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Abstract

Plants, as primary produces of energy and the main source of food for
many organisms, are both ecologically and economically important to
sustaining life. Understanding the molecular mechanisms by which
plants respond to stress is key to optimizing food production and
maintaining biodiversity in an increasingly uniform global ecosystem.
Arabidopsis thaliana is the major model plant species in which primary
research provides insights into the workings of more important plant
species. The research presented here advances our understanding of the
role of SUMOylation and deSUMOylation in plants. The discovery of a
previously undescribed group of SUMO proteases in plants, called
deSUMOylating Isopeptidases (DeSis) has provided evidence for the
first time of SUMOylation cycles outside the nucleus. Using proteomic
comparisons from animal species, this group of SUMO proteases has
been classified into 3 distinct sub-classes; DeSil, DeSi2 and the plant
specific DeSi3. Characterisation of the SUMO isopeptidase activity was
achieved through biochemical assays in which SUMO1 conjugation
chains were reduced in the presence of the DeSi proteins. Furthermore,
investigation into the role of the DeSi3 protein At1g47740 (DeSi3a), has
revealed key regulation of the immune response pathway. DeSi3a
knockout plants were more resistant to pathogen attack, showed a
higher response to the detection of pathogenic elicitor molecules and
appeared to be primed for immune response. Together this provided
evidence that DeSi3a is a major negative regulator of plant immunity. In
addition to this, investigation into potential DeSi3a target substrates has
revealed that the activation of the key receptor for the perception of
bacterial pathogens, FLS2, is SUMOylation dependent. Further evidence
suggests that the fungal pathogen receptor, CERK1, may also be
regulated by SUMO. This thesis provides evidence that the regulation of
pathogen perception is SUMOylation dependent and that DeSi3a is a key

negative regulator of defence.
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Chapter 1.

Introduction

1.01 - Arabidopsis thaliana - The Model: A Brief History

Arabidopsis thaliana (Arabidopsis) is a well-established organism for studying
all components of plant life and has been instrumental in deciphering
mechanisms that have lead to a greater understanding of all life on planet
Earth. However it is apparent that the research performed on this organism
was only made possible by the early pioneers and champions of the past,
which not only established Arabidopsis as a suitable botanic research tool, but
also as a major source of innovation in developing molecular and genetics
techniques (Lamesch et al., 2012). Arabidopsis has been studied scientifically
since the turn of the 20%™ century, with the earliest paper describing its
chromosomal arrangement published in 1907 by Fredrick Laibach. This first
published article on Arabidopsis described the existence of 5 chromosomes
that contain the Arabidopsis genome (Laibach 1907). Laibach also published
further work in the early days of Arabidopsis research including flowering
time and seed dormancy variation, and his research group created the first
synthetic mutants in Arabidopsis using X-ray mutagenesis in the 1930s
(Kroonneef & Meinke 2010). By 1955 auxotrophic mutants in Arabidopsis
were being generated and an international community centred on
Arabidopsis research started to grow from the late 1950s into the 1960s
(Langridge 1955).

Before the genomic era, the plant was studied in various botany-based
projects, however until 1980 there were only 65 publications recorded
(Kroonneef & Meinke 2010). As the need for suitable genetic model organisms
grew in the 1980s, the potential for Arabidopsis was highlighted several times
within the literature. One of the more important articles published by
Somerville and Ogren 1980, provided detailed insight into how effective
Arabidopsis mutant studies were for understanding both physiological and
molecular traits (Somerville and Ogren 1980). By 1985 the Arabidopsis
genome size was calculated and this led to further validation for its use in

genetic research, due to its relatively small sized genome (125 x 10° base



pairs) (Leutwiler et al., 1984). In the late 1980s, possibly the most significant
discovery at the time, was the stable introduction of transgenes into the germ-
line. This was achieved by treating mature seeds with transgenic
Agrobacterium tumefaciens (Agrobacteria) (Feldmann and Marks 1987). The
significance of this proved to be crucial for all future Arabidopsis research as
prior to this the main way to transform plants was through tissue culture
based techniques, something that was not well established in Arabidopsis due
to the genetic background incompatibility issues caused by natural variation.
The research that followed this work led to the development of the well-
established foral dip method, which used transgenic Agrobacteria to infect the
flower bud creating stable transgenes in the developing embryos (Bechtold et
al., 1993; Clough and Bent, 1998). This technology was taken a step further by
the creation of T-DNA insertions, which exploited the floral dip methodology
to create single gene knockout lines. (Haseloff and Amos, 1995). By the late
1990s Arabidopsis thaliana had become only the third multicellular organism,
and the first plant, to have a fully sequenced genome. The resulting
annotations and programmes like the ‘Arabidopsis 2010 project’ (an initiative
aimed at adding functionality to all 25000+ Arabidopsis genes by the year
2010) (Chory et al., 2000), has give rise to one of the most comprehensive
genetic and molecular libraries in all of biology, collectively housed by the
TAIR database/website (Kroonneef & Meinke 2010; Somerville and
Koornneef, 2002; Lamesch et al., 2012).

1.02 - Arabidopsis thaliana - key features

The Arabidopsis thaliana genome consists of 125 x 106 base pairs of DNA
within 5 chromosomes. The genome contains approximately 25,000 genes
and knockout-lines for nearly all genes are available (Lamesch et al,, 2012). It
is a small plant with a rapid life cycle and it can produce new seeds in only 6
weeks after germination. Mutations are easily generated and can be induced
by several well-established methods, but a major advantage is the fact that
one plant can produce up to 10,000 seeds, making genetic screening much

more effective. Furthermore the plant can self-pollinate and can therefore



generate homozygