>0.05), 7 day old seedlings, n = 11.

4.3. EXPRESSION PATTERN STUDIES

To test the expression of BPL1 family members, initially microarray data was
analysed using the Arabidopsis eFP browser (Winter et al, 2007). Out of five of the
family members, only three have microarray data (figure 30). Therefore this
approach only gave a limited view of the expression pattern for this family. To find
out the expression pattern of the whole family promoter GUS constructs were made
for each of the genes, and the resultant GUS expression analysed.
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Figure 30: Expression levels of BPL family

Expression levels of the 3 genes present in the Arabidopsis eFP browser (Winter et
al, 2007). At5g42570 (BPLL1 - left) has a strong level of expression ~ 450 compared
to At3g07190 (BPL4 — middle) which has about 50% of the expression ~200.

4.3.1. Plasmid construction
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Figure 31: Diagram of pMOG AtBPL::GUS.
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Up to 2kb of 5° upstream sequence for each gene were PCR amplified from Col-0
genomic DNA and cloned into PMOG GUS vector (figure 31). The constructs were
transformed into Arabidopsis as described by Clough and Bent (1998). The
transgenic lines were selected on kanamycin and the T2 generation were screened for
GUS staining, and at least 3 independent lines were analysed for GUS expression in

the T2 generation.

4.3.2. GUS expression patterns
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Figure 32: Promoter GUS results for BPL family

Promoter GUS expression analysis at the lateral root primordia, root elongation zone

and the root tip.
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The expression pattern of promoter GUS lines was observed by staining for GUS
activity in 7-day old transgenic lines for 6 hours (pBPL1::GUS and pBPL4::GUS)
and 24 hours (pBPL2::GUS and pBPL3::GUS) (figure 32). BPL1 has a very strong
GUS expression which can be observed after 3 hours (data not shown) which is
present in the vascular tissue in the elongation zone and more mature tissues. BPL4
also have a very strong GUS expression which can be observed after 3 hours (data
not shown) which is present solely at the root tip in younger roots (<11 days old).
Interestingly despite having two T-DNA insertion lines (1 of which is still expressed
in the KO), we have been unable to isolate a homozygous KO for this gene; at this
stage it is not clear if AtBPL4 is embryo or seedling lethal.

BPL3 showed a weaker GUS staining pattern than BPL1 and BPL4, therefore
required longer staining. BPL3 GUS plants showed a very strong expression at the
QC cells which is observed from a very young age (3 days old) (data not shown) and
becomes more specific as the root matures (figure 32). Besides the QC, BPL1 GUS
is also expressed in the more mature root tissue. In BPL2 there was no GUS staining
after 24 hours staining suggesting that either the gene is very lowly expressed in
Arabidopsis root or it is not expressed at all.

4.3.2.1. Phenotypic studies of BPL3

Because BPL3 showed a very strong QC expression, bpl3 mutants were analysed to
see if they had any QC related defects. As shown in figure 33 there appears to be no
defect in root patterning in the bpl3 mutant. To analyse this further, columella
markers PIN3, root specific cell wall marker LM15, and starch were used as markers
for fully differentiated columella cells. There appears to be no significant differences
in cell differentiation or root patterning in the bpl3 mutant, as judged by starch
staining, PIN3 and LM15 localisation (figure 34).
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Figure 33: Root patterning in bpl3
Root tip of 3 day old seedlings in Wt (Col), and bpl3 mutant. Scale bar represents 10
uM.
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Figure 34: Phenotypic analysis of root meristem in bpl3
bpl3 mutant (bottom) compared to Col (top) for starch staining (a), PIN3 (b) and
LM15 (c) localisation. Scale bar represents 10 uM.

4.4. MULTIPLE ARTIFICAL MIRNA

Due to a lack of a strong phenotype in the single mutants and unavailability of KOs
in all the family members an artificial miRNA (amiRNA) approach was used.
amiRNA’s are a relatively new tool in gene silencing which allow highly specific

silencing of genes compared to RNAI (Ossowski et al, 2008). RNAI is produced
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from hairpin loops which produce a number of siRNA (small interfering RNA)
sequences with varying 5’ and 3’ ends on both strands, making it difficult to predict
off-targets for RNAI, and to optimise siRNA for silencing of specific genes (Schwab
et al, 2006). miRNA on the other hand only produces 1 small RNA (the miRNA)
from a single strand (see figure 35), this allows accurate analysis of potential off
targets, and efficiency of targeting the gene of interest (Ossowski et al, 2008).

Figure 35: miRNA diagram

Figure taken from WMD3 website (Ossowski et al, 2008). 21 nucleotide miRNAs
are processed from stem-loop regions of long primary transcripts by a dicer-like
enzyme and are loaded into silencing complexes (RISC) where they direct the

cleavage of complementary mRNAs (Jones-Rhoades et al, 2006).

AtBAP31 family amiRNA were designed using WMD (Web MircoRNA Designer
platform) (Ossowski et al, 2008) which automates amiRNA design. It is designed to
optimise small RNAs for maximal effectiveness, and selection of those with highest
specificity for the intended target genes (Ossowski et al, 2008). Results of the
‘Design’ tool suggested that out of these five genes, three genes could be silenced in
a single amiRNA (At3g07190, At5g42570, and At5g48660).

4.4.1. miRNA constructs

To engineer the amiRNA, three fragments containing (a) the 5’ region up to the
amiRNA*, (b) the loop region ranging from amiRNA* to amiRNA, and (c) the 3’
region starting with the amiRNA, were amplified separately from a pBluescript

template plasmid that contains the M1R319a precursor (pRS300), and the final
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product was generated in a single PCR reaction (d) (figure 36) (Ossowski et al,
2008). This AtBAP31 miRNA PCR product was then cloned into pENTR1Z for
cloning into PGWB402 a constitutively expressed GATEWAY™ destination vector
(figure 37). The miRNA AtBAP31 constructs were then transformed into Col-O0.

PCR = @
= 5l 1E5l T B
Il E -E %
| L pl
@ () (b (d)
I: microRNA forward
I microRNA reverse
I microRNA* forward
IV: microRNA* reverse
| forward oligo | reverse oligo template
(a LA v pRS300
(b) Il pRS300
c) |I B pRS300
(@ 1A B (@)+(b)+(c)

Figure 36: Method for producing amiRNA

PCR amplification to give cloning product modified from Ossowski et al (2008).
Specific primers were designed for I-1V (see appendix 9.2). The amiRNA containing
precursor was generated by overlapping PCR. Three separate PCR reactions
amplifies reactions (a) to (c), which are listed in the table above. These are
subsequently fused in PCR (d) to give an amiRNA fragment containing the sequence

for the genes of interest.

Multiple independent transgenic lines were selected based on antibiotic resistance.
Eleven independent T3 lines were then screened on low nitrogen and toxic chlorate
levels to see whether multiple KO effected root growth. Similar to the single KOs
most lines show reduced growth on low nitrogen and increased sensitivity to
chlorate, however the phenotype is no more severe than in the single KOs (figure
38), with lines PGWB402Q2 miRNA 6, 7 and 9 showing the biggest reduction in

growth in low nitrogen, and highest sensitivity to chlorate.
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Figure 37: Diagram of constitutive expression vector pGWB402Q.
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Figure 38: Chlorate toxicity screen in PGWB4022 AtBAP31 miRNA lines
Percentage of growth of PGIWB402Q AtBAP31 miRNA lines in comparison to Col on
control media (100 %). Error bar represents standard error. Statistical difference
represented by asterisks (T-Test; P>0.01), 7 day old seedlings, n = 20.

90




4.5. AtBPL1 CHARACTERISATION

As only a weak phenotype was observed in the single KOs and amiRNA lines,
further analysis was done on BPL1 to discover its role in plants. For biological
characterisation of BPL1’s role within plants, an antibody was raised against the C-
terminal region (the last 109 amino acids). The specificity of the antibody was
confirmed by Western blotting using microsomal preparation from root cultures. As
shown in figure 39 a strong band at approximately 23 Kd (expected size is 24.6 Kd)
was detected in the control but not the bpll mutant showing that it is specific to
BPL1.

Kd

Col bpll

<«—30

<—25

<—15

Figure 39: Western blot of BPL1 using anti-BPL1
Western blot of BPL1 using anti-BPL1 primary antibodies (1:1000) and anti-sheep
HRP secondary antibodies (1:10000). The blot was exposed for 1 minute.

Microsomal fraction prepared from wildtype (Col) and bpl1 root cultures.

10 um 10 um

Col bpll
Figure 40: Whole mount in situ immunolocalization of BPL1 using anti-BPL1

In situ immunolocalization of 3 day old Arabidopsis thaliana root tip using anti-

BPL1 antibodies (green) in Wt (Col) and bpl1 mutant.
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From the LOPIT dataset, BPL1 is suggested to be a component of the ER (Dunkley
et al, 2006). To confirm this whole root in situ immunolocalizations were performed
using anti-BPL1. As shown in figure 40 a strong signal was detected in the roots, and
no signal was seen in the mutant, again confirming the specificity of the antibody.

The ER localisation of BPL1 was further confirmed by co-localisation experiments.

As presented in figure 41 BPL1 co-localises with the ER marker (Dharmasiri et al,
2006) AXRA4.
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Figure 41: Whole mount in situ immunolocalization of BPL1 compared to AXR4

In situ immunolocalization of Wt (Col) Arabidopsis thaliana root type, showing
BPL1 localisation (A & D) using anti-BPL1 (red) in comparison to known ER
protein AXR4-GFP localisation (B & E) using anti-GFP (green), C & F represent
superimposed images. A-C shows whole root tip, B-F shows zoomed in image of
columella cells. Scale bar represents 10 uM. The Pearson correlation coefficient rp
and Spearman correlation coefficient rs are indicated on the scatter plots, 1 = perfect

correlation; PCS colocalisation Image J software (French et al, 2008).
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45.1.

Solubilisation of transmembrane proteins

To further investigate the role of BPL1 as a potential ER accessory protein a co-

immunoprecipitation (co-IP) experiment was designed with the aim to identify its

interacting partners through mass spectrometry (MS) analysis. To ensure that BPL1

iIs completely solubilised, a solubilisation study was carried out, using a range of

detergents (table 8). Both soluble and insoluble fractions were then analysed by

western blotting (figure 42). Results suggest that NP-40 was the most efficient in

solubilising BPL1 and was therefore used for all subsequent studies.

Detergent Class Concentration (w/v) Fold CMC (mM)
tested

NP-40 Non-ionic 1% 0.29

Dodecyl--maltoside | Non-ionic 2% 6.7

(DDM)

CHAPS Zwitterionic 0.1% 4

Triton X-100 Non-ionic 0.2% 3.6

Table 8: Detergents trialled for BPL1 solubilisation

Table showing detergent, type, class, concentration tested and fold CMC for

detergents trailed for BPL1 solubilisation.
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Figure 42: BPLL1 protein solubilisation

Detergent solutions were added to Wt microsomal membrane fractions (MF)
suspended in solubilisation buffer. These were incubated at 4 °C for 60 minutes with
continuous mixing. The insoluble fraction was separated by centrifugation (100,000
g for 60 minutes) and resuspended in 10 % SDS (w/v) to allow complete
solubilisation. Equivalent protein amounts of soluble and insoluble fractions were
analysed by SDS-PAGE and western blotting.

4.5.2. Co-immunoprecipitation of BPL1

Co-immunoprecipitation experiments were designed to discern any interacting
partners of BPL1, using proteins extracted from Col root cultures. In order to rule out
non-specific interactions bpll mutant root cultures were used as a control. Root
culture microsomal samples were solubilised in 1 % NP-40, and then
immunoprecipitated using anti-BPL1 antibody. Part of the sample was analysed by
western blot. BPL1 was detected in the Columbia but not in bpll mutant, showing
that the BPL1 can be specifically immunoprecipitated under these conditions (figure
43). To show that the protein extraction was successful in the bpll mutant, a control
antibody (AXR4) was used.
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Figure 43: Western detection of BPL1after BPL1 co-immunoprecipitation

The blots were probed with anti-BPL1 at 1:10,000 dilution. A 23 kDa band of BPL1
signal was observed in the elution fraction of the anti-BPL1 pull down. Using bpll
mutant background there was no signal showing that these antibodies are specific to
BPL1. To confirm that protein was loaded on the bpll pull down a control protein
anti-AXR4 was used. Key: FT = flow through, W1-W3 = washes 1-3, E = elution.

4.5.3. Mass Spectrometry analysis of co-immunoprecipitated BPL1 eluate

Mass spectrometry analysis of the eluate from the co-immunoprecipitation
experiment using anti-BPL1 was carried out to discover the identity of any BPL1
interacting proteins. To rule out background the bpll mutant was also analysed as a
control. Identification and characterization of the eluate by mass spectrometry
analysis were conducted on a Q-TOF Il mass spectrometer (BioScience Proteomics
Unit) to obtain mass spectral and sequence data for the digested peptides.
Identification of the fragments and peptides were obtained using MASCOT and
BLAST.
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Name Gene Expression | Localisation Comments
ESM1 At3g14210 | <150 Membrane, apoplast, Carboxylesterase/h
(epithiospecifier chloroplast (envelope), | ydrolase, acting on
modifier 1) vacuole, cytosolic ester bonds
ribosome, nucleus,
peroxisome
JR1 (jasmonate- At3g16470 | <300 Membrane, nucleus,
responsive protein) chloroplast, vacuole
Meprin and TRAF | At3g20370 | ~ 1500 Membrane
homology domain-
containing protein/
MATH domain-
containing protein
Unknown protein | At5g07170 | Unknown Unknown
FIL1.43 Atl1g15480 | ~80 Unknown Involved in DNA
binding
Atnudtl7 (Nudix At2¢g01670 | <300 Unknown Hydrolase
hydrolase homolog
17)
SWAP At3¢g52120 | <100 Intracellular RNA processing
(Suppressor-of-
white-
Apricot)/surp
domain contain
protein/ D111/ G-
patch domain-
containing protein
ATCSLCS At4931590 | ~300 Nucleus Cellulose synthase
(Cellulose- / transferase,
synthase like C5) transferring
glycosyl groups
MLO15 (Mildew | At2g44110 | ~300 Membrane Involved in cell
resistance locus O death. Calmodulin
15) binding
BRXL1 (Brevis At2¢g35600 | <100 Unknown
radix like 1)
ATRBL5 At1g52580 | <100 Membrane
(Arabidopsis
rhomboid-like
protein 5)
O- Atlg77530 | <50 Cytosol Lignin biosynthesis
methyltransferase
family 2 protein
Band 7 family At2g03510 | ~1000 Nucleus, endoplasmic
protein reticulum, plasma

membrane

Table 9: MS analysis from BPL1 co-immunoprecipitation

Mass spectrum analysis of the elute from co-immunoprecipitation with anti-BPL1,

showing BPL1 specific proteins.
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Most proteins identified were discovered to be found in the control bpll; however
there were a few proteins (13) which were specific to BPL1 at a high probability
(table 9). Surprisingly in the mass spec analysis BPL1 itself was not identified, this
can be due to a number of reasons as hydrophobic membrane proteins are more
difficult to analyse. Protein identification from databases is based on short segments
of protein sequence obtained by mass spectrometric analysis of proteolytic peptides,
however this is often ineffective with hydrophobic membrane proteins, where
protease cleavage sites can be either rare or completely absent (Carroll et al, 2007).
While it is not uncommon for transmembrane proteins to be absent from the
analyses, it means that these results must be further confirmed. Interestingly a few
membrane proteins have been ‘pulled’ down with BPL1 and these would be an
interesting place to start to see if BPL1 is involved in the trafficking of any of these
proteins. One of the membrane proteins MLO15 is also involved in cell death, which
would be interesting for further study to see whether BPL1 like BAP31 is involved in
ER mediated apoptosis.

4.6. DISCUSSION

The AtBPL (BAP31-like) family was discovered in the LOPIT dataset as a potential
ER accessory protein target. This family gave a weak nitrogen phenotype with
reduced growth in nitrogen deficient conditions, and bioinformatic analysis showed
that they contained the BAP31 domain, and showed homology to BAP31. BAP31 is
a polytopic integral membrane protein of the endoplasmic reticulum in mammalian
cells, and is involved in various cellular functions, such as protein transport, quality
control and apoptosis. Although knowledge on the functions of mammalian BAP31
is increasing, there has been little research into the BAP31 homologs in other
species. There are at least 12 true or hypothetical proteins in eight different
organisms: human, mouse, fruit fly, nematode, baker’s yeast, fission yeast, zebra fish
and Arabidopsis thaliana (Toikkanen et al, 2006). A BAP31-like protein (At5g42570
- BPL1) was discovered in our LOPIT database search, and AtBPL1 and its 3 family
members were characterised to see if it plays a similar role to BAP31 in Arabidopsis
thaliana. BPL1 encodes a protein of 212 amino acids, contains a BAP31 domain, and

contains the C-terminal KKXX-motif which interacts with COPI vesicles in the
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Golgi and returns the protein to the ER, ensuring ER localisation. The family is
loosely conserved with only 39-49 % similarity; all containing the KKXX-motif

except BPL3, and only BPL4 contains a loosely conserved BAP31 domain.

For further characterisation of BPL1, antibodies were raise against the C-terminal
region (last 109 amino acids) of BPL1. The specificity of the antibody was
confirmed by western blot and in situ immunolocalization. The calculated molecular
weight of BPL1 is 24.6 kD and a band of approximately 23 kD was in the Wt and
this band was missing in the bpll mutant. BAP31 is localised to the ER and the
KKXX-motif in the C-terminal tail of BPL1 suggested that BPL1 could be an ER

resident protein.

The other family members of BPL are also predicted to be localised in the ER, and
may play a similar role, using promoter GUS analysis, we show that BPL1 and BPL3
have the strongest expression patterns, with localisation throughout the root in BPL3,
and in the vascular tissue for BPL1. BPL2 and BPL4 however are a lot weaker, with
BPL2 GUS expression undetectable, and BPL4 located just at the root tip. Due to
these very specific localisation patterns, it is unlikely that these genes have
overlapping functions, and may possibly be involved in the same function but in
different locations to allow tightly controlled regulation by the plant. Therefore these
KO lines were analysed to see whether they have a BAP31-like function within
Arabidopsis thaliana.

Previous studies have demonstrated that there are specific molecular mechanisms,
which are required for the export of proteins from the ER to their final destination.
Mammalian BAP31 participates in the regulation of protein transport at the ER,
causing a delay in the ER to Golgi transport of MHC class 1 molecules, and
preventing the transport of tetraspanins CD9 and CD81 to the plasma membrane
(Wakana et al, 2008). BAP31 also has a role in the ER quality control process of a
subset of specific proteins, were it is required to mediate ER retention of mutant
cystic fibrosis transmembrane conductance regulator (CFTR) (Wang et al, 2008).
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A new way of looking at the ERAD system in plants and understanding how it works
IS to use the bril-5 mutant which is kept within the ER due to the ERAD system.
Hong et al (2008) have shown that by mutating components of the ERAD system
such as calnexin, it allows a suppression of the bril-5 mutant dwarf phenotype, as
the mutant protein can escape the ER and function normally. Genetic analysis of
double mutants of bril-5 and bpl family (bril-5bpll, bpllbril-5, and bpl2bril-5)
showed no suppression of the bril-5 dwarf phenotype. This suggests that BPL1 and

BPL2 do not function as general members of the ERAD system.

BAP31 also has a more specific role as an ER accessory protein, where its absence
prevents the transport of transport of tetraspanins CD9 and CD81 to the plasma
membrane (Stojanovic et al, 2005). To study this, smart screens using low nutrient
and toxic nutrients/heavy metals were designed (see chapter 3), this showed that the
BPL family members have a weak nitrogen defect, with reduced growth in low levels
of nitrate and an increased sensitivity to chlorate. Chlorate is a toxic mineral which is
taken up by the nitrate transporters. This weak phenotype could be due to a
mislocalization of a vacuole transporter, preventing sequestration of chlorate away
from the metabolically active areas of the cell, and therefore a build up to toxic
levels, for example CLCa. However when looking at clca mutant phenotype in
comparison to the BPL mutants, there is no increased sensitivity to chlorate under the
conditions used. This suggests that BPL family may be affecting more than one
vacuole transporter, as CLC a-c, and g are also localised to the vacuole membrane

(Lv et al, 2009), or it could possibly be affecting another nitrogen transporter gene.

To further analyse the family's function within the plant, miRNA lines were
produced to knock out more than a single gene at a time, and give a stronger
phenotype. These lines were screened on low levels of nitrogen and a weak chlorate
screen, all showed a weak phenotype with reduced growth on both of the treatments;
however none of these showed a more significant phenotype in comparison to the
single KOs. Therefore it is likely that the reduced expression levels of all the genes

are enough to keep its function.
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Figure 44: Nitrogen transport within Arabidopsis thaliana
Nitrate transporters within the whole plant (figure taken from Krouk et al, 2010).

Regulation of nitrogen uptake within plants is extremely complex with numerous
transporter genes which are up regulated in low or high nitrogen (figure 44). While it
does not appear to be involved in the correct localisation of CLCa, or CLCa
singularly, it is possible that the BPL family are affecting alternative genes such as
the xylem loader NRTL1.5. Further investigations looking at the mutants of these
nitrogen transporters should allow BPL function to be determined. Analysis of the

transporters for immunolocalization in the mutant would also allow us to discover if
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any proteins are becoming mislocalized in the mutants. An alternative to this is to do
a LOPIT study, comparing wild type to the bpll mutant to see if any proteins have
their location changed between the two studies, for example becoming localised in

the ER rather than the plasma membrane or vacuole.

BPL1 function was also analysed using mass spectrometry on the eluate from the in
planta co-immunoprecipitation experiment. This identified 13 proteins that were
specific to BPL1 at a high probability, and were not found in the control bpll. BPL1
itself, however, was not identified in the MS; this can be due to a number of reasons
as hydrophobic membrane proteins are more difficult to analysis than soluble
proteins. To identify proteins by mass spectrometry, proteolytic peptides are
analysed, however in hydrophobic membrane proteins this can be ineffective as
protease cleavage sites can be either rare or completely absent (Carroll et al, 2007).
While it is not uncommon for transmembrane proteins to be absent from the
analyses, it means that these results must be further confirmed. A few membrane
proteins have been identified as possible BPL1 targets or interacting partners, and it
would be an interesting place to start to see if BPL1 is involved in the trafficking of
any of these proteins. One of the membrane proteins MLO15 is also involved in cell
death, which would be interesting for further study to see whether BPL1 like BAP31

is involved in ER related apoptosis.

To conclude, 3 out of the 4 members of the BPL family have had single KOs
identified, and these all give a subtle nitrogen phenotype, with reduced growth in
nitrate limiting conditions and in chlorate toxicity studies. As this family has
homology to BAP31 a known ER accessory protein it is possible that they have a
similar function within Arabidopsis, involved in the correct localisation of a nitrate
transporter. These 4 genes have different expression patterns, and therefore it is
possible that they have similar functions but in different cells types to allow tight
control. This level of control is often seen in controlling nutrient membrane
transporters, with over 53 NRT1 genes involved in nitrogen transport within the

plant.
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CHAPTER 5
AXR4 REGULATES TRAFFICKING OF THE
AUX1/LAX FAMILY
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5. AXR4 REGULATES TRAFFICKING OF THE AUX1/LAX FAMILY

5.1. INTRODUCTION

Auxin is regarded to be the most important hormones in plants, involved in every
aspect of growth and development, and therefore have been extensively studied. The
majority of auxin is synthesised in the tissue of young leaves and requires movement
or transport to its sites of action. Auxin is extremely important in a number of auxin-
related developmental processes, such as gravitropism, vascular differentiation, and
organ development (Benkova et al, 2003; Blilou et al, 2005; Luschnig et al, 1998;
Swarup et al, 2005). To achieve this transport, specific auxin influx and efflux
carriers are required; such as AUX1/LAX, PIN-FORMED (PIN), and ABCB
families (figure 45). Asymmetric distribution of these transport proteins allows
formation of gradients or maxima which are important for auxin influence on a
number of developmental processes, such as gravitropism (Sorefan et al, 2009;
Swarup et al, 2005; Tanaka et al, 2006).
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Figure 45: Model of intracellular auxin transport

Figure taken from Friml (2010), undissociated IAA molecules enter cells by passive
diffusion, whereas the less lipophilic (less permeable) dissociated auxin anions
require transporter proteins. Asymmetric, subcellular localisation of efflux carriers

determines direction of auxin flow.
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The PIN and ABCB families are involved in auxin efflux within the plant. The PIN
comprises of a large number of genes involved in auxin transport, which were
originally discovered based on their mutant phenotypes. There are eight family
members within Arabidopsis and homologous genes are found throughout the plant
kingdom (Paponov et al, 2005). They have roles in the auxin regulated
developmental processes, such as root meristem patterning, lateral root organ
development, vascular development and embryo development (Benkova et al, 2003;
Blilou et al, 2005; Friml et al, 2002, 2003; Reinhardt et al, 2003; Sauer et al, 2006;
Scarpella et al, 2006; Weijers et al, 2005; Xu et al, 2006) Three members of the
MULTIDRUG RESISTANCE/P-GLYCOPROTEIN (ABCB) family have been
attributed to auxin transport in plants (ABCB1, ABCB4, and ABCB19), with their
mutants showing reduced growth, defects in lateral root formation and gravitropic
response (Noh et al, 2001).

The AUX/LAX family of proteins comprise of AUXIN RESISTANT 1 (AUX1) and
the LIKE-AUXIN RESISTANT 1 (LAX) group of influx carriers. The aux1 mutant
showed reduced sensitivity in root elongation to auxin (Maher and Martindale,
1980), and an agravitropic phenotype that could be rescued by the membrane
permeable auxin 1-NAA but not the membrane-impermeable 2,4-D (Marchant et al,
1999; Yamamoto and Yamamoto, 1998). Cloning of the AUX1 gene (485 amino
acids) revealed that it shared similarity with a family of amino acid permeases, which
have a predicted topology of 11 membrane spanning helices and function by proton
symport (Bennett et al, 1996; Young et al, 1999).

Genetic analysis of axr4 and auxl single and double mutants show that these two
proteins function in the same pathway, regulating auxin related root development
(Dharmasiri et al, 2006; Hobbie & Estelle, 1995). axr4 mutant have a weak aux1 like
phenotype, identified originally in screens for auxin resistance (Hobbie & Estelle,
1995). Both auxl and axr4 mutant roots are agravitropic, and have a decreased
amount of laterals. axr4 mutants similar to aux1 mutants are resistant to applications
of auxins that require transporter proteins (2,4-D and IAA), but not membrane

permeable auxins (1-NAA), and both mutant phenotypes are rescued by the
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application of 1-NAA (Marchant et al, 1999; Yamamoto & Yamamoto, 1998, 1999).
Cloning of axr4 revealed a novel transmembrane protein of 473 amino acids which is
localised to the ER. Because of these similarities with auxl it was possible that
AXR4 was an auxin influx carrier in its own right, or that it regulated the trafficking
or function of AUX1. Dharmisiri et al (2006) showed that AUX1 trafficking was
affected in the axr4 mutant background, with accumulation of AUX1 within the ER
rather than correct localisation to the plasma membrane. Due to this mislocalization
of AUX1 to the ER in the axr4 mutant it was suggested that AXR4 is involved in
trafficking of AUX1 to the plasma membrane. Dharmisiri et al (2006) proposed that
AXR4 may act as an ER accessory protein for AUX1. ER accessory proteins are ER
localised proteins, which are important for the correct localisation of their target
proteins. In the absence of the ER accessory proteins their cognate target proteins

have been shown to accumulate within the ER (Kota et al, 2007).

The mammalian ER accessory protein RAP is involved in the correct localisation of
low-density lipoprotein (LDL) receptor family, its absence causes the LDL receptors
to aggregate within the ER (Bu et al, 1995; Bu & Schwartz, 1998). Similarly loss of
PHF1 in Arabidopsis leads to abnormal accumulation of its target protein PHT1 (a
phosphate transporter) within the ER, and loss of correct localisation to the plasma
membrane (Gonzalez et al, 2005). In yeast, Shr3p is required for the trafficking of
amino acid permeases (e.g. Gaplp) to the plasma membrane (Ljungdahl et al, 1992).
In the Shr3p mutant Gaplp is no longer folded correctly and the proteins aggregate
together, preventing Gaplp from being loaded into COPII vesicles and causing

accumulation within the ER.

These ER accessory proteins are highly specific to their cognate target proteins, for
example the mammalian TANGOL1 ER accessory protein is involved in the correct
targeting of collagen VIl solely and has been shown not to influence the transport of
the related protein collagen | (Saito et al, 2009). Pho86p in yeast has been shown to
be highly specific for the regulation of Pho84p, and does not influence the trafficking
of other members of the hexose transporter family which Pho84 belongs to (Lau et
al, 2000). Dharmasiri et al (2006) provided evidence that AXR4 was specific to
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AUX1 as the axr4 mutation had no effect on the localisation of other plasma
membrane proteins such as PIN1, PIN2 and H*-ATPase (figure 46).

Col-0

axr4

AUX1 PIN1 PINZ2 H*-ATPase

Figure 46: AUX1 trafficking is affected in the axr4 mutant

Hemagglutinin (HA)-AUX1 localisation in the protophloem of Col-0 (A) and axr4-2
(E); PIN1 localisation in Col-0 (B) and axr4-2 (F); PIN2 localisation in Col-0 (C)
and axr4-2 (G); and localisation of plasma membrane H*-ATPase in Col-0 (D) and

axrd-2 (H). n = nucleus (from Dharmasiri et al, 2006).

5.2. THE AUX1/LAX FAMILY

AUX1 belongs to a family of auxin influx transporters, the AUX/LAX family, which
is made up of four highly conserved genes (figure 47) (Bennett et al, 1996; Carrier et
al, 2008; Yang et al, 2006). AUX1 and its homologues LAX1, LAX2 and LAX3
(LIKE AUXIN RESISTANT) are multi membrane spanning proteins (11
transmembrane domains) and share a high level of homology with each other (76-82
%), with well conserved exon/intron boundaries (Péret et al, unpublished). All four

genes have a role in auxin transport, with mutants affecting auxin regulated
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gravitropism, phyllotaxis and lateral root formation (Bainbridge et al, 2008;
Dubrovsky et al, 2006; Marchant et al, 1999; Parry et al, 2001; Reinhardt et al, 2003;
Swarup et al, 2003, 2008). auxl has developmental defects in auxin related root
growth, such as root gravitropism and lateral root production (Marchant et al, 2002).
lax3 also shows a root phenotype in the mutant, resulting in delayed lateral root
emergence. It acts together with AUX1 to regulate lateral root formation, with LAX3
effecting emergence (Swarup et al, 2008) and AUX1 regulating the initiation steps
(Marchant et al, 2002).

20 40
1 1
AtAUX1 MS---EGVEA IWANDNGTDQ VNGNRTGKDN EEHD----G- -STGSNLSNE
AtLAX1 MSGEKQAEES IMVS--GEDE VAGRKVEDSA AEEDIDGNG- -GNGFSMKSF
AlLAX2 MENGEKAAET WMV------- - GNYVEMEK D------ GKA LDIKSKLSDM FW|
ALAX3 MA-AEK1-ET VMA------- -- GNYLEMER EEENISGNKK SSTKTKLSNE FW
[ M.......E. .V..--G.D. V.GN..E... .E..l.G... ......LS.F .
| ——

120 140
|

AtaUX1 WEANENSVEN lIllAlKIK EGKSEKNHU QWFEVEDGEE GSYWKALGEA
AtLAX1 RARMEKQ EAKSEKNHVI QWEE L KAAGLA
ALAX2 W lIllTlKln EKVNERNHVI QWEE! RNVGLA
AtLAX3 WA L¥ VEYRTRKER- EKFDERNHWI QWFE RNLGEN
Consensus WTAYLISVLY VEYR.RKE.- E...F.NHVI QWFEVLDGLL G..W...GLA FNCTFLLFGS VIQLIACASN IYYIND.LDK RTWTY|FGAC CATTVFIPSF

20 0

Ataux1 ANYRIWSEEG IGIIIIIAI'I LANAS | IHEE AIGIKIIIIT KLVLYETGAT
AtlAX1 HNVRIWSELG LGMETYIFAWY ITIIIFLIII AIGI T KLI
Atax2 HNVRIWSELG ELMTTYTAWY LTNAS L
AtAx3 HNVRIWSELG EAMTTYWSWY ITIIILLIII AIDIKIIIIT TMIIII AT HANW IIQIIIAIII LII IILlII LESASAVYWA 288

Consensus HNYRIWSFLG L.MTTYTAWY LTIAS.LHGQ AEGVKHSGPT KLVLYFTGAT NILYTFGGHA VTVEIMHAMW KPOKFK.IYL .ATLYV.TLT LPSASAVYWA

300
|

IPSAABUYWA 290

120 Mo 160 380 400
|

AtAUX1 EGDAEEDHSN IFSIMIINAW ROARV I EMEN llIlIllllC lIllIllllV NEMHDTK| i LIILAIIIII lIlIlIlllI lIlllIllAl IAIIISIIII 390
AtLAX1 EGDQEENHSN |rs||.| TRF A WEMHHTK| LC L L\I

AtlAx2 EGDLELNHSN AFALLP! c L NGMHECRSM T 35
AtLAX3 EGDKEETHSN ILSILIITGF lITlI EmEn llllIlllls lIllIIIllL GVHETK MF KIIMAIIIII VIIIIIIIII PEFGRINSAV ISIIISIlIl 388
Consensus FGD.LL.HSN AFSLLPK... RD.AVILMLI HQFITFGFAC TPLYFVWEK. IGMH.TKS.C .RA.ARLPVV .PIWFLAIIF PFFGPINSAV G.LLVSFTVY

20 “o 460 480

AtAUX1 |lls|llm.l YRSASAIQII AEKEEFEMPS lTAMYVLlAI Vl“ILIVll lIll'IIIVTI lvnlvlllll IAIIIIIKIA AAAAHAPVSA -LH---HRL 485

AtLAX1 ML. YRTASARRNA AEKPPFFIPS WAGVYVINAF |MVWVLVLGF GFGGWASMTN CYQCKPP PA----PIAA GAH---HRR 488

ATLAX2 lll HIFE FRSSAARENA VEQPPRFLGR WTGAFTINAE |WVWVFIVGE GEGGWASMIN VH l lllPlP VMVSPPRISH PHENHTHGL 483

AtLAX3 lllAlllMLl FAPAPSRENA VERPPRVVGG WMGTYCINIE VUVWVFVVGE GFGGWASMVN EVRQIDTEGL ETKEVQCPP- ------H--- ------ HKP 470
Consensus | |PALAHMLT .R.A.AR.NA .E.PP.F... W.G.Y.INAF .VVWV..VGF GFGGWASM.N FVRQIDTFGL F.KCYyQC.P. ......P... ...---H..

Y R, ——

Figure 47: Multiple sequence alignment of AUX1/LAX family
Multiple sequence of AUX1, LAX1, LAX2 and LAX3, dark blue showing conserved
residues between the four proteins.

lax1 mutants however have phyllotaxis related defects (Bainbridge et al, 2008) and
lax2 mutants have vascular developmental defects in the cotyledons, with a higher
propensity of discontinuity in the vascular strands (Péret et al, unpublished). Auxin is
known to regulate phyllotaxis and vascular development and many auxin transport
mutants have defects in their development (Petrasek & Friml, 2009; Reinhardt,
2003). Therefore all four genes are involved in auxin related developmental
processes. In addition to this, recent work has shown that the whole family are
capable of transporting IAA in heterologous systems (Péret et al, unpublished,;
Swarup et al, 2008; Yang et al, 2006), which is consistent with their roles as auxin

influx proteins.
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Figure 48: AXR4 and AUX1/LAX family expression domains

AXR4 (A, D, F, G) is expressed in the expression domains of the whole AUX1/LAX
family; AUXL1 is found in the epidermis, stele, columella, root cap cells (B), and
during lateral root development (H); LAX1 is located in mature regions of the
primary root vascular tissue (I); LAX2 is found in quiescent centre and columella
cells (C), LAXS is located in the central stele and cortical/epidermal cells when

induced by 0.1 uM TAA (E) (Péret et al, unpublished).

Expression studies have shown that the expression patterns of the AUX/LAX genes
are mostly non-redundant and complementary within the root (figure 48). Expression

studies have revealed that AUX1 is expressed in a variety of tissues, such as the
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vascular elements, abaxial epidermis of leaf primordia and meristem L1 layer
(Bainbridge et al, 2008; Marchant et al, 2002; Reinhardt et al, 2003), and in the root
it has been observed in the epidermis, stele, columella and lateral root cap cells
(Swarup et al, 2001, 2005). LAX3 is expressed in the L1 layer of the shoot meristem,
and in the root it has been observed in central stele (Bainbridge et al, 2008), and in
small groups of cortical and epidermal cells of the root flanking meristem
development (Swarup et al, 2008). Recently Péret et al (unpublished) has shown that
LAX1 is expressed in the mature regions of the primary root vascular tissues, while
LAX2 is located in young vascular tissues, quiescent centre and columella cells.
AXR4 is found throughout the root, and its expression patterns overlap with all of the
AUX1/LAX family members (figure 48). This posses an interesting question; is
AXR4 involved in the trafficking of other members of the AUX1/LAX family.
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Figure 49: Diagram of amino acid/auxin permease superfamily
AUX1 belongs to a small family of auxin influx carriers within the amino acid/auxin

permease superfamily.

The ER accessory protein Shr3p is required for the correct targeting of a whole

family (18 members) of the amino acid permease (AAP) within yeast, this is highly
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specific as other proteins localisation are unaffected in the Shr3p mutant (Gilstring et
al, 1999; Kota & Ljungdahl, 2005). AUX1 belong to a small gene family within the
amino acid/auxin permease super family in Arabidopsis (figure 49); therefore it
shares similarity with AAP at the protein level (Young et al, 1999). If AXR4 is
acting like Shr3p as an ER accessory protein, it may be involved the correct targeting
of the whole family.

5.3. AXR4 IS INVOLVED IN THE TRAFFICKING OF THE AUX1/LAX
FAMILY.

In order to test if AXR4 regulates the trafficking of other AUX1/LAX genes, LAX2
and LAX3 were localised in the axr4 mutant background. Subcellular fractionation
and confocal microscopy studies showed that AUX1 localises at the plasma
membrane (Carrier et al, 2009; Swarup et al, 2004), and is mislocalized to the ER in
axrd mutant lines (Dharmasiri et al, 2006). Using a functional LAX3 YFP protein,
Swarup et al (2008) have shown that LAX3 is localised to the plasma membrane in
cells in front of the lateral root primordia. They also showed that LAX3 expression is
auxin inducible, and can be induced by the application of IAA in mature cortical and
epidermal cells. To test if AXR4 regulates the trafficking of LAX3, LAX3-YFP was
introgressed into the axr4 background, and auxin inducibility of LAX3 was
exploited. LAX3 YFP was induced with 0.5 uM 1-NAA for 24 hours in the Wt and
axr4 Dbackground and then its localisation was studied using confocal laser

microscopy.

As shown in figure 50, LAX3 YFP appears to be mislocalized in axr4 mutant.
Dharmasiri et al (2006) have shown that AUX1 accumulates within the ER in the
axr4d mutant. The cortical and epidermal cells are highly vacuolated making it
difficult to determine plasma membrane and ER localisation, however in the axr4
mutant you can see the tell tale localisation around the nucleus which is specific to
ER localisation, and you would not see this in a plasma membrane localisation. To
test if LAX3 also accumulates in the ER in the axr4 background, in situ co-
immunolocalization were done on 4 day old NAA 0.5 uM treated LAX3 YFP (in

axr4 background) using ER marker BiP and anti-GFP antibodies. These results show
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that LAX3 YFP co-localises with the ER marker BiP in the axr4 mutant background
suggesting that like AUX1, LAX3 is also under AXR4 regulation.

axr4-2

BIP intensity

LAX3 intensity
r,=0.87
r,=0.90

Figure 50: Localisation of LAX3 in Wt and axr4 background

Localisation of LAX3 in 4 day old seedlings using LAX3-YFP tagged line and YFP
antibodies, after LAX3 induction with 0.5 uM NAA for 24 hours. Localisation of
LAX3 within Wt (A) and axr4 (B) in the vascular and cortical cells. Localisation of
LAX3-YFP in axr4 mutant using anti-YFP (C), in comparison to ER localised BIP
(anti-BIP) (D), overlay showing LAX3-YFP and BIP (E). Scale bare represents 10
uM. The Pearson correlation coefficient r, and Spearman correlation coefficient rs
are indicated on the scatter plot, 1 = perfect correlation. PCS colocalisation Image J

software (French et al, 2008).

To test if AXR4 also regulates LAX2 targeting, LAX2 was localised in axr4
background by in situ immunolocalization using anti-LAX2 antibodies. LAX2
antibody was provided by Dr. Eric Nielson and has since been raised under the CPIB

antibody program (J Oh, MJ Bennett and R Swarup — personal communication). The
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results show that LAX2 antibody is very specific and broadly matches the expression
of LAX2 GUS. LAX2 has been shown to be expressed in the quiescent centre and

columella cells (Péret et al, unpublished).
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Figure 51: Localisation of LAX2 in Wt and axr4 background

Localisation of LAX2 using LAX2 specific antibodies. Localisation of LAX2 in 4
day old seedlings at the root tip within Wt (A) and axr4 (C). Close up of the
columella cells in Wt (B) and axr4 (D). Scale bar represents 10 uM.

As shown in figure 51, LAX2 also appears to be mislocalized in axr4 mutant, giving
a similar localisation pattern to AUXL1 in the axr4 background (Dharmasiri et al,
2006). To confirm that LAX2 also accumulates in the ER in the axr4 background, in
situ co-immunolocalization were done on 4 day old axr4 seedlings using the ER
marker BPL1 (Dunkley et al, 2006) and anti-LAX2 (data not shown). These results
show that similar to LAX3 and AUX1, LAX2 co-localises with the BPL1 ER
marker, suggesting that LAX2 is also under AXR4 regulation. These results suggest
that AXR4 is involved in the targeting of LAX2, LAX3 and AUX1, suggesting a
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conserved mechanism for trafficking from the ER to the plasma membrane for the
AUXI1/LAX family.

5.3.1.1.Genetic analysis
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Figure 52: aux1 and axr4 mutant analysis

Showing lateral root density (number of laterals per mm in primary root) in Wt,
axrd-2, aux1-7 and auxlaxr4 double mutant and comparative images of 12 day old
seedlings (bottom). Error bar represents standard error. Statistical difference
represented by asterisks (Students T-Test, P<0.01), 12 day old seedlings, n =20.

We have shown that AXR4 regulates LAX3 and LAX2 targeting to the plasma
membrane; it was therefore investigated to see if like in aux1, axr4 phenocopies lax3
and lax2. lax3 mutants have been shown to have a defect in lateral root emergence
(Swarup et al, 2008). Previous studies have shown that axr4 mutants also have a
reduction in lateral root numbers, and that the double auxlaxr4 mutant have more
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severe defect than found in the single mutants (Hobbie & Estelle, 1995) (figure 52).
At the time it was not very clear why the double mutant showed an additive
phenotype, our localisation results indicate that the additive phenotype may be due to
a defect in LAX3 localisation in axr4 background. To test this double lax3axr4 were
created and their lateral root phenotype studied. Results show that the lax3axr4
double mutant have a more severe phenotype than single mutants (figure 53),
therefore showing that AXR4 is regulating both LAX3 and AUX1 localisation to the

plasma membrane.
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Figure 53: lax3 and axr4 mutant analysis

Showing lateral root density (number of laterals per mm in primary root) in Wt,
axrd-2, aux1-7 and auxlaxr4 double mutant and comparative images of 12 day old
seedlings (bottom). Error bar represents standard error. Statistical difference
represented by asterisks (Students T-Test, P<0.01), 12 day old seedlings, n =20.
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To further probe the role of AXR4 in the regulation of LAX2 targeting, genetic
studies were done to test if the axr4 mutant is exhibiting any lax2 related defects, as
we have shown that axr4 phenocopies auxl and lax3 defect. LAX2 promter:GUS
studies have shown that LAX2 expression is associated with procambial and vascular
tissues during embryogenesis, and lax2 mutants have been shown to have a defect in
vascular development in cotyledons (Péret et al, unpublished). As shown in figure 54
compared to control both lax2 and axr4 mutants have a higher propensity of
discontinuity in vascular strands. This shows that AXR4 is involved in vascular

development in cotyledons, most likely due to the trafficking of LAX2.
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Figure 54: lax2 and axr4 mutant analysis

Percentage of vein breaks in patterning in lax2 and axr4 in comparsion to Wt, with
comparative images of 5 day old cotyledons (bottom). Error bar represents standard
error, triangle represent vein breakage. Stastical difference represented by asterisks
(Students T-Test, P<0.05), 5 day old seedlings, n = 100.
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5.4. DISCUSSION

Both genetic and physiological data have indicated that AUX1 and AXR4 function
together in the same biological process to regulate auxin transport (Dharmasiri et al,
2006; Hobbie & Estellle, 1994). axr4 mutants have a weak auxl like phenotype,
identified originally in screens for auxin resistance (Hobbie & Estelle, 1995).
Cloning of axr4 revealed a novel transmembrane protein of 473 amino acids which is
localised to the ER. AXR4 has been previously shown by Dharmasiri et al (2006) to
be required for the correct targeting of AUX1 to the plasma membrane, and in the
absence of AXR4, AUX1 is retained in the ER.

ER accessory proteins are required for the correct targeting of their cognate
transporter protein to the correct destination, and achieve this through a number of
different mechanisms, such as providing correct tertiary folding or structure,
interacting directly with COPII vesicles, or by preventing premature activity/binding
(Herrmann et al, 1999). Loss of function of ER accessory proteins often causes an
accumulation of their cognate target within the ER, for example RAP, PHFI and
Shr3p (Bu et al, 1995; Gonzélez et al, 2005; Ljungdahl et al, 1992; respectively).
The absence of the mammalian RAP ER accessory proteins leads to an aggregation
of its target low-density lipoprotein (LDL) receptor family within the ER (Bu et al,
1995; Bu & Schwartz, 1998). Similarly loss of PHF1 in Arabidopsis and Shr3p in
yeast causes an abnormal accumulation of their target proteins PHT1 and amino acid
permeases, respectively (Gonzalez et al, 2005; Ljungdahl et al, 1992; respectively).
All ER accessory proteins are transmembrane proteins and are located to the ER,
however they do not appear to share any more similarity than that, even two proteins
from different species involved in the correct trafficking of a phosphate transporter
(PHT1 and Pho86; Gonzalez et al, 2005 and Lau et al, 2000, respectively). As AXR4
is also localised to the ER, contains a transmembrane domain, and is required for the
correct localisation of AUXL, it is possible that AXR4 acts as an ER accessory
protein for AUX1.

Numerous studies have shown that ER accessory proteins are highly specific to their

cognate target proteins. For example Pho86p in yeast has been shown to be highly
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specific for the regulation of Pho84p, and does not affect the trafficking of other
members of the hexose transporter family (Lau et al, 2000). Mammalian TANGO1
ER accessory protein is involved in the correct targeting of collagen VII and has
been shown not to influence the correct transport of a related protein collagen |
(Saito et al, 2009). AXR4 has previously been shown to be specific for AUX1, with
the mutant not effecting the localisation of other plasma membrane proteins such as
PINs and H*-ATPase (Dharmasiri et al, 2006). This is another line of evidence that
AXR4 may be acting as an ER accessory protein for AUX1.

While ER accessory proteins are highly specific to their cognate target, some are
involved specifically in the correct trafficking of a whole family of proteins, rather
than just a single target. Shr3p for example is involved in the trafficking of the amino
acid permeases family (AAP) to the plasma membrane (Ljungdahl et al, 1992).
Again this is highly specific only to the 18 members of the AAP gene family within
yeast, as other membrane proteins are unaffected in the shr3p mutant (Gilstring et al,
1999; Kota & Ljungdahl, 2005). AUX1 belongs to a small gene family within the
amino acid/auxin permease super family in Arabidopsis, and therefore shares
similarity with AAP targets of Shr3p (Young et al, 1999), therefore if AXR4 is
acting like Shr3p as an ER accessory protein, it may be involved in the trafficking of

the whole family.

AUX1 belongs to a family of four highly conserved genes (AUX1, LAX1, LAX2
and LAX3), all of which encode multi-membrane transmembrane proteins that share
similarities to amino acid transporters. The family has been shown to be involved in
phyllotactic patterning, which is known to be regulated by auxin (Bainbridge et al,
2008). Recently all members of the family have been shown to have auxin uptake
activity (Péret et al, unpublished), AUX1 and LAX3 have previously been
demonstrated to be high influx auxin carriers (Carrier et al, 2008; Swarup et al,
2008; Yang et al, 2006). All members share a high identity with each other (76-86
%), therefore due to this similarity it is possible that AXR4 is involved in the
trafficking of the whole family of proteins. It has also been shown that AXR4
expression patterns is not limited to AUX1 expression, AXR4 is present in LAX1,
LAX2 and LAX3 expression domains are well. If AXR4 was only involved in the
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trafficking of AUX1 it would likely be limited to AUX1 expression zone, therefore
AXRA4 could potentially traffic the whole family.

Mutant analysis was done of the AUX1/LAX family and AXR4 to see whether there
was any correlation in the phenotype. Out of the four members of the family, only
auxl and lax3 have a mutant root phenotype, with reduced lateral root density, both
affecting lateral root development, with AUX1 affecting initiation of lateral roots, and
LAX3 is involved in emergence of lateral roots (Marchant et al, 2002; Swarup et al,
2008; respectively). Previous studies by Hobbie & Estelle (1995) have shown that
the auxlaxr4 double mutant has an additive effect of producing fewer lateral roots
than in either single mutant. One possible explanation for this phenotype is that
AXR4 is required for the localisation of the other auxin influx carriers within this
family (Hobbie, 2006; Parry et al, 2001). The mutant phenotype of lax3 was
compared to axr4, and both have a similar weak lateral root phenotype; however the
double mutant of lax3axr4 had a severe phenotype similar to that of auxlaxrd
suggesting that AXR4 is involved in the correct localisation of LAX3 as well as
AUX1.

As mentioned earlier, mutant axr4 cause an accumulation of AUX1 within the ER,
preventing it from reaching its final destination. We have shown that the localisation
of LAX3 within the axr4 mutant is also mislocalized to the ER. This, with the mutant
studies shows that AXR4 is involved in the trafficking of LAX3 as well as AUX1,
therefore it may be involved in the trafficking of the whole AUX1/LAX family. No
mutant phenotype has been discovered for laxl, and there is no antibody or
transgenic line available to study the localisation of LAX1 within the axr4 mutant.
However LAX2 does have a mutant phenotype in the cotyledons and antibodies have

been raised for this line, allowing localisation within axr4 mutant.

lax2 mutants have a vascular developmental defect in cotyledons, resulting in a
higher propensity of discontinuity in the vascular strands. We have shown that
similar to auxl, axr4 has a weak lax2 phenotype, with a higher percentage of
discontinuity of veins than in Wt. This phenocopy of the lax2 phenotype, suggests
that AXR4 may also play a role in the correct trafficking of LAX2. To confirm this,
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we looked at the localisation of LAX2 within the axr4 mutant; this showed that
similar to AUX1 and LAX3, LAX2 is also mislocalized within the mutant, causing

an accumulation of the protein within the ER.

In this study we have shown that AXR4 is also required for two other members of
the AUX1/LAX family, LAX2 and LAX3, as well as AUX1 where the axr4 mutant
results in these proteins accumulating within the ER. While we currently have no
data for LAXZ, it is likely that AXR4 functions as a chaperone or accessory protein

for the whole family, and is required for their correct localisation.
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CHAPTER 6
MODEL FOR AXR4 FUNCTION
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6. MODEL FOR AXR4 FUNCTION

6.1. INTRODUCTION

AUXIN RESISTANT4 (axr4) was identified in screens for auxin resistant root
elongation, where it showed a similar phenotype to auxl showing 2,4-D resistance
(Hobbie & Estelle, 1995). The axr4 mutant also shares other characteristics with
auxl such as reduced lateral root number, defects in root gravitropism and similar
responses to applications of different types of auxin, for example phenotype rescued
by application of NAA (Marchant et al. 1999; Yamamoto & Yamamoto, 1998,
1999). As discussed in the previous chapter the auxl mutant was first identified by
Maher & Martindale (1980) as it showed resistance to the herbicide 2,4-D, a
synthetic auxin analogue. This was later identified as the AUXIN RESISTANT 1
(AUX1) gene by Bennett et al (1996) and recent work has shown that it encodes a
high affinity auxin influx (IAA-H" symporter) (Carrier et al, 2008; Yang et al, 2006).
Subcellular fractionation and confocal microscopy studies showed that AUX1
localises at the plasma membrane (Carrier et al, 2009; Swarup et al, 2004). However
subcellular localisation studies have shown that AXR4 is localised in the
endoplasmic reticulum (ER) based on two independent studies (Dharmasiri et al,
2006; Dunkley et al, 2006).

Genetic and mutant studies have suggested that AXR4 and AUX1 are involved in the
same pathway (Marchant et al, 1999; Yamamoto & Yamamoto, 1999), and due to
the similarities with aux1 it was possible that AXR4 was an auxin influx carrier in its
own right, or that it regulated the trafficking or function of AUX1. Dharmisiri et al
(2006) showed that AUX1 trafficking was affected in the axr4 mutant background,
with accumulation of AUX1 within the ER rather than correct localisation to the
plasma membrane. Due to this mislocalization of AUX1 to the ER in the axr4 mutant
it was suggested that AXR4 is involved in trafficking of AUX1 to the plasma

membrane.
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Plant Species Gene Sequence Name
Arabidopsis At1g54990
Barley BQ470218
BQ764572
Cotton TC101021
Grape TC91603
Lettuce TC20522
TC26389
Maize TC340552
Medicago TC123134
Popular TC105021
Potato TC164950
TC168469
Rice 0Os11g34140
Rye BE704484
Soybean TC253523
Sugarcane TC54289
Wheat BQ246926
CA620981
CA625375
CAT726799

Table 10: AXR4-like gene sequences in different plant species
Table showing sequence plant species which contain an AXR4-like gene sequence,
obtained using The Gene Index Project — Eukaryotic Gene Orthologs.

AXR4 is a single copy gene within Arabidopsis thaliana, and database searches of
genomic databases revealed that it encodes a plant specific protein. Each plant
species encodes a single AXR4-like gene (table 10). The AXR4 gene encodes a
protein of 473 amino acids and is predicted as a type Il membrane protein with one
single transmembrane domain located near the N-terminus (spanning between 56-70
amino acids) (figure 55). Two conserved domains have been identified in the AXR4

protein using the NCBI, conserved domains database designed for domain family
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analysis (Marchler-Bauer et al, 2009). The analysis revealed two weakly-conserved
esterase lipase superfamily domains (figure 56). Esterases and lipases are enzymes
which act on carboxylic esters by nucleophilic attack on the carbonyl carbon atom of
the ester bond, and are found in several classes of enzymes such as lipid
hydrolase/transferases (Holmquist, 2000). The active site of this molecule involves
three residues (catalytic triad); a serine, a glutamate or aspartate, and a histidine
(Marchler-Bauer et al, 2009).
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Figure 55: TOPPRED membrane topology analysis of AXR4
TOPPRED predicts that AXR4 is an integral membrane protein with one putative

transmembrane domain (Claros and VVon Heine, 1994).
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Figure 56: Domain analysis of the AXR4

Domain analysis of AXR4 using Gene3D (1; Yeats et al, 2008); Panther (2; Mi et al,
2005); Pfam (3; Finn et al, 2010); superfamily 1.75 (4; Gough et al, 2001). All
analysis revealed a weakly conserved alpha beta hydrolase fold superfamily domain
located between ~75 and 420 amino acids of the AXR4 C-terminal cytoplasmic

domain.

A few models have been proposed for AXR4 and how it may regulate the trafficking
of AUX1. Such as by regulating lipid composition of the endoplasmic reticulum exit
site (ERES), having a role as an ER accessory protein or as a post-translational

modifying enzyme. AXR4 could affect AUX1 trafficking by regulating the lipid
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composition of the ERES. It is believed that the ERES has a different lipid
composition to other areas of the ER, allowing exclusion of ER-resident membrane
proteins from this area (Ronchi et al, 2008). Affecting the lipid composition would
likely have a large effect on all traffic from the ER involving COPII vesicles and it
would be unlikely that it would only affect the trafficking of AUX1 from the ER.

Dharmasiri et al (2006) proposed that AXR4 may function as an ER accessory
protein and facilitate correct folding of AUX1 in the ER. In yeast it has been shown
that Shr3p and Gsf2p are involved in the correct folding of their cargo proteins (AAP
and Hxtlp respectively) to allow trafficking from the ER and prevent aggregation of
their cargo proteins (Kota & Ljungdahl, 2005). In shr3p mutants its target protein
such as Aapl are no longer folded correctly and the proteins aggregate together
within the ER. In addition to the mislocalization of AUX1 in the axr4 mutant, Tendot
Abu Baker (2007) has shown that the co-expression of AXR4 and AUXL1 in insect
cells prevented AUX1 aggregation in vitro in a dose dependent fashion. AAP1 and
AUX1 are both transmembrane spanning protein and share reasonable similarity at
the protein level. Therefore it is possible that similarly AXR4 may be required to fold
AUX1 into the correct tertiary structure required for ER exit and to prevent
aggregation of AUX1 within the ER. Despite these similarities between Shr3p and
AXRA4, there is no similarity either at the protein level or structural level between
AXR4 and Shr3p. AXR4 only has one transmembrane spanning region compared to
Shr3p and Gsf2p which have multiple transmembrane spanning regions (Ljungdahl
et al, 1992; Kota & Ljungdahl, 2005).

Alternatively AXR4 may act as a post-translational modifying enzyme, as AXR4
contains two o/p hydrolase domains within the C-terminus. This domain is found in
several classes of proteins including lipid hydrolases and lipid transfereases. Genetic
studies suggest that the C-terminal of AXR4 is required for its function, and it is
known that C-terminal of AXR4 residues within the ER lumen (Tendot Abu Baker,
2007). Post translation modifications often influence a protein’s activity, localisation,
turnover and interaction with other proteins. Post translational modifications are
events in which primary structure of proteins are covalently modified through

proteolytic cleavage, or by the addition or removal of groups such as
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phosphorylation, acylation, glycosylation, nitration and ubiquitination (Mann &
Jenson, 2003). The addition of mannose 6-phosphate (M6P) residues to soluble acid
hydrolases for example is required for the correct sorting of these proteins, by
recognition by MG6P receptors which allow trafficking from the Golgi to the
lysosomes (Braulke & Bonifacino, 2009). While there has been no evidence of post-
translational modifications involved in the sorting of multiple membrane-spanning
proteins such as AUX1 (Hobbie, 2006), evidence exists that AUX1 may be subjected
to post translational modifications. Kargul (1998) showed that plant AUX1 appears
to show a reduction in mobility on the SDS-PAGE when compared to recombinant
AUX1 expressed in insect cells. It is possible that this shift may be caused by post-

translational modification of AUX1 in planta.

In order to investigate the role of the o/p hydrolase fold domain in AXR4 function.
Multiple sequence alignment covering over 100 sequences containing o/f hydrolase
fold domains was used to identify the most conserved amino acids in AXR4. We
then mutagenesised highly conserved amino acids within the o/ hydrolase fold

domain

6.2. AXR4 - A POST-TRANSLATIONAL MODIFYING ENZYME?

A multiple sequence alignment of plant AXR4-like genes (20 sequences) suggest that
the large C terminal domain of AXR4 is highly conserved (figure 57; appendix 9.6).
Within the C-terminus are two o/p hydrolase fold domains which may be important
for AXR4 function as a post translational modifying enzyme. To discover highly
conserved amino acids within the o/f hydrolase domain, a multiple sequence
alignment with proteins containing these esterase lipase domains was performed
(approximately 100 proteins). 18 amino acid residues were highly conserved, 9 of
these were selected for site directed mutagenesis to probe their role in AXR4
function (figure 58). One of these residues occurs in the catalytic triad HDS, which

has been shown to be important for o/ hydrolase domain function.
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I
1 MAIITEEEEDPKTLNPPKNKPKDSDFTKSESTMKNPKPQSQONPFPFWEYFTVVVSLATIIF

62 ISLSLFSSQNDPRSWFLS]H’PAE{ TIEVQVN SNESPIEVEVAESGSIHTETVVI

124 |VHGLGLSSFAFKEMIQSLGSKGIHSVAIDLPGNGEFSDKEMVVIGGDREIGEFVARVKEVYGL

186 I%EKE?E%AF[%MIE%GDLPYEEIIKLQNSKRRSFKAIELGSEETARVLGQVIDTJSLAPV

248 |[HLVLHDSALGLASNWVSENWQSVRSVTLIDSSISPALPLWVLNVPGIREILLAFSFGFEKL

310 |[VSFRCEKEMTLSDIPAHRILLKGRNGREAVVASLNKLNHSEFDIAQWGNSDGINGIPMOVIW

372 |SSEASKEWSDEGQORVAKALPKAKFVTHS GSRWPQESKSGELADYISEFVSLLEKS IRRVAE

434 EPIPEEVQKVLEEAKAGDDHDHHHGHGHAHAGYSDAYGLGEEWTTT

Figure 57: Highly conserved amino acids from multiple sequence alignment of plant
AXRA4-like sequences

Graphic representation of AtAXR4 showing TM (dark blue box), alpha beta
hydrolase domain (light blue box) and highly conserved residues (black outline box)
from the multisequence alignment of AXR4-like sequences (for alignment see

appendix 9.6).

To probe the role of these amino acids within AXR4 function, a site directed
mutagenesis approach was used. Site directed mutagenesis is a highly targeted
approach to investigate the function of particular amino acids; however it only results
in a single amino acid change. To allow more flexibility within our approach,
primers were designed so that random mutations were created at chosen target sites,
allowing a single amino acid to be replaced with up to 16 different amino acid

combinations (appendix 9.2 for list of primers).

A three step PCR approach was used to generate mutations. PCR product was then
cloned into pENTR11 AXR4 GFP replacing Wt gene. Clones were probed for
mutated gene (randomly selected), and then over 100 colonies were combined and
recombined into PGWB7 GATEWAY ™ destination vector (see figure 59). DNA
from a pool of colonies was then electroporated into Agrobacterium C58.
Transformed plants were screened on kanamycin, and GFP expression was observed
to prevent choosing non-sense mutations and frame shifts (or recombinations).

Kanamycin and GFP positive seedlings were sequenced to discover the amino acid
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change. Creation of the AXR4 random site directed mutagenesis library is illustrated

in figure 60.

I
1 MAIITEEEEDPKTLNPPKNKPKDSDFTKSESTMKNPKPQSQONPFPEWEYFTVVVSLATIIFE

]
62 ISLSLFSSQONDPRSWFLSLPPALRQHYSNGRTIKVQVN$NESPIEVEVAESGISIHTETVVI

124 |VHGLGLSSFAFKEMIQSLESKGIHSVAIDLPGNGEFSDKEMVVIGGDREIGFVARVKEVYGL

186 IQEKGVFWAd[}MIETGDLPYEEIIKLQNSKRRSFKAIELGSEETARVLGQVIDTLGLAPV

248 [HLVILDBALGLASNWVSENWQSVRSVTLIDSSISPALPLWVLNVPGIREILLAFSFGFEKL

310 [VSFRCSKEMTLSDIPRHRILLKGRNGREAVVASLNKLNHSFDIAQWGNSDGING]PVMOVIW

372 |SSEASKEWSDEGQRVAKALPKAKFVTHSGSRWPQESKSGELADYISEFVSLLEKS IRRVAE

434 EPIPEEVQKVLEEAKAGDDHDHHHGHGHAHAGYSDAYGLGEEWTTT

Figure 58: Sites chosen for site directed mutagenesis

Graphic representation of AtAXR4 showing TM (dark blue box), alpha beta
hydrolase domain (light blue box) and highly conserved amino acids chosen for site
directed mutagenesis (black outline box), and control amino acid (red outline box)
from the multisequence alignment of alpha beta hydrolase domain in inter-kingdom

species.
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Figure 59: Diagram of PGWB7 pAXR4::AXS-GFP.
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AXR4 Site Directed Mutagenesis PCR
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U

Cloning into pENTR11 AXR4 GFP
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E. coli — AXR4 Site directed
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Figure 60: Scheme of random site directed mutagenesis

6.2.1. AXR4 site directed mutagenesis

128

N
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For the construction of library of AXR4 site directed mutant genes — AxS.

Generation of mutagenesised AXR4 product was achieved through a three step PCR
approach whereby specific mutations are introduced in a DNA sequence (site-
directed mutagenesis). This is accomplished by PCR amplification using
mutagenesis oligonucleotides primers that already incorporate the desired mutation.
As the mutagenic primers are incorporated into each new copy of the template DNA
during PCR, the result is the amplification of a new, mutated DNA sequence. The
primers for this site directed mutagenesis were designed by Primer X and then the

first two bases of the amino acid of interest were substituted by ‘N’, allowing up to




PCR1 using AXR4 as PCR2 using AXR4 as PCR3 using PCRP 1 &
template DNA template DNA 2 as template DNA

ASpZSO I -
2 kb —»
1 kb —» 1 kb —»

Figure 61: Random Site Directed Mutagenesis protocol
Showing the 3 PCR steps, and an example PCR product from each step. (For all PCR

products see appendix 9.7).

A three step PCR approach was used to generate mutations (figure 61). PCR product
was then cloned into pENTR11 AXR4 GFP replacing Wt gene. To examine the
success of the mutagenesis, the final PCR product was sequenced. Poor quality in the
sequencing (Quality 0-9) will indicate the presence of different nucleotides at this

specific site showing that the approach has worked (see figure 62 for example).
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Figure 62: Sequencing result for AXS PCRP
Shows chromograph and blast results for Leu*® showing poor sequencing results at

the target nucleotides AG, in the sequencing they are shown as CC showing that the

approach is working.
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6.2.2. Plasmid and expression library construction

PENTR11 Normal Codon | New Codon Wt Amino Mutated

Random Site Acid Amino Acid

Directed

Mutagenesis

construct

AxS 113 GGT GGT Gly Gly
AAT Asn
No blast
results

AxS 151 GAT AAT Asp Asn
GGT Gly
GAT Asp

AXS 246 TTG ACG Leu Thr
TCG Ser
TCG Ser

AXS 250 GAT GGT Asp Gly
TCT Ser
AGT Arg

AXxS 320 GAT TCT Asp Ser
CCT Pro
AGT Arg

AXS 361 CCG ATG Pro Met
CGG Arg
TGG Trp

Table 11: Sequencing results for pPENTR11 AXS lines
Sequence from individual colonies of the pPENTR11 AXR4::AxS-GFP constructs.

The AXR4 random site directed mutagenesis (AxS) PCR products generated were
cloned into pENR11-AXR4::AXR4-GFP construct (Gateway entry vector) between

Bglll and Asp718 sites replacing the Wt gene (figure 63). Ligated DNA was
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transformed into competent DH5a cells, subsequently generating a randomized
library consisting of AXR4 mutants. To ensure that the cloning was working
efficiently 3 colonies for each site specific mutagenesis were randomly sequenced
(table 11). From the results almost all amino acids were replaced with a site specific
change, showing that this method is working well. 80-100 colonies were then
collected by scraping all the clones together and then inoculated in LB-kanamycin

broth, and plasmid extracted

Bglll Asp718
AXR4 Promoter AXR4 GFP

Figure 63: AXR4 gene showing restriction enzyme sites used for cloning.

6.2.3. Cloning into Binary vectors

The resulting pPENTR11-AXR4::AXS-GFP plasmids were recombined into PGWB7
destination vector (Nakagawa et al, 2007) using LR reaction and then transformed
into competent DH5a cells. 80-100 colonies were collected pooled together and
plasmid extracted. These constructs were then transformed into C58 Agrobacterium
competent cells, and transformed into Arabidopsis (in axr4 and NHA AUX1 axr4
backgrounds). NHA AUX1 axr4 background was used for transformation, so that
AUX1 can be localised within the mutant lines to see if it is localised correctly to the

plasma membrane or is mislocalized to the ER.

6.2.4. Screening of Site Directed Mutagenesis lines

Primary selection of transformed lines was screened using kanamycin in axr4-2
background and hygromycin in the NHA AUX1 axr4-2 background. Antibiotic
resistant T1 seedlings were then checked for GFP expression and then transferred to
soil. The T2 seedlings were screened on 2,4-D plates to see whether they could
rescue the axr4 mutant phenotype. axr4 mutants are resistant to the inhibitory effect

of 2,4-D which prevents root growth. A growth repression curve was initially
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performed to identify a concentration for the 2,4-D screen. As shown in figure 64,
axr4 roots can be distinguished from Wt roots at 25 nM 2,4-D concentration. At this
concentration Wt root growth was inhibited by over 50 % while only having a small
inhibitory effect on axrd and NHA AUX1 axr4. Therefore to enable us to identify
lines that may give a partial rescue of AXR4 phenotype in the initial screen, the
lower 25 nM 2,4-D concentration was chosen for initial studies, and then rescue

confirmed using higher 2,4-D concentrations.
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Figure 64: 2,4-D growth response curve
Growth response curve for 2,4-D for axr4, NHA AUX1 axr4, NHA AUX1 and Col,
showing percentage growth in comparison to control (0 nM 2,4-D). Error bars

represent standard error. 5 day old seedlings used, n = 15.

Amino acid substitution were confirmed by sequencing and several seedlings were
transferred to soil for the selection of homozygous lines (see table 12 for a summary
of site directed mutagenesis lines). Several homozygous lines were identified and
were subsequently used for further studies. A 2,4-D dose response study revealed
that the majority of these lines rescue axr4 mutant phenotype (figure 65). Results
suggest that some amino acid substitutions results in only a partial rescue at lower
2,4-D concentrations (140 L-V; 154 G-L; 201 D-C; 246 L-A; 246 L-E; 246 L-T).
However at 100 nM 2,4-D concentration, all these lines show full rescue of axr4

phenotype. This study suggests that those amino acids do not have an obligate
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requirement in AXR4 function. Furthermore, for some of the targets where no
homozygous lines have yet been identified, similar observations have also been made
on the basis of studies performed in the T2 generation (figure 66). The results
presented in figure 66 are based on GFP positive seedlings (therefore allowing
identification of mutagenesised AXR4) and suggests that most lines appear to rescue
axr4d mutant to some degree.

Amino acid position | Amino acid change

113 Gly — Asn; Gly — Ser

140 Leu — Gly; Leu — Val

154 Gly — Arg; Gly — Gln; Gly — Glu; Gly — Leu; Gly — Lys

201 Asp — Asn; Asp — Cys; Asp — Pro; Asp — Ser

246 Leu — Ala; Leu — Glu; Leu — Thr

250 Asp — Ala; Asp — Asn; Asp — His; Asp — Gly; Asp — Leu;
Asp — Phe; Asp — Ser; Asp — Tyr; Asp — Val

320 Asp — Arg; Asp — Asn; Asp — Cys; Asp — lle; Asp — Ser

361 Pro — Arg; Pro — Glu; Pro — Leu; Pro — Trp

Table 12: Summary of transformed AXS lines.

Interesting, all substitutions at amino acid position 246 result in a weak phenotype at
25 nM 2,4-D suggesting that this amino acid substitution may play an important role
in AXR4 function. Another amino acid position of interest is 140, and although a
subtle L-V substitution results in only partial rescue of axr4 phenotype, other
substitutions on this position appear to rescue the function (figure 66). This is further
supported by the in situ immunolocalization studies that show that both LAX2
(figure 68) and NHA-AUX1 (figure 69) localisation are restored at 140 L-V line.
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Figure 65: Dose response curve of homozygous AxS transformed lines.

2,4-D dose response screen showing percentage growth compared to control (0 nM

2,4-D on Y2 MS) for the AXS (AXR4 site directed mutagenesis) transgenic lines with

Col, axr4-2 and NHA AUX1 axr4 as a control. Error bars represent standard error. 5

day old seedlings n = 15.
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Figure 66: Dose response curve of heterozygous AxS transformed lines

2,4-D dose response screen showing percentage growth compared to control (0 nM
2,4-D on Y2 MS) for the AXS (AXR4 site directed mutagenesis) transgenic lines with
Col, axr4-2 and NHA AUX1 axr4 as a control. Error bars represent standard error. 5
day old seedlings, n = 15.

As well as looking at the transgenic lines in a dose response 2,4-D screen, their
response to gravity was also observed to see if they can rescue axr4 mutant
phenotype. axr4 respond slowly to gravity in comparison to wild type (Col), and
under the time frame used axr4-2 does not have a gravitropic response. As you can
see all the mutants respond to gravity (50 % seedlings) in the ten hour time frame
(figure 67), showing that all lines rescue axr4 phenotype. However some lines
respond slower than Col, noticeably 201 D-N, 201 D-C and 250 D-S, suggesting that
while these lines rescue axr4 they may not be as efficient in AXR4 function, possibly

due to small structural changes.
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Figure 67: Response to gravity in homozygous AxS transformed lines

Gravity response screen showing hours taken for 50 % of the seedlings to respond to
gravity (45 ©) for the AXS (AXR4 site directed mutagenesis) transgenic lines with
Col, axr4, and NHA AUX1 axr4 as a control. 5 day old seedlings, n = 12.

6.2.5. AUX/LAX localisation in site directed mutants

As discussed in the previous chapter LAX2 and NHA-AUX1 are mislocalized to the
ER in the axr4 mutant background. Their localisation was then examined in the lines
that gave complete or partial rescue to see if there is any difference in the localisation
of these target proteins of AXR4.

From figure 68 it can be seen that LAX2 localisation is completely restored in all
lines analysed, giving strong plasma membrane signal. Similarly NHA-AUX1
localisation was also restored in the lines analysed which were transformed into the
NHA AUX1 axr4 background (figure 69). These results further support the genetic
analysis that AXR4 is functional in the different site directed mutants. It is therefore
unlikely that the alpha beta hydrolase fold plays an important role in AXR4 function,
and it may be more likely that the actual structure of AXR4 is more important for its
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role. To confirm this prediction software was used to look at the 3D structure of
AXR4 and the amino acid changes.

o I
Col

axr4 axr4
High Gain

axrd axr4 axr4 axr4 axr4
113 G>S 140 L>V 201 D>C 246 L>A 250D>S

Figure 68: LAX2 localisation in AxS transgenic lines
Localisation of AxS lines (AXR4 site directed mutagenesis), compared to Col and

axr4 using anti-LAX2 antibodies in 4 day old seedlings in the columella cells.
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Figure 69: AUX1 NHA localisation in AxS transgenic lines
Localisation of AxS (AXR4 site directed mutagenesis) compared to NHA AUX1 and
NHA AUX1 axr4 using anti-HA antibodies in 4 day old seedlings in the

protophloem cells.

6.2.6. Protein structure analysis of Site Directed Mutagenesis lines

CPH model 3.0 (Nielsen et al, 2010) was used to predict the 3D structure of AXR4
and the site directed amino acid mutants, so an idea of the effect of the changes on
the 3D structure could be analysed. The different amino acid changes were
highlighted on the 3D model of AXR4, so positions of the changes could be observed
(figure 70). From this, those that are located on the outside of the 3D structure all

completely restored axr4 function; therefore it is likely that these positions can take
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great variety in amino acid change. However the residues buried deep in the AXR4
structure are those that give varied restoration of axr4 function. Despite giving varied
restoration, they all give up to a least 80 % restoration, and therefore even major
changes in amino acid used, such as L-E, which appear to change the 3D structure,
still allow AXR4 to function (figure 71). Each specific amino acid change was
observed and a predicted 3D model was created. From figure 71, although a lot of the
amino acid changes cause a loop to become free of the structure, all of them keep the
tight bundled structure of AXR4. Therefore it may be this structure itself that allows
AXRA4 to function, and those that disrupt it in small ways, such as causing a loop to
become free, may reduce the efficiency that AXR4 can function, give a slight partial
phenotype.

Figure 70: 3D model of AXR4 and a summary of amino acid sites targeted
Amino acid positions marked to whether they all rescue axr4 phenotype (green) or

partially rescue axr4 phenotype (yellow).
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Figure 71: 3D structure of each amino acid change
3D model predicted by CPH models, showing complete rescue (green), or partial

rescue (yellow).

Due to the fact that AXR4 can accommodate numerous mutations within the alpha

beta hydrolase domain, with all amino acid changes resulting in a functional AXR4
140



protein, it appears that the domain does not play a role in AXR4 function. It is
therefore unlikely that AXR4 is acting as a post translational modifying enzyme, as if
it had an enzymatic function, this would be more sensitive to amino acid changes.
The alternative hypothesis is that AXR4 is functioning as an ER accessory protein,
probably as an ER chaperone, providing correct folding, or preventing AUX1

aggregation.

6.3. AXR4 — AN ER ACCESSORY PROTEIN?

As mentioned previously ER accessory proteins have been shown to be involved in
providing correct folding and preventing aggregation. For example the loss of PHF1
in Arabidopsis leads to an abnormal accumulation of its target protein PHTL1 (a
phosphate transporter) within the ER, and loss of correct localisation to the plasma
membrane (Gonzélez et al, 2005). And other ER accessory proteins have shown that
this abnormal accumulation is the result of aggregation, the mammalian low-density
lipoprotein (LDL) receptor family aggregates in the ER in the absence of its ER
accessory protein RAP (Bu et al, 1995; Bu & Schwartz, 1998). Similarly Shr3p is
required for the correct trafficking of amino acid permease (e.g. Gaplp) family (18
members) to the plasma membrane, and its absence cause aggregation of its targets,
preventing loading into COPII vesicles and accumulation within the ER (Ljungdahl
et al, 1992). AUX1 belongs to the amino acid/auxin permease family within
Arabidopsis and shares similarities to Shr3p AAP targets at the protein level;
therefore it is possibly that AXR4 is playing a similar role to Shr3p in providing an
ER accessory protein function. AXR4 has many similarities with ER accessory
proteins, as it is localised to the ER and it is involved in the correct localisation of its
target proteins; the AUX1/LAX family, with accumulation of these target proteins
within the ER in axr4. Evidence also suggests that AXR4 prevents aggregation of
AUX1 in vivo (Tendot Abu Baker, 2007). Kota et al (2007) have shown that Shr3p
interacts directly with its targets, therefore to see if AXR4 plays a similar role as an
ER accessory protein for AUX1, we looked at co-immunolocalization in vivo and in
planta, to look for interaction between the two proteins.
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6.3.1. AUX1 and AXR4 interaction in vivo

6.3.1.1. Recombinant AUX1 and AXR4 co-expression in Baculovirus

System

The baculovirus expression system has been widely used to produce recombinant
functional heterologous proteins, giving high expression levels (Hunte et al, 2003;
reviewed by Hu, 2005). The baculovirus system is advantageous as insect cells are
higher eukaryotes and possess post translational modification activities, allowing
correct folding, oligomerisation and modifications, producing recombinant proteins
that are antigenically, immunologically and functionally similar to the homologous
proteins. Once baculovirus have infected insect cells, the viral DNA un-coats,
highjack’s the cell protein production machinery and replicates.

extracellular

T T 7 7 T 1 7 O 7 T 7 7 7 T 7 7 7 777 77 777777
SUEALALAIALH LR A LA LA L S L L L A LA LA LA BB AL

v
Loop 2
(L2)

intracellular

A HAtag: YPYDVPDYA

V Hisg3XFLAG: RGSHHHHHHDYKDHDGDYKDHDIDYKDDDDK
Figure 72: Diagram of AUX1 showing sequence tag positions
Diagrammatic representation of AUX1 showing position of epitope tags (HA or
Hisg3XFLAG) either at amino acid position 3 (N) or 116 (L2). The predicted
membrane topology of AUX1 is shown with TM helices represented as cylinders
(Swarup et al, 2004).

In order to gain more insight into the interactions between AUX1 and AXR4, co-

expression studies were carried out using the baculovirus expression system. Co-
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expression is accomplished by infecting the same insect cell with AUX1 and AXR4
viruses. The following three AUX1 constructs were used; N-HA-AUX1; N-
Hisg3XFLAG-AUX1; L2-Hisg3XFLAG-AUX1 (figure 72); and one AXR4 construct;
HissHA-AXR4 (Carrier, 2009; Tendot Abu Baker, 2007).

For the co-expression study Sf9 insect cell cultures were infected with AUX1 and/or
AXR4 at 0.1, 1 or 10 MOI (multiplicity of infection — the ratio of viral particles to
Sf9 cells) based on titre of viruses (table 13). The viruses were optimised based on

expression levels so that equal concentrations of proteins were used for co-

expression.

Virus P3 Titre (pfu/ml)
AXR4-HA-His 2 x 10°
AUX1-N-His-FLAG 2 x 10°
AUX1-L2-His-FLAG 1x10°
NHA-AUX1 2 x 10°

Table 13: Titre of virus stocks
Titre of the AXR4-HA-His, AUX1-N-His-FLAG, AUX1-L2-His-FLAG, NHA
AUX1 viruses. Data courtesy of Dr lan Kerr (Nottingham University).

Western blots were performed to confirm the expression of tagged AUX1 and AXR4
protein. Cells were harvested by centrifugation after 48 hours; lysed and 20 pg of the
cell lysate was loaded and separated on 15 % SDS-PAGE gel followed by blotting
onto a nitrocellulose membrane. Western detection of proteins was performed using
anti-FLAG (1:2000 dilution), anti-His (1:1000 dilution), anti-HA (1:1000 dilution),
and anti-AXR4 (1:10000 dilution) antibodies.

Figure 73 shows the immunodetection of AXR4-HA-His, AUX1-N-His-FLAG,

AUX1-L2-His-FLAG and AUX1-HA, using anti-HA, anti-FLAG, anti-HIS and anti-

AXR4 antibodies after infection. A ~ 55 kDa band corresponding to the recombinant

AXRA4 protein was detected in the blot with anti-HA, anti-His and anti-AXR4 (shown

by the arrow). As shown in figure 73 anti-AXR4 is a highly specific for AXR4 and
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works well at low titre. A ~ 48 kDa band corresponding to the recombinant AUX1
protein was detected in the blot with anti-HA, anti-His and anti-FLAG (shown by the

star). MOI for each construct was chosen based on equal expression on western blot.

C AXR4 NHA C AXR4 NHA AXR4 C L2 N C L2 N

AUX1 AUX1 AUX1 AUX1 AUX1 AUX1
175
*
80
55
*
40
L )\ ) L ) )
Y Y Y Y
Anti-AXR4 Anti-HA Anti-His Anti-FLAG
MOI10.1 MOI0.1 MOI 10 MOI 10

Figure 73: Western blot of recombinant proteins in insect cells

Western immunodetection of recombinant AXR4-HA-His, AUX1-N-His-FLAG,
AUX1-L2-His-FLAG, and NHA AUX1 protein. P3 baculovirus stocks were used to
infect Sf9 cells at MOI of 0.1 and 10. After culture for 48 hours at 28 °C cells were
harvested, lysed and the lysate (10 pg) resolved by SDS-PAGE and expression
verified by immunoblotting, with anti-AXR4 (first panel), anti-HA (second panel),

anti-His (third panel), and anti-FLAG (fourth panel) antibodies. * represents
AUX1. C = non infected control.

6.3.1.2. Co-immunoprecipitation of AUX1 and AXR4

The co-expression studies were carried out based on the optimised conditions
achieved in MOI for the AXR4 and AUX1 protein to give similar levels of
recombinant protein. As previously mentioned ER accessory proteins such as Shr3p

have been shown to interact with their target proteins (Kota et al, 2007). Therefore to
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see if AXR4 interacts directly with AUX1 co-immunoprecipitation experiments were
done to test for a physical interaction. Co-immunoprecipitation (Co-IP) enables
isolation of native protein complexes from a lysate by directly immobilising purified
antibodies through covalently coupling them onto an amine-reactive resin. Co-IP is a
common approach to study protein:protein interactions that use an antibody to
immunoprecipitate the antigen (bait protein) and co-immunoprecipitate any

interacting proteins (prey proteins).

The Co-IP experiments were performed on baculovirus cell lysates using anti-FLAG
or anti-AXR4 resin, and as a control, uncoupled resin. Co-expressed recombinant
AUX1 and AXR4 were used to test AUX1 and AXR4 interaction, and was
immunoprecipitated using anti-FLAG, anti-AXR4 and control resin. Singly
expressed recombinant AUX1 or AXR4 was used as a control to show that the
proteins themselves do not interact directly with the antibodies (anti-AXR4 and anti-
FLAG respectively). In the Co-IP experiments, anti-FLAG was used to
immunoprecipitate AUX1-N-His-FLAG in co-expressed cell lysate, and then western
analysis using anti-AXR4 was performed to see if there is any AUX1/AXR4
interaction. This was also performed the other way round, so that anti-AXR4 was
used to immunoprecipitate AXR4 His-HA in co-expressed cell lysate, and then
western analysis using anti-FLAG was used performed to detect AUX1 and see if
there was any AXR4/AUX1 interaction. Appropriate controls using single expressed
cell lysate and uncoupled resin were performed. The protocol used for the co-
immunoprecipitation of AXR4 and AUX1 is described in chapter 2.6.7. Co-
immunoprecipitation was carried out overnight at 4 °C, and then samples were
separated on a gradient 10-20 % SDS PAGE before being transferred to

nitrocellulose membrane.

Affinity purification of AUX1 N-His-FLAG using the antibody against FLAG was
successful in immunoprecipitating AUX1 N-His-FLAG when detected by the anti-
FLAG antibody by western blot analysis. Interaction between the recombinant
AUX1 and AXR4 in vitro was confirmed in figure 74, showing co-
immunoprecipitation of AXR4 HA-His. No signal was detected for AXR4 in any of
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the controls suggesting that this is a specific interaction between AUX1 and AXR4
recombinant protein with the insect cells.

a INPUT: AUX1 N-His-FLAG b

IMMUNOPRECIPTATION: AUX1 INPUT: AXR4 HA-His and AUX1

Anti-FLAG resin N-His FLAG
IMMUNOPRECIPTATION: Control
Kd resin
T FT W1 W2 W3 E
Kd T FT WL W2 W3 E
170
170 L Auxa
70
—
——— AXR4
—
55
40 L AUX1
—>
DETECTION: Anti-FLAG DETECTION: Anti-AXR4
c d INPUT: AUX1 N-His-FLAG and
INPUT: AXR4 His-HA AXR4 His-HA
IMMUNOPRECIPTATION: AUX1 IMMUNOPRECIPTATION: AUX1
Anti-FLAG resin Anti-FLAG resin
Kd Kd
T FT W1 W2 W3 E T FT WL W2 W3 E
—— AXR4 ——— AXR4
DETECTION: Anti-AXR4 DETECTION: Anti-AXR4

Figure 74: Co-immunoprecipitation of AUX1 and AXR4 using Anti-FLAG

a) AUX1 N-His-FLAG immunoprecipitated using anti-FLAG resin. b) AXR4 His-
HA immunoprecipitated using anti-FLAG resin. ¢) AXR4 His-HA
immunoprecipitated with the control resin. d) AXR4 His-HA and AUX1 N-His-
FLAG co-expressed immunoprecipitated with anti-FLAG resin. Key: T = Total
Input, FT = Flow through sample after affinity purification, W1-W3 = Washes, E =

Elute after affinity purification
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Figure 75: Co-immunoprecipitation of AXR4 and AUX1 using anti-AXR4.

a) AXR4 His-HA immunoprecipitated using anti-AXR4 resin. b) AUX1 N-His
FLAG immunoprecipitated using anti-AXR4 resin. ¢) AUX1 N-His FLAG
immunoprecipitated with the control resin. d) AUX1 N-His FLAG and AXR4 His-
HA co-expressed immunoprecipitated with anti-AXR4 resin. Key: T = Total Input,
FT = Flow through sample after affinity purification, W1-W3 = Washes, E = Elute

after affinity purification

Affinity purification of AXR4-HA-His using the antibody against AXR4 was
successful in immunoprecipitating AXR4 when detected by the anti-AXR4 and anti-
His (data not shown) antibody by western blot analysis. Also interaction between
AUX1 and AXR4 was further reinforced by the fact that when immunoprecipitating
AXR4, AUX1 N-His-FLAG is also co-immunoprecipitated (figure 75), while AUX1
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was not detected in any of the controls. The lack of AXR4 or AUX1 within any of
the controls suggests that co-immunoprecipitation was not due to cross reaction with

a non-specific protein.

INPUT: AXR4 HA-His & ABCB1
His
IMMUNOPRECIPTATION: Anti-
AXR4 resin

Kd
T FT W1 W2 W3 E

130 —— ABCB1
—

—— AXR4

DETECTION: Anti-HIS (AXR4
& ABCB1)

Figure 76: Co-immunoprecipitation of AXR4 and ABCB1

Co-expressed AXR4-HA-His and ABCB1-His immunoprecipitated using anti-AXR4
resin and detected with anti-His. Key: T = Total Input, FT = Flow through sample
after affinity purification, W1-W3 = Washes, E = Elute after affinity purification

In order to rule out the possibility that the interaction seen above is not simply due to
overexpression of two highly expressed membrane proteins. A control co-
Immunoprecipitation experiment was designed where AXR4 was co-expressed with
a control protein ABCB1-Hisg. The rationale for using the same epitope tag (His) for
both AXR4 and ABCB1 was that the two proteins could be distinguished based on
their size differences; AXR4 (55 Kb) and ABCBL1 anti-HIS (130 Kb). Figure 76
shows that while AXR4 is still immunoprecipitated using anti-AXR4 resin, while
ABCBL is not detected. This shows that despite both of them being highly expressed
in insect cells, ABCB1 cannot be pulled down. Therefore ruling out that the
interaction detected between AUX1 and AXR4 within insect cells, is not just an
artefact due to high expression levels. In summary, co-immunoprecipitation
experiments have detected a specific interaction between AXR4 and AUX1

consistent with AXR4 functioning as an ER accessory protein.
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6.3.2. AUX1 and AXR4 interaction in planta

While we have shown that AUX1 and AXR4 interact in vitro we wanted to look at
their interaction in natural conditions, therefore we did a similar experiment looking

at co-immunoprecipitation using anti-AXR4 in Arabidopsis thaliana root cultures.

6.3.2.1. Solubilisation of AXR4 in planta

To test for AXR4 solubilisation a range of detergents were used; Non-ionic
detergents NP-40 (1 %), Dodecyl- B-maltoside (DDM) 2%, and zwitterionic
detergent (0.1 %). All solubilisations were at 4 °C for 1 hour to prevent proteolysis
and help with retention of protein function. After incubation to allow solubilisation,
centrifugation was used to pellet the un-solubilised proteins. Both soluble and
insoluble fractions were analysed by western blotting (figure 77). The results suggest
that out of the detergents tested NP-40 is the most efficient at completely solubilising
AXR4, NP-40 was therefore used for the Co-IP experiments.

MF  NP-40 DDM CHAPS NP-40 DDM CHAPS
1% 2% 0.1% 1% 2% 0.1%

Kd

55

T T

Soluble Insoluble

Figure 77: Detergent trials for AXR4 solubilisation.

Detergent solutions were added to Wt microsomal membrane fractions suspended in
solubilisation buffer, to achieve the desired detergent concentration and to give a
final protein concentration of 1 mg/ml. The insoluble fraction was separated from the
soluble fraction by centrifugation (100,000 g for 60 minutes) and resuspended in

10% SDS (w/v) to allow complete solubilisation.
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6.3.2.2. Immunoprecipitation of AXR4 in planta

INPUT: Col microsomal fraction INPUT: axr4 microsomal fraction
IMMUNOPRECIPTATION: Anti- IMMUNOPRECIPTATION: Anti-
AXR4resin AXR4resin
Kd
FT W1 W2 W3 E FT E
70%
55
DETECTION: Anti-AXR4 (left),
DETECTION: Anti-AXR4 Anti-BPL1 (right)

Figure 78: Western detection of AXR4 after anti-AXR4 immunoprecipitation
Affinity purification of AXR4 in the Columbia (Wild type) background was carried
out as in chapter 2.6.7. Aliquots of the samples were loaded onto 10-20 % SDS
PAGE and were blotted onto nitrocellulose membrane. The blots were probed with
anti-AXR4 at 1:10,000 dilution. A 55 kDa band of AXR4 signal was observed in the
elution fraction of the anti-AXR4 pull down. To confirm that protein was loaded on
the axr4-2 pull down a control protein anti-BPL1 was used. Key: FT = Flow through,
W1-W3 = washes 1-3, E = elution.

For the co-immunoprecipitation experiment in planta, NHA-AUX1 (Swarup et al,
2001) root cultures were used to allow analysis of AUX1 and AXR4 interaction
within Arabidopsis. Western blot analysis was performed on 10 % of the elution
fraction. Detection of AXR4 was detected in the wildtype (Columbia) background
but not the axr4-2 mutant background or the uncoupled resin, showing that the
AXR4 can be immunoprecipitated under these conditions (figure 78). To confirm
that the protein solubilisation was successful in the axr4 mutant, a control antibody
(anti-BPL1) was used.
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While the AXR4 immunoprecipitation experiment was successful, AUX1 was not
detected within the flow through or the elution after co-immunoprecipitation (data
not shown). This may be due to the fact that AUX1 is expressed only in a few cell

files within the root, and therefore may be below detection levels.

6.4. DISCUSSION

Genetic analysis of axr4 and aux1 show that these two proteins function in the same
pathway, regulating auxin related root development (Dharmasiri et al, 2006). axr4
mutant have a weak auxl like phenotype, identified originally in screens for auxin
resistance (Hobbie & Estelle, 1995). Both auxl and axr4 mutant roots are
agravitropic, and have a decreased amount of lateral roots. axr4 mutants similar to
aux1l mutants, are resistant to applications of auxins that require transporter proteins
(2,4-D and 1AA), but not membrane permeable auxins (NAA), and both mutant
phenotypes are rescued by the application of NAA (Marchant et al, 1999; Yamamoto
& Yamamoto, 1998, 1999). Cloning of AXR4 revealed a novel transmembrane
protein of 473 amino acids which is localised to the ER. Because of these similarities
with auxl it was possible that AXR4 was an auxin influx carrier in its own right, or
that it regulated the trafficking or function of AUX1. Dharmisiri et al (2006) showed
that AUX1 trafficking was affected in the axr4 mutant background, with
accumulation of AUX1 within the ER rather than correct localisation to the plasma
membrane. In the previous chapter we have shown that AXR4 is also required for the
correct localisation of LAX2 and LAXS3, and is likely to be involved in trafficking
for the whole AUX1/LAX family. In the axr4 mutant, AUX1, LAX2 and LAX3
become mislocalized and accumulate within the ER, however how AXR4 provides

this targeting is unknown.

There are a number of different hypotheses about its function, such as acting as an
ER accessory protein providing correct folding and attainment of tertiary structure.
This would allow AUX1 to be folded correctly and inserted into the ER membrane,
possibly by acting as a helix storage site before AUX1 is ready for incorporation into
the ER membrane and preventing self aggregation (Dharmasiri et al, 2006). Hobbie
(2006), suggested that AXR4 may regulate the lipid composition at the ERES
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allowing AUX1 exit, as axr4 knockouts had a different membrane lipid composition
during phosphate starvation (Kobayashi et al, 2006). Alternatively AXR4 could act
as a post translational enzyme, modifying AUXL1 to allow exit from the ER and
targeting information. Glycosylation and acylation have been shown to affect protein
localisation and therefore post translational modification can provide targeting
information. For example, glycosylation of the glycine transporter GLY T2 affects its

polar localisation (Zafra and Gimenez, 2001).

Post translational modifications are covalent processes that involve the alteration of
the primary structure of the protein after protein translation and folding. More than
300 different protein modifications have been documented, such as addition or
removal of functional groups (acetate, phosphate, lipids and carbohydrates), addition
of proteins or peptides, changing the chemical nature of the amino acids
(citrullination) and structural changes of the protein (disulfide bridges) (Mann and
Jensen, 2003).

Bioinformatic analysis identifies two weakly conserved alpha beta hydrolase fold
motifs in the C-terminal domain of AXR4, which is a common feature of a wide
range of enzymes including the acyltransferase family. Alpha beta hydrolase fold
domain superfamily of proteins are known to subserve three general functions: 1)
catalysing the hydrolysis of ester and amide substrates as with acetylcholinesterase
(AChE); 2) serving as chaperones for section of hormone precursors such as with
thyroglobulin (Tg); 3) mediating heterophilic synaptic adhesion interactions as found
for neuroligin (NLGN) (De Jaco et al, 2010). The o/p hydrolase fold family is one of
the most versatile and widespread protein folds known, and over 50 structures have
been solved, including proteases, lipases, esterases, dehalogenases, peroxidises and
epoxide hydrolases (Nardini & Dijkstra, 1999). The common structure of the o/f-
hydrolase fold domain shared by the members of this family, suggests that despite
the different functions, these proteins share common mechanisms of protein folding
and processing (De Jaco et al, 2010). As AXR4 contains two putative alpha beta
hydrolase fold these were analysed using site directed mutagenesis to determine if

these domains are active in AXR4 function.
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When Arabidopsis thaliana AXR4 was aligned with AXR4 homologous proteins
from other plant species, the amino acid similarity was very high especially in the
large C terminal domain of AXR4 (appendix 9.6). Possible functional amino acids
were then further narrowed down by comparing this alignment with proteins in other
kingdoms containing the alpha beta hydrolase domain, highlighting conserved amino
acids within this domain. Site directed mutagenesis was then used to target nine
different amino acids and generate random mutations at these specific sites. 34
different amino acid changes were identified and these were screened on 50 nM 2,4-
D. The majority of the lines rescue the axr4 phenotype, with a few lines showing a
partial rescue such as 140 L-V, 154 G-L, 201 D-C, 246 L-A, 246 L-E and 246 L-T.
154 G-L is interesting where the small hydrophobic glycine changes to a
hydrophobic aliphatic leucine. It is likely that the amino acid change is affecting the
structure in some way, and therefore reducing AXR4 efficiency. In the other case
(201 D-C) amino acid change from the small negatively charged polar aspartate to a
small polar cysteine, a highly disfavoured change in membrane proteins (Betts &
Russel, 2003). Interestingly, all substitutions at amino acid 246 result in a weak
phenotype at 25 nM 2,4-D suggesting that this amino acid substitution may play an
important role in AXR4 function.

On the whole, however we have shown that AXR4 is tolerant to amino acid changes
even in highly conserved amino acids without losing function. This suggests that
none of these conserved amino acids in the alpha beta hydrolase fold are essential for
AXR4 function, and therefore it is likely that the o/f hydrolase fold does not play a
role in AXR4 function. The inability to identify a single amino acid substitution that
results in loss of function makes AXR4 a very interesting protein for structural
studies. This may also explain why missense alleles of axr4 have not been identified
in numerous 2,4-D screens. The only mutations discovered for AXR4 are insertions
(T-DNA and y-radiated) and those EMS mutants that result in stop codons (figure
79). The lack missense mutations in AXR4 that cause loss of function, could be
because AXR4 has flexibility within its structure and can cope with single amino acid

changes without losing function.
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To confirm that AXR4 function was restored in the mutant lines, in situ localisation
of LAX2 and NHA-AUX1 were used to see whether they are correctly targeted to
the plasma membrane. As shown previously AXR4 is required for the correct plasma
membrane localisation, the axr4 mutant resulting in accumulation of these proteins in
the ER. The results confirm that LAX2 and AUX1 are correctly targeted within the
mutants, suggesting that all the amino acid changes lead to a functional AXR4
protein. It may be that the lines that partially rescue axr4 are those that slightly affect

the structure of AXR4 causing it to be less efficient functionally.

axr4-4 (Q1 385top3x
1

|
axr4-3 (W47stop) axr4.2 (insertion)

i4-1 (T-DNA)

- L —

Figure 79: Diagram of AXR4 KO lines
Showing two EMS mutants, y-irradiated and T-DNA mutant.

It appears therefore that the alpha beta hydrolase domain does not play a role in
AXR4 function; therefore it is possible that AXR4 is acting as an ER accessory
protein, providing correct AUXL1 structure or preventing aggregation of AUX1
within the ER. Therefore it may be possible that AXR4 structure itself is important to
allow function, therefore 3D models were created of AXR4 and the mutations to see
if there are any differences in the prediction. Membrane proteins are notoriously
difficult to work with, and so far only 187 membrane proteins have had their 3D
structures resolved (White, 2009). This represents only a small fraction of membrane
proteins, as they comprise of 20-30 % of all proteins in both prokaryotic and
eukaryotic organisms (Kunji et al, 2005). In comparison the number of 3D structures
of soluble proteins identified is well over 10,000 (Grissammer and Buchanan, 2006).
Due to this lack of known structures of membrane proteins, it is difficult to model
predictions. Therefore the 3D models produced by CPH models 3.0 should be used
as a rough model of AXR4 3D structure. From this model a lot of the amino acid
changes cause a loop to become free of the structure, however they all keep the
tightly bundled structure of AXR4 which may be necessary for its function. Those

changes that disrupt it in small ways, such as causing a loop to become free, may
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reduce the efficiency with which AXR4 can function, give a partial phenotype rather
than complete rescue. This agrees with the model of AXR4 as an ER accessory

protein.

ER accessory proteins are important for the correct localisation of their targets, and
loss of function mutants result in accumulation of their target within the ER. The
mammalian ER accessory protein RAP, for example, is involved in the correct
localisation of low-density lipoprotein (LDL) receptor family; its absence causes the
LDL receptors to aggregate within the ER (Bu et al, 1995; Bu & Schwartz, 1998).
Similarly loss of PHF1 in Arabidopsis leads to abnormal accumulation of its target
protein PHT1 (a phosphate transporter) within the ER, and loss of correct localisation
to the plasma membrane (Gonzélez et al, 2005). In yeast, Shr3p is required for the
trafficking of amino acid permeases (e.g. Gaplp) to the plasma membrane
(Ljungdahl et al, 1992). In the Shr3p mutant Aapl is no longer folded correctly and
the proteins aggregate together, preventing Aapl from being loaded into COPII
vesicles and causing accumulation within the ER. AXR4 has been previously shown
by Dharmasiri et al (2006) to be required for the correct targeting of AUX1 to the
plasma membrane with the axr4 mutant resulting in AUX1 retention in the ER

These ER accessory proteins are highly specific to their cognate target proteins, for
example the mammalian TANGO1 ER accessory protein is involved in the correct
targeting of collagen VI1I solely and has been shown not to influence the transport of
the related protein collagen | (Saito et al, 2009). Pho86p in yeast has been shown to
be highly specific for the regulation of Pho84p, and does not influence the trafficking
of other members of the hexose transporter family to which Pho84 belongs to (Lau et
al, 2000). Dharmasiri et al (2006) provided evidence that AXR4 was specific to
AUX1 as the axr4 mutation had no effect on the localisation of other plasma
membrane proteins such as PIN1, PIN2 and H*-ATPase. A number of ER accessory
proteins have been shown to be specific for the trafficking of a whole family of
proteins, such as RAP and Shr3p, which is involved in the trafficking of LDL
receptor, and AAP families respectively. We have also shown in the previous chapter
that AXR4 is required for the correct localisation of LAX2 and LAX3 as well, and is
likely involved in the trafficking of the whole family. AUX1/LAX family belongs to
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the amino/acid permease super family within Arabidopsis, therefore it is possible that
AXR4 has a similar function to Shr3p. Recently Kota et al (2007) has shown that
Shr3p interacts directly with its target proteins. To see if AXR4 is playing a similar
role to Shr3p as an ER accessory protein for AUX1, we looked for direct interaction

between the two proteins in vitro and in planta.

Data from the co-immunoprecipitation studies of AXR4 and AUX1 provides strong
evidence that these two proteins interact. In the control studies using the opposite
antibody (e.g. anti-AXR4 for AUX1) or control columns, we show that there is no
immunoprecipitation. This shows that neither AXR4 nor AUX1 interact with the
column itself, or cross react with each other’s antibodies. Only when both proteins
are present co-immunoprecipitation occurs, indicating that the interaction between
the two proteins is specific. To rule out the possibility that the interaction is artificial
and only occurring because of the very high protein levels of the co-expressed
protein another control was used. AXR4 was co-expressed with ABCB1 which is a
multiple transmembrane protein. We have shown that ABCB1 cannot be detected
after co-immunoprecipitation with anti-AXR4, indicating that the AXR4 and AUX1

interaction is specific.

The interaction of AXR4 with AUXL1 is consistent with the proposed role as an ER
accessory protein, functioning as a molecular chaperone providing correct structure
or reducing aggregation (Dharmasiri et al, 2006). A known ER accessory protein
Shr3p in yeast is involved in preventing aggregation of a family of amino acid
permeases, by providing correct folding and attainment of tertiary structure (Kota
and Ljungdahl, 2005). The AUX1/LAX family belong in the amino acid permease
group, and while there is little similarity in structure between Shr3p and AXR4, it is
possible that AXR4 is playing a similar role in plants. This is further supported by
work by Tendot Abu Baker (2007) and Carrier (2009), showing that AXR4

prevented aggregation of AUX1 in a dose dependent manner.

As the co-immunoprecipitation showed interaction between AUX1 and AXR4 in
vivo, the experiment was repeated in plant cells. Due to the low expression levels of

AUX1 within Arabidopsis, AXR4 was chosen as the target for immunoprecipitation,
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and the eluate was analysed for AUX1 (anti-HA) expression by western blotting.
While we have shown that AXR4 is easily detectable under the conditions used, and
that the pull down experiments were successful, unfortunately in the western analysis
we were unable to detect the NHA-AUXL1 using anti-HA antibody. But these in
planta experiments are technically challenging for several reasons: 1) AUXL1 is
expressed only in a subset of root cells. 2) AUX1 is a polytopic membrane protein
that is hard to solubilise and only weak detergents were used to allow interactions
between AXR4 and other proteins to be observed. 3) AUXL1 is a plasma membrane
protein whereas AXR4 is an ER protein; therefore any interaction is only transient,
further limiting the likelihood of observing AUXL.

Despite these difficulties co-expression studies using heterologous expression system
have shown that AXR4 and AUX1 interact in vivo, supporting the theory that AXR4
is an ER accessory protein for AUX1 providing correct targeting, possibly through
preventing AUX1 aggregation within the ER.
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CHAPTER 7
CONCLUSION
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7. CONCLUSION

7.1. INTRODUCTION

Protein sorting within the ER accommodates an extraordinary variety of cargo
proteins with different structures, functions and ultimate destinations. A lot of these
proteins are sorted by signalling motifs found within the proteins themselves;
however some proteins have no recognisable sorting motif. There are also a number
of polytopic transmembrane proteins where the order of transmembrane insertions
into the membrane needs to be highly regulated. Some proteins are also prevented
from becoming functionally active prematurely before they reach their final
destination. In these cases the proteins are dependent on specific accessory proteins
(ER accessory proteins) for the correct structure and/or exit from the ER. A large
number of different proteins and varied mechanisms for ER accessory proteins have
been discovered in mammalian and yeast systems in the last ten years. In recent years
three potential ER accessory proteins have been discovered in plants suggesting that
similar mechanisms exist in plants too. It is likely that this mechanism is as
numerous and varied in plants as in other systems; with polytopic membrane proteins
requiring their own cognate ER accessory protein to facilitate folding and/or

transport.

7.2. DISCOVERING NEW ER ACCESSORY PROTEINS

ER accessory proteins in plants are a relatively new area of research within
Arabidopsis thaliana, and part of the project was focused on discovering new ER
accessory proteins within plants. While ER accessory proteins have similar
functions, almost all ER accessory proteins share no homology with each other, with
no common motif or domain (Cooray et al, 2009). Despite this they are all localised
to the ER with a transmembrane domain. A protein localisation data set (LOPIT —
Dunkley et al, 2006) was used to identify targets which could possibly be ER
accessory proteins, based on ER localisation and an unknown or novel function. Two

of the known ER accessory proteins in Arabidopsis thaliana AXR4 and PHF1 were
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identified using this method, suggesting this is a suitable method for ER accessory

protein discovery.

These candidate proteins (40) were then prioritised based on expression within the
roots, whether they were single or multi copy genes and if T-DNA KOs were
available. This narrowed the list of candidates from 40 to 20 targets. Of these 20
targets, 14 homozygous T-DNA KOs were isolated, 7 of which showed complete
loss of MRNA expression. Those lines where homozygous T-DNA KOs were
obtained, but still there was not a complete loss of mMRNA expression, insertions
were mostly located within the introns, suggesting that the transcript was spliced
correctly despite the T-DNA insert. For one of the lines the T-DNA insert was
located within the 5> UTR and in this case the 35 S promoter within the T-DNA
likely drove the expression of the gene. The lines where no homozygous lines have
been identified were mainly due to lack of T-DNA insertion within the gene of
interest. For these targets other mutation/insertion lines could be analysed if
available. Alternatively an RNAI approach can be used to obtain knock down lines in

these genes of interest.

The homozygous KO lines were subjected to phenotypic analysis including
deficiency screens, toxicity screens and ICP-MS analysis of nutrient content within
the aerial tissue. The rationale of these phenotypic analysis was that if the Wt (wild
type) protein functions as an ER accessory protein for a membrane transporter; then
in the KO lines the membrane transporter will not be correctly localised and is
expected to affect uptake or transport of nutrient/mineral and give a phenotype under
these conditions. For example an observed increased resistance to toxicity screens,
could be due to the reduced ability to uptake the toxic chemical caused by a

mislocalisation of a plasma membrane transporter protein.

A few lines gave a weak phenotype in these screens, suggesting that they may play a
role as an ER accessory proteins. Mutations in At2g16170 (N663810) gave an
increased sensitivity to toxic levels of boron (>500 uM Boron). If it plays a role as an
ER accessory protein, this phenotype could be caused by mislocalization of a xylem

loader protein such as BOR1, or a vacuole importer. The borl phenotype has reduced
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growth in boron limiting conditions and increased resistance to toxic levels of boron
(Noguchi et al, 1997; Takano et al, 2010). Future work in discovering whether
At2g16170 is involved in the trafficking of a boron transporter would be to locate

boron transporters in the At2g16170 mutant background.

Mutation in AtBPL and related family members gave a weak phenotype under nitrate
limiting conditions, with reduced growth compared to Wt. This would suggest that
one of the transporters involved in uptake is deficient, leading to a reduction in
nitrate uptake and therefore increased deficiency within the plant. There are a large
number of nitrogen transporters within the plants (53 NRT1 genes in Arabidopsis)
and it is likely that AtBPL family only regulate trafficking of some of these
membrane transporters, therefore only have a weak phenotype. A possible target
could be CHL1 (AtNRT1.1) which is constantly expressed and responsible for high
affinity uptake under low nitrate conditions, if this was mistargeted it would give

reduced growth, as less nitrogen is available to the plant.

Mutation in Atlg71789 (N614289) gave a weak phenotype in a number of screens,
with an increased sensitivity to boron. Also, in the ICP-MS analysis it gave an 80 %
reduction in nutrient concentration. This suggests that this line may play a more
extensive role than an ER accessory protein for a single transporter protein, as it
appears to affect multiple nutrient levels within the plant. It may possibly be
involved in general protein processing within the ER, such as a chaperone, or being
involved in the ERAD system. Hong et al (2008) have previously shown that
inhibition or mutants with the ERQC/ERAD system result in significant suppression
of the bril-5 dwarf phenotype. BRI1 encodes a cell surface receptor for
brassinosteriods, and a weak bril-5 allele carries a mutation that causes it to be
retained in the ER by the ERQC (Li et al, 2001). Genetic analysis of the double
mutant (Atlg71789 and bril-5) would clarify whether Atlg71789 plays a general
role in the ERAD system in Arabidopsis.

Genetic analysis of these potential ER accessory protein candidates only resulted in a
weak phenotype. It is not surprising considering the complexity of the nutrient

transport system within the plant. There are large numbers of transporter proteins in
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plants, differing not only in their tissue and membrane location but also in their mode
of energisation, substrate affinity and specificity (Blatt, 2004).

Further characterisation of these lines will clarify their role as an ER accessory
protein. Besides identification of their targets which would be another challenge. A
number of techniques can be used including expression analysis, genetic analysis,
metabolic profiling, pull down studies and yeast two-hybrid analysis. Once the target
protein is known localisation studies in planta will reveal if they are mislocalised in

their cognate mutant backgrounds.

7.3. AtBPL — AN ER ACCESSORY PROTEIN?

Bioinformatic analysis suggested that one of the candidate genes was similar to
mammalian BAP31. In animal systems, BAP31 has been shown to act as an ER
accessory protein for MHC class | molecules and tetraspanins CD9 and CD81
(Stojanovic et al, 2005); hence AtBPL1 was a promising candidate as a potential ER
accessory protein. In situ immunolocalisation using highly specific BPL1 antibodies
revealed that BPL1 colocalises with ER markers confirming its location in the ER.

Genetic analysis of the AtBPL1 knock out showed reduced root growth in nitrogen
deficient conditions. In Arabidopsis, there are three other AtBPL1 like genes
(designated AtBPL2-4). Of the four members of the BPL1 family homozygous knock
out lines were obtained for BPL1, BPL2 and BPL3, however no homologous line was
identified for BPL4 (using two idependant T-DNA insertion lines). For one of the
BPL4 T-DNA insertion lines, the T-DNA insert was located in the intron and the
mRNA level was normal in this knock out, suggesting that in this line the gene is still
transcribed correctly due to mRNA splicing. In the other case (N803596) though the
T-DNA is located in the exon, seed germination was very poor in this line and so it
could not be determined if our inability to identify a homozygous line for AtBPL4
suggests an embryo lethal phenotype. Further analysis of the heterozygous lines
would confirm if there is an embryo or seedling lethal phenotype.
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AtBPL family was further investigated using a miRNA approach targeting all
members of the family. Using single KOs and miRNA lines, we show that the mutant
bril-5 phenotype cannot be suppressed, suggesting that the BPL family is not
involved in a general role in ER quality control. We also showed that all lines had a
weak phenotype on nitrate deficiency screens and chlorate toxicity screens, with
reduced growth. It is possible that BPL family is involved in targeting a nitrate
transporter, possibly a vacuole or xylem loading transporter, such as CLCa. We have
shown that the mutant phenotypes do not phenocopy clca under the conditions used
in our lab and it is possible that the BPL family is involved in the trafficking of other
nitrate transporters. Further studies will involve discovering potential targets of BPL,

which can then be clarified looking at the localisation within the bpl mutants.

To try and discover BPL1 role in plants and identify interacting partners, a mass
spectrum analysis was performed on BPL1 pull downs in planta, in comparsion to
the bpll mutant. While this highlighted some proteins that are only found in the
BPL1 pull down, the BPL1 protein itself was not pulled down. It is possible that
BPL1 peptides do not fly well in our conditions but care must be taken in interpreting
this data. There are a few interesting candiates such as MILDEW RESISTANCE
LOCUS 0O 15 (MLO15); a polytopic membrane protein, known to be involved in cell
death in plants (source NCBI BLink). BAP31 is involved in apoptosis in mammalian
systems and therefore identification of MLO15 in our pull down is exciting. Future
work of these targets would be to look at mutant phenotypes and see if they are
similar to BPL family phenotype. Yeast two hybrid screens can be used to confirm

interaction of the two proteins.

7.4. AXR4 — AN ER ACCESSORY PROTEIN OR POST TRANSLATIONAL
MODIFYING ENZYME?

AXR4 has been previously shown by Dharmasiri et al (2006) to be required for the
correct targeting of AUX1 to the plasma membrane with the axr4 mutant exhibiting
AUX1 retention in the ER. This ER retention of the target protein is typical of a
mutated ER accessory protein such as Shr3p, RAP, LMAN1-MCFDC (Ljungdahl et
al, 1992; Bu et al, 1995; Appenzeller et al, 1999; respectively). However
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bioinformatic analysis suggest that AXR4 contains two weakly conserved alpha beta
hydrolase fold motifs in its C-terminal domain. Alpha beta hydrolase fold domain is
a common feature of a wide range of enzyme including the acyltransferase family.
Though evidence suggests that AXR4 acts as an ER accessory protein the possibility
that it functions as a post-translational modifying enzyme could not be ruled out. To
test the role of the alpha beta hydrolase domain on AXR4 function, site directed

mutagenesis was performed on highly conserved amino acids within these domains.

10 sites were chosen for mutagenesis, and 34 different amino acid subsitutions were
made. Phenotypic analysis suggested that the majority of the lines completely
rescued axr4 phenotype. This was further confirmed by in situ immunolocalisation
through the localisation of LAX2 and AUX1 (NHA-AUX1) in the in vitro
mutagenesis AXR4 background. All lines analysed not only rescued the axr4
phenotype, they also showed a wildtype (Wt) membrane localisation of LAX2 and
AUX1.

Our work clearly shows that AXR4 can still function despite amino acid changes
even in highly conserved amino acids in the alpha beta hydrolase fold domain
suggesting that none of these conserved amino acids are essential for AXR4 function.
Therefore it is likely that the o/f hydrolase fold does not play a role in AXR4
function and AXR4 functions as an ER accessory protein. This is further supported
by work of Tendot Abu Baker (2007) and Carrier (2009) who showed that AXR4
reduces AUX1 aggregation in insect cells as has been shown for several ER

accessory proteins in yeast (Kota and Ljungdahl 2005).

7.4.1. AXR4 is required for the correct localisation of the AUX1/LAX
family

It has been hypothesised that AXR4 acts as an ER accessory protein for AUX1. One
ER accessory protein Shr3p in yeast is required for the trafficking of amino acid
permeases family (18 members) to the plasma membrane (Gilstring et al, 1999; Kota
& Ljungdahl, 2005). AUX1 belong to a small gene family of four highly conserved
genes (AUX1, LAX1, LAX2, and LAX3) within the amino acid/auxin permease super
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family in Arabidopsis (Young et al, 1999), and all have been shown to have auxin
uptake activity (Carrier et al, 2008; Péret et al, manuscript under preparation;
Swarup et al, 2008; Yang et al, 2006).

To discover if AXR4 is involved in the correct targeting of the whole family,
localisation studies of LAX2 and LAX3 within the axr4 background were carried out
and compared to Wt. Our work using cell biological approaches show that AXR4
also regulates the trafficking of LAX2 and LAXS3. This is futher supported by genetic
studies that suggest that axr4 mutants show weak auxl, lax2, and lax3 phenotypes.
For example, lax2 mutants show a vascular developmental defect in cotyledons, a
similar but weaker phenotype is also seen in axr4. The double mutant (lax2 and axr4)

is currently being produced to see whether they have an additive phenotype.

Similarly, both lax3 and axr4 mutants show defect in lateral root emergence and a
double mutant between lax3 and axr4 show a more severe lateral root emergence
defect. Hobbie & Estelle (1995) have shown that the auxlaxr4 double mutant had an
additive effect of producing fewer lateral roots than in either single mutant. Our work
provides an explanation for this phenotype as this is likely due to mis-targeting of
both AUX1 (Dharmasiri et al, 2006) and LAX3 in axr4 background.

At present it is not clear if AXR4 regulates targeting of LAX1 as well. Currently
efforts are underway to investigate this. A LAX1-YPET line (Swarup & Bennett,
personal communication) has been crossed with axrd and homozygous lines are

being screened.

7.4.2. AXR4 interacts directly with AUX1

In this study we provide evidence that AXR4 acts as an ER accessory protein and is
required for the trafficking of two other members of the AUX1/LAX family, LAX2
and LAX3. Recent work into ER accessory proteins has shown that in some cases
they interact directly with their targets (Kota et al, 2007). To test if AXR4 interacts

directly with AUX1, pull down experiments were designed.

165



Results provide strong evidence that AUX1 and AXR4 proteins interact in vivo. A
control experiment using ABCB1 and AXR4 do not show any interaction ruling out
the possibility of an artefact due to high protein levels, and confirming that the
AXR4 and AUX1 interaction is specific.

The pull down experiment were also performed in planta, however AUX1 was not
observed within the protein extract or elute. This may be due to the fact that AUX1 is
only expressed in a few cell files within the root, and therefore may be too low for
detection. As well as this the interaction between AUX1 and AXR4 is likely to be
transient within the ER, with the majority of AUX1 on the plasma membrane and
therefore not interacting with AXR4. Other approaches such as FRET or pull down
studies using plant protoplasts should be used to prove AUX1 and AXR4 interaction

in planta.

To conclude we have shown that AXR4 functions as an ER accessory protein to
regulate the targeting of AUX1, LAX2 and LAX3.
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9. APPENDIX

9.1. SEED LINES

Line At Code Description
N532583 Atl1g11905 T-DNA insert
N598336 Atl1g65020 T-DNA insert
N510039 At1g65020 T-DNA insert
N822782 At1g65270 T-DNA insert
N523673 Atlg70770 T-DNA insert
N614289 Atlg71780 T-DNA insert
N663810 At2g16760 T-DNA insert
N513066 At2g16760 T-DNA insert
N525841 At2936290 T-DNA insert
N519285 At3g07190 T-DNA insert
N803596 At3g07190 T-DNA insert
N633340 At3g20450 T-DNA insert
N527201 At3g927325 T-DNA insert
N593742 At3g44330 T-DNA insert
N620858 At3g62360 T-DNA insert
N837011 At4g12590 T-DNA insert
N829287 At4g16170 T-DNA insert
N522300 At4929520 T-DNA insert
N663464 At4g32130 T-DNA insert
N637042 At4932130 T-DNA insert
N602859 At5g920520 T-DNA insert
N587030 At5g920520 T-DNA insert
N822482 At5g42570 T-DNA insert
N600808 At5g48660 T-DNA insert
N662942 At5g49945 T-DNA insert
axr4-2 At1g54990 y-radiated insertion line
aux1-21 At2g38120 KO line
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lax1 At5g01240 KO line
lax2 At2g21050 KO line
lax3 Atlg77690 KO line
AXR4 GFP At1g54990 GFP protein fusion line
NHA AUX1 At2¢g38120 NHA protein fusion line
NHA AUX1 axr4-2 At2¢g38120 NHA protein fusion line
in axr4 background
LAX3 YFP Atlg77690 YFP protein fusion line
SR123 p35S GFP protein line
Table 14: Seed lines used
9.2. PRIMERS
Strategy | Gene Primer Primer Sequence (5’ - 3°)
Name
For At1g11905 583 F1 CTCACGACTTCAACTTTCCTCCTT
genotyping TAGAAAACCACCTGGAAGAAACA
T-DNA 583 R1 C
insert At1g65020 336 F1 CGGCGGAGATTAGATTACGA
336 R1 CCTTCACAAACCCAGCTACC
039 F1 CTGGCGGAGGTCAAGAAAC
039 R1 AAATGGAGACAAGCGACGAT
At1g65270 K 782-1 GAACATGCCTTCGGTGAC
K 782-2 CATCCAAGCCATCCCGTGGTA
Atlg70770 K 673-1 AGCCAAGGAAGCTACAGC
K 673-2 GCATACACTTATGTTCAAGAG
Atlg71780 K 289-1 GAAGTACTGTATCATCCC
K 289-2 CACAGACCGACCATTCC
At2916760 810 F1 GACCACGTCAGAAACCGTCT
810 R1 TGTAGCCGACGAGACTACCC
066 F1 TTTGACCAGCTCAAGACACG
066 R1 CGACAAGGAGACGGTTTCTG
At20g36290 841 F1 TAACGCTTGTTGCTCCAGTG
841 R1 CCATGCAAACACAAACACAAG
At3g07190 285 F1 GGTGCGATTGCGTTCTTACT
285 R1 GCTGTTTCGAGCTTCGTTTC
596 F1 TACTCTATGAACTCGCTGCTGACC
596 R1 TTCAAGCCAAATCAGCAGACAAGA
At3920450 340 F3 TTGCATATTTTGTTCCGATTGT
340 R1 TCCCGAACCGATTGATAAGAACTA
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At3g27325 201 F1 TTGAGCGCACATTTTACCAG
201 R1 ATGTTCCATTGACAGCCACA
At3g44330 K 742-1 CATATCTATGGTCACCAAGG
K 742-2 GAGAGGCATACAACCAAAC
At3g62360 K 858-1 GCTGTAGTGTCAAAAGATGG
K 858-2 GTTCTATAGCCAGTGTTGAAGG
842 F1 GGGCTTTGTTATTTGATTGTTGTC
842 R1 GATTTGGCTTTGGAGATGTTGG
At4912590 011 F1 CGAGAGGCTCAGTATCAGCA
011 R1 AAGCTTTCAATGGAATCCACA
At4g16170 K 287-1 AGACCTCACACGCGCATG
K 287-2 CCAGCCACAAGTATTCCT
At4g29520 K 300-1 TGCTGAAATGGACAAG
K 300-2 GTTCTCTCATAAGAAGCAG
At4g32130 464 F1 GCACTGGGCTACTTCTTCTCC
464 R1 AGAGCAAAACATTCACCATCAA
042 F1 ATTCCCATGTGCACGTCTTT
042 R1 CCATGAACGGAGGTTTCAGA
At5g20520 K 859-1 TGGTGGACTCGCAAATGAAC
K 859-2 CATCTCCAGACGATGAGCG
030 F1 GCCTCCTTTTATCACCCCCACTG
859 R1 GGCAGCCGCTTTCGCATACAG
At5g42570 K 482-1 CTTTACACAGTGATCTTCG
K 482-2 CCCTTCTTTCCCTCAG
RS3 CAGCACCTTCTTCTATACGAGCAG
RS9 TTGGAAATCGAATAAGGGAACA
At5g48660 809 F1 TGCTTGCTTTCTCTTCATTCTCC
809 R1 TCAATTATAAAGCCGAGAAAAAGT
At5g49945 942 F1 CATCAATCGCAGCTGTTCAA
942 R1 TCTCATCTTTACAAGGAACAACCA
MRNA AUX1 AUXGEN
Expression sphl GATTATGCATGCTATGTGG
Studies 3> AUX3 | TAATAGCTAAGAACCAAATAGG
Atl1g11905 583 F2 TCGCTGTTGTTCTCTTCGAG
583 R2 CTGGCCTTAACACCTTCCAA
At1g65020 039 F1 CTGGCGGAGGTCAAGAAAC
039 R1 AAATGGAGACAAGCGACGAT
At1g65270 782 F1 ACCTGGAGTCATGGCGGAAAG
782 R1 GCTTGTGTCACGGCATTCATCA
Atlg70770 673 F1 CTGTTAGGAAGGGAGAGCGTTTGA
673 R1 CCCTCAGTGATGACCTCCTCG
Atlg71780 289 F1 ATGACGGAGAAGGAGAAGGAGAG
289 R1 TGATTCTGGTGATGGGTTTGAGCA
At2g16760 810 F1 GACCACGTCAGAAACCGTCT
810 R1 TGTAGCCGACGAGACTACCC
At2g36290 841 F1 TAACGCTTGTTGCTCCAGTG
841 R2 CTCCCAAGTTCCAAATCCAA
At3g07190 285 F1 GGTGCGATTGCGTTCTTACT
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285 R1 GCTGTTTCGAGCTTCGTTTC
At3920450 340 F2 TTCACAATCGTGACAATCGAA
340 R2 CGGTTTTGCCCTTCTTTACA
At3927325 201 F1 TTGAGCGCACATTTTACCAG
201 R1 ATGTTCCATTGACAGCCACA
At3g44330 742 F1 TGGAAAATGCTGGAAGTCTGTCTG
742 R1 AGGAGGCCGGCGAAATAAGC
At3962360 K 858-1 GCTGTAGTGTCAAAAGATGG
K 858-2 GTTCTATAGCCAGTGTTGAAGG
At4912590 011 F2 ACATGTTCCCAAGGGAGAAG
011 R2 TCCTTCTCTGCACCCAGACT
At4g16170 K 287-1 AGACCTCACACGCGCATG
K 287-2 CCAGCCACAAGTATTCCT
At4929520 300 F2 CGTCGGCGTTATTACCTGTT
300 R2 TTGCAACAAATGGTTCTCCA
300 R3 GACGATCCAAGTCCTTTCCA
At4932130 464 F2 TGCTTCCACTCTTCCGATCT
464 R2 GGCTCCAAAACCAGCTCA
At5920520 859 F1 ACATCGCTCATCGTCTGGAG
859 R1 GGCAGCCGCTTTCGCATACAG
At5g42570 K 482-1 CTTTACACAGTGATCTTCG
K 482-2 CCCTTCTTTCCCTCAG
At5g48660 842 F2 GTAAAGGTCCTGCCACTGTGA
842 R1 GATTTGGCTTTGGAGATGTTGG
At5g49945 942 F2 AATTCTACGCGAGTGGTCGT
942 R2 ATATGGAATTAGCGCCACCA
For Promoter GUS ggCTCGAGTTTCGTAATTTAGCGGA
cloning —At1g11905 | P1G11F1 |CTTCTC
ggTCTAGACGTCTTTGATCTCAGAA
P1G11 R1 | GCGATA
ggCTCGAGAACAATCATTGGGAAA
P3G07 F1 | TGAACAG
Promoter GUS ggTCTAGAGTCCGATTCCCCCTCTT
— At3g07190 | P3G07 R1 | CCCAGTT
Promoter GUS ggCTCGAGCGACTTAAAATGGCAA
— At3g20450 | P3G20F1 | AAGTTCA
ggTCTAGATTTTTATTAGTACATGG
P3G20 R1 | AGAAGTTTAG
RS1 AAATTTTTCTTGGAGGCACTGACA
Promoter GUS ggTCTAGATGTTCGTCGCCGGTGAG
— At5g42570 | RS10 AGTAA
Promoter GUS ggCTCGAGGTATTTTGGAGTTGATG
— At5g428660 | P5G48 F1 | CCAGAG
ggTCTAGAGTCTGAATGAGTTCTCC
P5G48 R1 | CCCTAA
AtBAP31 ggGGATCCAAATGGCACTGATCCTT
RNA. cloning | RS11 CTCCTC

204




into Psilentl,

PK7GW1WG2 ggCTCGAGTTACATACCCTTCTTTC
& POPOF2H RS12 CCTCAG
AtBAP31 GFP ggGTCGACAAATGGCACTGATCCTT
RNAI cloning | RS13 CTCCTC
into Psilentl,
PK7GW1WG?2 ggGGTACCTTACATACCCTTCTTTC
& POPOF2H RS14 CCTCAG
AtBAP31 ggCCATGGGTTGATTATGAGCTTGG
Family RNAi | R1IG11F1 | ATCGTT
cloning into ggGCATGCGGATTCACTACACCATC
PK7GW1IWG?2 | R1G11 R1 | TTCGAT
& POPOF2H ggACTAGTGGGAGCTTGTAATGAA
R3G07 F1 | GAGCTTA
ggGTCGACTGATATTCATGAGATTC
R3G07 R1 | GACAGG
R3G20 F1 | CTGCTAGACCTATCAAAGCAAGG
R3G20R1 | TTGTGTGGATTTGAATAGTGCTG
ggGGATCCAAATGGCACTGATCCTT
RS11 CTCCTC
ggGGTACCTTACATACCCTTCTTTC
RS14 CCTCAG
ggTCTAGAAGATTGGTCCTTTGAGA
R5G48 F1 | GAGCTT
R5G48 R1 | ACAGACATAGTTCCAGCGATTGT
AtBAP31 gaTAATCTATCATACTCTAGCAGTC
Family miR | TCTCTTTTGTATTCC
miRNA gaCTGCTAGAGTATGATAGATTATC
cloning into miR Il AAAGAGAATCAATGA
PDEX00 & gaCTACTAGAGTATGTTAGATTTTC
PGWB402Q miR 111 ACAGGTCGTGATATG
gaAAATCTAACATACTCTAGTAGTC
miR IV TACATATATATTCCT
CTGCAAGGCGATTAAGTTGGGTAA
miR A C
GCGGATAACAATTTCACACAGGAA
miR B ACAG
Random site AXS 113 | GTAGCTGAATCANNTTCGATTCAT
directed F1 ACAGAGACTG
mutagenesis of | AXS 113 | CTGTATGAATCGAANNTGATTCAG
AXR4 for R1 CTACAAAGAC
cloning into AXS 140 | GAAATGATTCAATCTNNTGGATCA
PGWB7 F1 AAAGGGATCCATAG
AXS 140 | CCTTTTGATCCANNAGATTGAATC
R1 ATTTCC
AXS 151 | GTGTTGCTATTNNTTTACCTGGAA

F1

ATGGGTTCTC
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AXS 151
R1

CATTTCCAGGTAAANNAATAGCAA
CACTATGGATC

AXS 154 | GCTATTGATTTACCTGGAAATGGG
F1 TTCTCTGATAAGTC
AXS 154 | GAGAACCCATTTNNAGGTAAATCA
R1 ATAGCAACAC
AXS 201 | GATTGAAACTGGANNTTTGCCTTA
F1 TGAGGAGATC
AXS 201 | CTCATAAGGCAAANNTCCAGTTTC
R1 AATCATCTG
AXS 246 | GCTCCTGTGCATNNGGTTCTTCAT
F1 GATTCAGC
AXS 246 | CATGAAGAACCNNATGCACAGGA
R1 GCTAAACC
AXS 250 | GGTTCTTCATNNTTCAGCTTTAGG
F1 GTTAGCTTC
AXS 250 | CCTAAAGCTGAANNATGAAGAAC
R1 CAAATGCACAG
AXS 320 | CTTTATCGGATATTNNTGCTCATA
F1 GGATACTTTTGAAG
AXS 320 | GTATCCTATGAGCANNAATATCCG
R1 ATAAAGTCATC
AXS 361 | GGATTAATGGTATTNNGATGCAAG
F1 TGATTTGGTCTAG
AXS 361 | CACTTGCATCNNAATACCATTAAT
R1 CCCATCTG
AXS 414 | CATATCAGAANNTGTCTCTCTCCT
F1 CCCTAAATC
AXS 414 | GAGGAGAGAGACANNTTCTGATAT
R1 GATTACTGCAAG
For PK7 R1 AGGTGGCACTTGTTGGTATG
screening 35S1 ACTATCCTTCGCAAGAC
and Cat Intron
sequencing Rev GAGAAAAGGGTCCTAACCAAGA
of 35S F GGAAGTTCATTTCATTTGGA
constructs RB inward | CCGCCAATATATCCTGTCAA
5'GUSR1 | GAATGCCCACAGGCCGTCG
R1G11 R2 | GTACACGCTCGTCACCAGAA
P1G11 F2 | TGAAAGCCCCGAAACTAAAA
P3G07 F2 | CGCTCTTGGTTACACGCATA
TTTGAGTCTTTGTATGTTTAATTTG
P3G20F2 | A
P5G48 F2 | TTGCTTTTACAAAGGCATGAG
RS1 AAATTTTTCTTGGAGGCACTGACA
RS2 TTTTGGAGGTGGAAGGAGGAC
RS3 CAGCACCTTCTTCTATACGAGCAG
RS4 TAAGTCGATGCTCAAGGCGTCTCT

RSS5

CATTTTATTTCCATTGACCGACAC
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RS6

TGCTGTTCTTAATCCCACTGA

RS7 TGAGGAAGACAATGGAGACTGC

RS8 ACGGTGGTTCCTATGGTTTTGACG

RS9 TTGGAAATCGAATAAGGGAACA
g9TCTAGATGTTCGTCGCCGGTGAG

RS10 AGTAA
g9GGATCCAAATGGCACTGATCCTT

RS11 CTCCTC
g9CTCGAGTTACATACCCTTCTTTC

RS12 CCTCAG
ggGTCGACAAATGGCACTGATCCTT

RS13 CTCCTC
g9GGTACCTTACATACCCTTCTTTC

RS14 CCTCAG

RS15 CGTGGTCCCGTCGTCGTCA

RS16 CTTCCCCGAGCGCTTTCACTT

GFP5 GACGGGAACTACAAGACACG

GFP6 CCAACTTGTGGCCGAGGATG

Table 15: PCR primers used.
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9.3. SMART SCREEN STOCK SOLUTIONS

Ingredient Concentration in stock solution
Stock Solution Molecular weight | Molarity (M) gl-1
Ca(H2POy), 252.07 0.0667 16.81
Ca(NO3)2.4H,0 236.15 0.5 118.075
CaCl,.2H,0 147.02 0.0125 1.84
CaS0,4.4H,0 172.17 0.01 1.145
CdSO, 256.5 0.01 2.565
CuCl,.2H,0 170.48 0.003 0.51
CuS04.5H,0 249.68 0.003 0.75
CuS04.5H,0 249.68 0.1 24.97
FeNaEDTA 367.05 0.05 18.35
FeSO,4.7H,0 278.02 0.01 2.78
H;BO3 61.83 0.03 1.85
K2SO4 174.25 0.1333 23.23
KH,PO, 136.09 0.2667 36.3
KOH 56.1 0.5333 29.92
MgCl,.6H,0 203.31 0.75 152.48
MgS0O,.7H,0 246.47 0.375 92.43
MnCl,.4H,0 197.9 0.01 1.98
MnS0O4.4H,0 223.06 0.01 2.23
Na,EDTA.2H,0 372.24 0.05 18.61
Na,Mo00,4.2H,0 241.95 0.0005 0.12
NaCl 58.44 1 58.44
ZnCl, 136.3 0.1 13.6
ZnS0,4.7H,0 287.55 0.001 0.29
ZnS0,4.7H,0 287.55 0.1 28.76

Table 16: Smart screen stock solutions.
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9.4. SMART SCREEN TREATMENTS

9.4.1. Main Solution

Main solution - Concentration in Volume required Concentration of
control stock (M) for 1L (ml) final solution
(mM)
KH,PO, 0.2667 0.938 0.25
KOH 0.5333 0.938 0.50
MgS0O,.7H,0 0.3750 2 0.75
CaCl,.2H,0 0.0125 2 0.025
FeNaEDTA 0.0500 2 0.10
Ca(N03)2.4H20 0.5 8 4.00
Micronutrients mM uM
H3BO; 30.0 1 30.0
MnS0O,.4H,0 10.0 1 10.0
ZnS04.7H,0 1.0 1 1.0
CuS0,4.5H,0 3.0 1 3.0
Na,M00,4.2H,0 0.5 1 0.5

Table 17: Main solution

9.4.2. Boron
3 UM Boron Concentration in Volume required | Concentration of
stock (M) for 1L (ml) final solution
(mM)

KH,PO, 0.2667 0.938 0.25
KOH 0.5333 0.938 0.50
MgS0O,.7H,0 0.3750 2 0.75
CaCl,.2H,0 0.0125 2 0.025
FeNaEDTA 0.0500 2 0.10
Ca(NO3),.4H,0 0.5 8 4.00

Micronutrients | mM uM
H3BO; 30.0 0.1 3.0
MnS0O,.4H,0 10.0 1 10.0
ZnS0,4.7H,0 1.0 1 1.0
CuS04.5H,0 3.0 1 3.0
Na;Mo00O,4.2H,0 0.5 1 0.5

Table 18: 3 uM boron solution.
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150 uM Boron Concentration in VVolume required Concentration of
stock (M) for 1L (ml) final solution
(mM)
KH,PO, 0.2667 0.938 0.25
KOH 0.5333 0.938 0.50
MgS0O,.7H,0 0.3750 2 0.75
CaCl,.2H,0 0.0125 2 0.025
FeNaEDTA 0.0500 2 0.10
Ca(N03)2.4H20 0.5 8 4.00
Micronutrients | mM uM
H3BO; 30.0 5 150.0
MnS0,.4H,0 10.0 1 10.0
ZnS0,4.7H,0 1.0 1 1.0
CuS0,4.5H,0 3.0 1 3.0
Na,M00,4.2H,0 0.5 1 0.5

Table 19: 150 uM boron solution.

150 uM Boron Concentration in Volume required Concentration of
stock (M) for 1L (ml) final solution
(mM)
2 MS 2.15 30
H3;BO; 30.0 4 120.0

Table 20: 150 uM boron solution in %2 MS.

300 uM Boron Concentration in Volume required | Concentration of
stock (M) for 1L (ml) final solution
(mM)
Y5 MS 2.15 30
H3BO; 30.0 9 270

Table 21: 300 uM boron solution in %2 MS.

9.4.3. Copper
10 pM Copper Concentration in Volume required | Concentration of
stock (M) for 1L (ml) final solution (uM)
15 MS (Sigma) 2.15 g 0.1
CuSO, 0.1 0.099 9.9

Table 22: 10 uM copper solution.
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20 uM Copper Concentration in Volume required | Concentration of
stock (M) for 1L (ml) final solution (uM)

Y2 MS (Sigma) 2.15¢ 0.1

CuSO, 0.1 0.199 19.9

Table 23: 20 uM copper solution.

50 uM Copper Concentration in Volume required | Concentration of
stock (M) for 1L (ml) final solution (uM)

Y MS (Sigma) 2.15¢ 0.1

CuSO4 0.1 0.499 49.9

Table 24: 50 uM copper solution.

9.4.4. Nitrogen

Zero Nitrogen Concentration in Volume required | Concentration of
stock (M) for 1L (ml) final solution
(mM)
KH,PO, 0.2667 0.938 0.25
KOH 0.5333 0.938 0.50
MgS0O,.7H,0 0.3750 2 0.75
CaCl,.2H,0 0.0125 2 0.025
FeNaEDTA 0.0500 2 0.10
CaS0,4.4H,0 0.01 400 4.00
Micronutrients | mM uM
H3BO; 30.0 1 30.0
MnS0O,.4H,0 10.0 1 10.0
ZnS0,4.7H,0 1.0 1 1.0
CuS04.5H,0 3.0 1 3.0
Na;Mo00,.2H,0 0.5 1 0.5

Table 25: 0 uM nitrogen solution.
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50 uM Nitrogen Concentration in Volume required | Concentration of
stock (M) for 1L (ml) final solution
(mM)
KH2PO4 0.2667 0.938 0.25
KOH 0.5333 0.938 0.50
MgS0,.7H,0 0.3750 2 0.75
CaCl».2H,0 0.0125 2 0.025
FeNaEDTA 0.0500 2 0.10
CaS04.4H,0 0.01 400 4.00
Ca(NO3),.4H,0 0.5 0.01 0.05
Micronutrients | mM uM
HsBOs 30.0 1 30.0
MnSO4.4H,0 10.0 1 10.0
ZnS04.7H,0 1.0 1 1.0
CuS04.5H,0 3.0 1 3.0
Na;M00,.2H,0 0.5 1 0.5

Table 26: 50 pM nitrogen solution.

9.4.5. Phosphorus

Zero Phosphorus Concentration in Volume required Concentration of
100 uM Fe stock (M) for 1L (ml) final solution
(mM)
K,SO, 0.1333 0.938 0.125
KOH 0.5333 0.938 0.50
MgS0O,.7H,0 0.3750 2 0.75
CaCl,.2H,0 0.0125 2 0.03
FeNaEDTA 0.0500 2 0.10
C&(NO3)2.4H20 0.5 8 4.00
Micronutrients | mM uM
H3;BO; 30.0 1 30.0
MnS0O,.4H,0 10.0 1 10.0
ZnS0,.7H,0 1.0 1 1.0
CuS0,4.5H,0 3.0 1 3.0
Na,Mo00,4.2H,0 0.5 1 0.5

Table 27: 0 uM phosphorus and 100 pM iron solution.
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10 uM Phosphorus | Concentration in | Volume required | Concentration of
100 uM Fe stock (M) for 1L (ml) final solution
(mM)
KH3PO, 0.2667 0.038 0.01
K2SO,4 0.1333 0.863 0.115
KOH 0.5333 0.938 0.50
MgS0O4.7H20 0.3750 2 0.75
CaCl,.2H,0 0.0125 2 0.03
FeNaEDTA 0.0500 2 0.10
Ca(NOs3),.4H,0 0.5 8 4.00
Micronutrients | mM uM
H3BOs 30.0 1 30.0
MnS0O,.4H,0 10.0 1 10.0
ZnS0,4.7H,0 1.0 1 1.0
CuS0,4.5H,0 3.0 1 3.0
Na;Mo00,.2H,0 0.5 1 0.5

Table 28: 10 uM phosphorus and 100 uM iron solution.

50 uM Phosphorus | Concentration in Volume required | Concentration of
100 uM Fe stock (M) for 1L (ml) final solution
(mM)
KH,PO, 0.2667 0.19 0.05
K3SO,4 0.1333 0.563 0.075
KOH 0.5333 0.938 0.50
MgS0O,4.7H,0 0.3750 2 0.75
CaCl,.2H,0 0.0125 2 0.03
FeNaEDTA 0.0500 2 0.10
C&(NO3)2.4H20 0.5 8 4.00
Micronutrients | mM uM
HsBO; 30.0 1 30.0
MnS0,4.4H,0 10.0 1 10.0
ZnSQ0,4.7H,0 1.0 1 1.0
CuS04.5H,0 3.0 1 3.0
Na;Mo00O,4.2H,0 0.5 1 0.5

Table 29: 50 uM phosphorus and 100 uM iron solution.
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9.4.6. Sodium

50 mM Sodium Concentration in Volume required | Concentration of
stock (M) for 1L (ml) final solution
(mM)
2 MS (Sigma) 2.15¢ 0.1
NaCl 1 49.9 49.9

Table 30: 50 mM sodium solution.

100 mM Sodium

Concentration in

VVolume required

Concentration of

stock (M) for 1L (ml) final solution
(mM)
Y MS (Sigma) 2.15¢ 0.1
NaCl 1 99.9 99.9

Table 31: 100 mM sodium solution.

200 mM Sodium

Concentration in

VVolume required

Concentration of

stock (M) for 1L (ml) final solution
(mM)
Y2 MS (Sigma) 2.15¢ 0.1
NaCl 1 199.9 199.9

Table 32: 200 mM sodium solution.
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9.4.7. Sulphate

Zero Sulphate Concentration in Volume required | Concentration of
stock (M) for 1L (ml) final solution
(mM)

KH,PO, 0.2667 0.938 0.25

KOH 0.5333 0.938 0.50

MgCl, 0.75 1 0.75

CaCl,.2H,0 0.0125 2 0.025

FeNaEDTA 0.0500 2 0.10

Ca(NO3),.4H,0 0.5 8 4.00
Micronutrients mM uM

H3BO; 30.0 1 30.0

MnCl,.4H,0 10.0 1 10.0

ZnCl, 100 0.01 1.0

CuCl,.2H,0 3.0 1 3.0

Na,Mo00,4.2H,0 0.5 1 0.5

Table 33: 0 uM sulphate solution.

0.1 mM Sulphate Concentration in Volume required Concentration of
stock (M) for 1L (ml) final solution
(mM)

KH,PO, 0.2667 0.938 0.25

KOH 0.5333 0.938 0.50

MgCl, 0.75 0.86 0.65

MgSQ,.7H,0 0.3750 0.26 0.1

CaCl,.2H,0 0.0125 2 0.025

FeNaEDTA 0.0500 2 0.10

Ca(NO3),.4H,0 0.5 8 4.00
Micronutrients | mM uM

HsBO; 30.0 1 30.0

MnCl,.4H,0 10.0 1 10.0

ZnCl, 100 0.01 1.0

CuCl,.2H,0 3.0 1 3.0

Na,Mo00,4.2H,0 0.5 1 0.5

Table 34: 0.1 mM sulphate solution.
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9.4.8. Zinc

250 uM Zinc Concentration in Volume required | Concentration of
stock (M) for 1L (ml) final solution (uM)

Y MS (Sigma) 2.15¢ 1

ZnS0,4.7H,0 0.1 2.49 249

Table 35: 250 uM zinc solution.

500 uM Zinc Concentration in Volume required | Concentration of
stock (M) for 1L (ml) final solution (uM)

MS - Sigma 43¢ 1

ZnS04.7H,0 0.1 4.99 499

Table 36: 500 uM zinc solution.

1000 puM Zinc Concentration in Volume required | Concentration of
stock (M) for 1L (ml) final solution (uM)

MS - Sigma 43¢ 1

ZnS04.7H,0 0.1 9.99 999

Table 37: 1000 uM zinc solution.
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9.5. DNA AND RNA RESULTS FROM T-DNA KO LINES

9.5.1. Atl1g11905 — TDNA insert N532583

PCR (1) Gene specific (2) KO specific RT-PCR (3) Gene (4) Control
ML 583 Col ML 583 Col ML 583 Col 583 Col
1KB—»
H_/ H_/ \ AN )

Y Y

583 F1 & 583 R1 583 F1 & Salk LB1 583 F2 & 3> Aux3
583 R2 &

AuxGen

Sphl

Figure 80: Genotyping and RT-PCR for N535583
N535583 (583) T-DNA insert is a homozygous KO line with complete loss of
MRNA expression.

9.5.2. Atl1g65270 — TDNA insert N822782

PCR (1) Gene specific (2) KO specific RT-PCR (3) Gene (4) Control
ML 782 Col ML 782 Col ML 782 Col 782 Col
1k = 500bp —>
500bp —
H/_/ H_/ \ AN )
Y Y
K782-1 & K782-2 K782-2 & Sail LB1 782 Fl & 3’ Aux3
782 R1 &
AuxGen
Sphl

Figure 81: Genotyping and RT-PCR for N822782
N822782 (782) T-DNA insert is a homozygous KO line with complete loss of

MRNA expression.
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9.5.3. Atlg70770 — TDNA insert N665550

PCR (1) Gene specific (2) KO specific RT-PCR (3) Gene (4) Control

ML 550 Col ML 550 Col ML 550 Col 550 Col

1 KB —»
H/_/ \ AN )
Y Y
K673-1 & K673-2 K673-1 & Salk LB1 673 F1 & 583 F2 &
673 R1 583 R2

Figure 82: Genotyping and RT-PCR for N665550
N665550 (550) T-DNA insert is a homozygous KO line however mRNA is still
expressed, this may be due to the fact that the insert is within the intron, suggesting

the mRNA is still spliced correctly.

9.5.4. Atlg71780 — TDNA insert N614289

PCR (1) Gene specific (2) KO specific RT-PCR (3) Gene (4) Control
ML 289 Col ML 289 Col ML 289 Col 289 Col
1KB—
500bp —> 500bp —>
\ ) \ J\ J

Y Y

K289-1 & K289-2 K289-2 & Salk 782F1 & 3> Aux3

LB1 782 R1 &

AuxGen

Sphl

Figure 83: Genotyping and RT-PCR for N614289
N614289 (289) T-DNA insert is a homozygous KO line with complete loss of

MRNA expression.
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9.5.5. At2916760 - TDNA insert N663810

PCR (1) Gene specific (2) KO specific RT-PCR (3) Gene (4) Control
ML 810 Col ML 810 Col ML 810 Col 810 Col
500bp —»
\ J\ J
Y Y
810 F1 & 810 R1 810 F1 & Salk LB1 810F1 & 583 F2 &

810 R1 583 R2

Figure 84: Genotyping and RT-PCR for N663810
N663810 (810) T-DNA insert is a homozygous KO line with complete loss of

MRNA expression.

9.5.6. At2g36290 — TDNA insert N525841

PCR (1) Gene specific (2) KO specific RT-PCR (3) Gene (4) Control
ML 841 Col ML 841 Col ML 841 Col 841 Col
1KB—» -
500bp —> 500bp —
H_/ H/_/ \ AN )
Y Y
841 F1 & 841 R1 841 F1 & Salk LB2 841 Fl & 583 F2 &
841 R1 583 R2

Figure 85: Genotyping and RT-PCR for N525841
N525841 (841) T-DNA insert is a homozygous KO line however mRNA is still
expressed, this may be due to the fact that the insert is within the intron, suggesting

the mRNA is still spliced correctly.
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9.5.7. At3g07190 — TDNA insert N661700

PCR (1) Gene specific (2) KO specific RT-PCR (3) Gene (4) Control

ML 700 Col ML 700 Col ML 700 Col 700 Col

_—

1 KB —»

3 500bp—> 500bp —»

AN )

1

Y Y

285 F1&285R1 285R1 & Salk LB1 285Fl & 583 F2 &
285R1 583 R2

Figure 86: Genotyping and RT-PCR for N661700
N661700 (700) T-DNA insert is a homozygous KO line however mRNA is still
expressed, this may be due to the fact that the insert is within the intron, suggesting

the mRNA is still spliced correctly.

9.5.8. At4g16170 — TDNA insert N829287

PCR (1) Gene specific (2) KO specific RT-PCR (3) Gene (4) Control
ML 287 Col ML 287 Col ML 287 Col 287 Col
KB
500bp —> 500bp —
\ ) \ J\ J
Y Y
K287-1 & K287-2 K-287-2 & Salk LB1 K287-1 & 3> Aux3
K287-2 &
AuxGen
Sphl

Figure 87: Genotyping and RT-PCR for N829287
N829287 (287) T-DNA insert is a homozygous KO line with complete loss of

MRNA expression.
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9.5.9. At4g29520 — TDNA insert N665520

PCR (1) Gene specific (2) KO specific RT-PCR (3) Gene (4) Control
ML 520 Col ML 520 Col ML 520 Col 520 Col
1KB —»
5000p — 500bp —
H_/ H_/ \ AN )
Y Y
K300-1 & K300-2 K300-1 & Salk LB1 300 F2 & 583 F2 &
300 R1 583 R2

Figure 88: Genotyping and RT-PCR for N665520
N665520 (520) T-DNA insert is a homozygous KO line however mRNA is still
expressed, insert is only in the last 80 bp of the gene, therefore may cause a truncated

protein is this case, as there is no sign of T-DNA within the mRNA.

9.5.10. At4g32130 — TDNA insert N663464

PCR (1) Gene specific (2) KO specific RT-PCR (3) Gene (4) Control
ML 464 Col ML 464 Col ML 464 Col 464 Col
1KB—»
500bp —> 500bp —»
H_/ H_/ \ AN )
Y Y
464 F1 & 464 R1 464 R1 & Salk LB1 464F2&  583F2&
464 R2 583 R2

Figure 89: Genotyping and RT-PCR for N663464
N663464 (464) T-DNA insert is a homozygous KO line however mRNA is still
expressed, this may be due to the fact that the insert is within the intron, suggesting

the mRNA is still spliced correctly.
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9.5.11. At5g42570 — TDNA insert 482

PCR (1) Gene specific (2) KO specific RT-PCR (3) Gene (4) Control

ML 482 Col ML 482 Col ML 482 Col 482 Col

1KB — >
500bp —>

——

K482-1 & K482-2 K482-2 & Sail LB1 K482-1 & 3> Aux3
K482-2 &
AuxGen
Sphl

Figure 90: Genotyping and RT-PCR for N822482
N822482 (482) T-DNA insert is a homozygous KO line with complete loss of

MRNA expression.

9.5.12. At5g42570 — TDNA insert N642314

PCR (1) Gene specific (2) KO specific RT-PCR (3) Gene (4) Control
ML 314 Col ML 314 Col ML 314 Col 314 Col
1KB —»
o
'@ |5000p—> 500bp —
H_/ H_/ \ AN )
Y Y
RS3 & RS9 RS9 & Salk LB2 K482-1 & 583 F2 &

K482-2 583 R2

Figure 91: Genotyping and RT-PCR for N642314
N642314 (314) T-DNA insert is a homozygous KO line however mRNA is still
expressed, this may be due to the fact that the insert is within the 5 UTR and the T-

DNA itself may drive the expression of At5g42570.
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9.5.13. At5g48660 — TDNA insert N600808

PCR (1) Gene specific (2) KO specific RT-PCR (3) Gene (4) Control
ML 808 Col ML 808 Col ML 808 Col 808 Col
1KB —»
500bp —» 500bp —.
H_/ H_/ \ AN )

Y Y

809 F1 & 809 R1 809 R1 & Salk RB1 842 F2 & 3’ Aux3

842 R1 &

AuxGen

Sphl

Figure 92: Genotyping and RT-PCR for N600808
N600808 (808) T-DNA insert is a homozygous KO line with complete loss of

MRNA expression.
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9.6. MULTIPLE SEQUENCE ALIGNMENT OF PLANT AXR4-LIKE
SEQUENCES

I - = " M TR r——

MAIITEEEEDFETLNI PRNEEEDE0E TEEE STHFN PF QS QM IF PEWNE YF TV W ELATIIF IELELE

HTDDEAAAGERGREA PP EFEARE PR FL SV SALPFRFY LTAAV SLLAT

HT GORAMAG PGREAT FRARP PR FL 2V SALTERNFY LTAAV BLLAT
LDLECGLGHREDOEA SLCHERGRE PRTF SO0 PS 8L S80F SLE SR PP LHPVGDRA THE MM PRA SARAGCDGAATDCEPRP SR PEPPP PP PR PR BA PELA SAL PFWF YLTAAV SLLALLLPHLLE
MATITEEVE BE SEETEVDEET FEEET FNENEV 5 5K 50 BH 50T M EFAFWEYFTLITSLITF LPV SR 551

MET 887 8

HAT TTE BQE S04 0000 ROFIRO KOO SHE TR SRTORE BT 70 PO TH L SEWE YF TL ST ELW TLEFLET B 51
HATTTEERDSR S PLEQRFRLE T SEPSQST SPER IE STRT THA TH PRHFWE YFT L8V STV TLIFMIFT 51

MATITTEEQDEENESAFRFTEREFRLEFFSTAFI SEN PMFFTEWE YLT L BV 1M TW IFVT IE ST

T2 BQND PR 56 —F LELEPALRCQHY BCRT IFVQVH ENE ERTEVEFVAE BC2I--H-TETVVIVHCLCL 2EFAFFEM IQ ELG BF G IH VA I DL PCNCE SDE BV

CCOREICFYARVEEVYCLIQERIFRAE

SLLEHLLEFHAR PR LEFLLERHL SDGRLLE LE PGROLEAWT 55 PAAH SR ——H-HEPV IV LI GLARGEF 8F RE LLESSLE SR GIMAA 8V DL FEOCLEFFRAV FRER —-——7 ——=——- HELEETH DR GIFHAS

ALLEVLLEFHER PPLEFLLERHL EE GRLLE L] FR FGLE LOLPAR BANE O EQ -0 PV R S FGARRPGF FEFRELLAF L F I GL D RGR
ISERPRR-—

==LPESLLEESHA EGCEVLELR PGPDLEANT BF BT TTAAA——-H-F PAN IV LI CLAAGEF SR RHALR SLE BR CLLAAAY DL PCOCH SR PCTA PPRPPR B-—————-F BAFRE TH DR/ FHAR
==F LELEH SLRGHY 8GR TTEVAT S FHGSPTEVEY SENGOF = 55 = SEMVMVVHGELGL 55Y 5Y REM TRA L SEGVEV IAIDL BGHNGE SER SRLE TER G-THGIFARFEEVY SLIGDEGLERAR

MEASEERGHGYE ERFFDAYALIKER
JFTHLETF QLOETIMFEETYLILHGJAT. 25Y ¥ RNLIQELET) WY TA I DL - 2CF EDE EVEY EVEGLDG~IF GRF BY EETKERCFFRAE
FAF CFWHE LEVEGVHAVA IDL PESEF SORTMVVE EE BV DDGVLGRLEIN YHE TOERGIFRGE

TL B2 BEROON —F LT LET TLROHY BNGRT TFVO THPH
A PODPRTW==F LELPLNLRIAYAR GRN TEVOTA FHOOOTEVEATOR GF 8==F 88DV LIVAGLE

SETHEQDERTW —F LA L FANLFEHHY BIGR TTFVOAT FH 2D STEVE TVRDGFE—-0 EEHMY LIVHGLGT 357 IF 3NV E ELGEE GVHAVAL DL FGEGF EDEFW TV EHE PMGG-F GRIVEM YHE TEER G/

LNE BH G- DG,

W==FL

SSPODY LSLPTHLEHHY SEGR TIKVI TOAHKEEF EVE TLOE G& ———FA SRV IVH CLG S SEYAF BNV TOF LG R GVHAN GV DL PG SCF S0 RFSEVY SLIOEEGEFFRAR

'DOMIETCOLEPYE-ETITRLON KRR EFFA IE LG BEEETARY LGOW IDT LG LA IV HINLHD B LCLA S3RAF SENEQ EVE BV TLID SE ISP ————ALRLWW LNV MG IREILLAF 5FGF ERLW EFRCEFEMT L 2D

MEL: FOMEER
MELECARGMOAEE

'ERINETEEY BF O PAAA PR DD EHA RLYA PHEARS SWVA FAVDA LG--LGAR PV HINLHD S8 TVA GAAFV SAN BAAVE TVDATANY L P=—=AF PVAV LEVIV LG SHVV FV BALF RGLLE LOCAREMGA B
'HVETCELEYE==E IF SRV LV EENVEY IE 15 SEEHGHV LG OV IGTHG LA BV HLVLHD SAF [MAARM 18 EN 55F IR SITLIDAGLE BA= ===LETW LN IFWVHE ILLEF SEVYARL INLCC SER IDW 5B
‘DMWY ETEQLFY E-ETV EHY SEKR 5WWEF IV LG SEEMGLY LGOW IE T LG LA FY HLVLHD 8 SLEM AN LFN 5E SWR 8 TLVDTGLE PA———-LELCV LEV P WVEEV VLG NEWY ENL IFMOC TG IGELI
'"DOTVETEQIFYEE-—VLAFH BFRRFVNER IDLGTEE IGKY LGEV IGT LG LA IV HLVLHD B4 LCF TARRW SEN EDLV S ELTLVDT PVE R ENLGAF FIWV LOVPLIREVVLCGE FYVEARNWNEYC SRR IGELT
' DRIV E O BE=~ENF IRV SEFAVVEAVDLGPER IGEY LGOIV IDTHG LS PV DIVLHD 84 LGLTANW SENR G A

' DYINEQEYIY DHEENE IFH SKVEHLNA IE LGFEEHGRY LR QW IDTHG LE PV DIV LHD BAF GLGANLGG

'THINET=MFYE--RETQ IOV SERE SVEVLE LG PEEHGRY LG OV I DT LGA B-—ALFLWR LA P VREVVLGE EFVFARLINLOOVEE TR T ST

LG LA PV HINLHD SA LG T YARKY SEH S0V SV T
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290 200 a0 az, 240 aso

&----- - - B~ M~ SFIDl-BW- & SEVRRS oW 56 W ST WEDHGKRA - AT PDAK < HSGERWD Q- DA B - -I-BFW<sce

‘DIDAHRILLKGRNGREABVA SLNKINHSFBIACW-81SDG IV GT BllliTW S SEASKEW SBlIG FAABPFARF v THSE SRWPEE oK SCBLADYE @F¥ S L1 PK SIR-RVAEE PIPEEVQKVLEE
MREQGKRDAMFEAWRAMNC SEDETEWR <S SEEVKRE oiff Willw SE sw SB WEBBIGKKWT 0 GVAGRQT - - HL PLWWBMA SGGC T

EADALRAAM REQGKRDAMFEAWRAMNC SEDEVEWR =5 SEEVKRE B WilW 56 swsB WEDBGKRWT - ABPDAKF Ty Hy GERWPE /DAY DET s LA DEBTM

EADAHRAAM RBOGK sDANIFEAWRAMNG SEDE~BWR 55 SHEVERE o Vilw 56 sw SDoWEDBGK KT Al PBAKF Ty By GERWPE /DA T -+ LE~BF¥r11 L PT PA T -EHQ SQNM DQ S SDK PADA]

MEGE GFAEARVEAWR <lINH SF (R s SHEVIF RE B L Vliw SG 5w SB WEDBGKKVA~ Al PDAKF Tv HSGERWEQ/ DA BT <cVIETEEMT 82 EEAG SSEW
#iNHSEDETEWR <5 SEEVKRE ol Vilw 56 sw SB WEDBGK KT - Al PBAKF Ty Hy GERWPE . BA BT s+ L DEJTIML PT TA T —-E HR SKNM DQ SSGE SVDA]

VAEAHRAAM RV EGKRDAMFE sWRA LN SEDEFEWR s -V <l ol ilw SE sWT DR WEDBGK K~ Al PBAKF v HSGERWPEEBA vy DL <E LEBF¥T SL.PT SVR SQHIDQ SSEQATAQE

'ELEAHR SLLKGWDA RFARV G TERK LNY/SFN T EfiW-8G 1.0 G TRGM Pv Ciillw S DWSGRW S HlIGR 0 TAE AP CARE v T HSEERWPEG svAGE AENVARFM S ST PKTVR-QVEEE PT PEHV QKM FDEY
\DVAAHRMMLNGR DGRRAMVA TGRK LN 5 SEBTAKW -GG LD GHKGT Bl (llvWC s G SKEWN EFGR KEADAT P CARE Vv T HT GERWP@ENAA DELAENTE KEMSSLPK SVR-RVEEE PTPEHIQKM LDE/
DADAH

MGRSLNC SFDENEW-22 LD CGHR Gl ol ¥ Tw SDA LSKEWT EFGR (MADA TPCARFEY SHSGERWPEE H T~ E v oF#iSSLPKNV K- -QT EE PV PEHV QKM FDE!

MLDEAKS
MGKRFHN < SF E TABW-GE LE-UK Of ol VW SEEWYECQER (@AGVESCATE ITHSEGERWPEEDT SlorAE SEHEFMSK I PK PIKVAEKKE PTPEHIQE ILDE!
MREE GFAEARVEAWK i SF Ol cllwr v S SEIEVF RE ol 1 ¥illw 6 sw SB WEDBIGK KA~ Al PBAKF Tv HSGERWPE /BArEET scVETEF¥r S2 EEAGSSRW
MEREE GKVE GV EAWKAMINH SF (lGEWR G S SEEVF RE Bl LW SG sw S WEDBGKRYWA~ ABPDAKE Y HSGEGRWPQ /DA FEET G LETEF¥T SA EEAA GGN IE
‘DVEAHRV LLEGR DGAR TV G TGRK LN < SEDHE W - 60 sll- LRl P2 (lilW S sCWSKEW SEGEREMADABEPHATF 1T HSE sRWPQEBA~: DB AENELRFM<'ST. PK 5V R—-QVEEE PV PEHI QKM LDE/

1 = Arabidopsis: At1g54990
2 = Rye: BE704484

3 = Wheat: BQ246926

4 = Barley: BQ470218

5 = Barley: BQ764572

6 = Wheat: CA620981

L FAGDDHDHHHGHGHAHAGY SDAYGLGEEWTTT

HEDERAL 7 = Wheat: CA625375
8 = Wheat: CA726799
HSDHEV § 9 = Rice: 0s11g34140

10 = Cotton: TC101021

WEDTDHHHHHHHGH —— -—AHGHDHDHAAGFM DAY GLGHIWGS
AREDGHHHHHGHGGHGHHDGHGHA QT HGAGYM DAY GLGHGH G5

VESGDHHHHHGHD SHGHE HDHGHGHAHAGYM DAY GLGQEWAM

SGHDHHHHH SHDHGHGHDHY GDAHTHGANYM DAY GLGH GHHGH

B TSNVHHGF 8 SHDHGHDHDHGHGHDH--GY P 8GYGLGHEY 8

A Q0GGDHHHHHHHHDHGA —-—HGHAHDH SDGYMNAYGLGHGHA S

11 = Popular: TC105021
12 = Medicago: TC123134
13 = Potato: TC164950

14 = Potato: TC168459

15 = Lettuce: TC20522

16 = Soyabean: TC253523
17 = Lettuce: TC26389

18 = Maize: TC340552

19 = Sugarcane: TC54289
20 = Grape: TC91603

Figure 93: Multiple sequence alignment of 20 plant AXR4 like sequences.
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9.7. SITE DIRECTED MUTAGENESIS

Site Amino Nucleo- | Predicted Predicted Primers & Predicted

Directed | Acid tide nucleotides | amino acids sizes

Mutage- | Targeted | change

nesis

Gly"™® | GGT NNT | GGT, GCT, | Gly, Asp, Val, | PCR1=AxS 113
GAT, GTT, | Ala, Ser, Asn, | R1 & Ax4 (415 bp)
CGT, CCT, | lle, Thr, Cys, PCR 2 = AxS 113
CAT, CTT, | Tyr, Phe, Ser, | F1 & GFP 4 (2,400
AGT, ACT, | Arg, His, Leu, | bp)
AAT, ATT, | Pro PCR3=Ax4 &
TGT, TCT, Ax2 (2 kb)
TAT, TTT

Leu™ [CTT NNT | GGT, GCT, | Gly, Asp, Val, | PCR 1= AxS 140
GAT, GTT, | Ala, Ser, Asn, | R1 & Ax4 (490 bp)
CGT, CCT, | lle, Thr, Cys, PCR 2 = AxS 140
CAT, CTT, | Tyr, Phe, Ser, | F1 & GFP 4 (2,300
AGT, ACT, | Arg, His, Leu, | bp)
AAT, ATT, | Pro PCR3=Ax4 &
TGT, TCT, Ax2 (2 kb)
TAT, TTT

Asp™ | GAT NNT | GGT, GCT, | Gly, Asp, Val, | PCR1=AxS 151
GAT, GTT, | Ala, Ser, Asn, | R1 & Ax4 (515 bp)
CGT, CCT, | lle, Thr, Cys, PCR 2=AxS 151
CAT, CTT, | Tyr, Phe, Ser, | F1 & Ax2 (1,500
AGT, ACT, | Arg, His, Leu, | bp)
AAT, ATT, | Pro PCR3=Ax4 &
TGT, TCT, Ax2 (2 kb)
TAT, TTT

Gly™ | GGA NNA | GGA, Gly, Ala, Val, | PCR1=AxS 154
GCA, GTA, | Gly, Arg, Pro, | R1 & Ax4 (530 bp)
GAA, Leu, GIn, Stop | PCR 2 = AxS 154
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CGA, CCA, | codon, Ser, F1 & GFP 4 (2,280
CTA, CAA, | Leu, Arg, Thr, | bp)
TGA, TCA, | lle, Lys PCR3=Ax4 &
TTA, TAA, Ax2 (2 kb)
AGA,
ACA, ATA,
AAA

Asp™ | GAT NNT | GGT, GCT, | Gly, Asp, Val, | PCR 1= AxS 201
GAT, GTT, | Ala, Ser, Asn, | R1 & Ax4 (680 bp)
CGT, CCT, | lle, Thr, Cys, | PCR 2 =AxS 201
CAT,CTT, | Tyr, Phe, Ser, | F1 & GFP 4 (2,100
AGT, ACT, | Arg, His, Leu, | bp)
AAT, ATT, | Pro PCR3=Ax4 &
TGT, TCT, Ax2 (2 kb)
TAT, TTT

Leu™ | TTG NNG | TTG, TGG, | Leu, Trp, Ser, | PCR 1= AxS 246
TCG, TAG, | Stop codon, R1 & Ax4 (820 bp)
GGG, Gly, Ala, Val, | PCR 2= AxS 246
GCG, GTG, | Glu, Arg, Pro, | F1 & GFP 4 (1,970
GAG, Leu, GIn, Arg, | bp)
CGG, CCG, | Thr, Met, Asn | PCR3=Ax4 &
CTG, CAG, Ax2 (2 kb)
AGG,
ACG, ATG,
AAG

Asp™ | GAT NNT | GGT, GCT, | Gly, Asp, Val, | PCR 1 = AxS 250
GAT, GTT, | Ala, Ser, Asn, | R1 & Ax4 (810 bp)
CGT, CCT, | lle, Thr,Cys, | PCR 2= AxS 250
CAT, CTT, | Tyr, Phe, Ser, | F1 & Ax2 (1,200
AGT, ACT, | Arg, His, Leu, | bp)
AAT, ATT, | Pro PCR3=Ax4 &
TGT, TCT, Ax2 (2 kb)
TAT, TTT
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Asp®® | GAT NNT | GGT, GCT, | Gly, Asp, Val, | PCR 1= AxS 320
GAT, GTT, | Ala, Ser, Asn, | R1 & Ax4 (1015
CGT, CCT, | lle, Thr, Cys, bp)
CAT, CTT, | Tyr, Phe, Ser, | PCR 2= AxS 320
AGT, ACT, | Arg, His, Leu, | F1 & Ax2 (970 bp)
AAT, ATT, | Pro PCR3=Ax4 &
TGT, TCT, AX2 (2 kb)
TAT, TTT

Pro>! CCG NNG | TTG, TGG, | Leu, Trp, Ser, | PCR1=AxS 361
TCG, TAG, | Stop codon, R1 & Ax4 (1180
GGG, Gly, Ala, Val, | bp)
GCG, GTG, | Glu, Arg, Pro, | PCR 2 = AxS 361
GAG, Leu, GIn, Arg, | F1 & GFP 4 (1630
CGG, CCG, | Thr, Met, Asn | bp)
CTG, CAG, PCR3=Ax4 &
AGG, AXx2 (2 kb)
ACG, ATG,
AAG

Table 38: AxS site directed mutagenesis summary

Amino acids targeted and their predicted nucleotides and amino acids from the

mutagenesised PCR. Last column shows primers used to for each site, as well

predicted sizes.
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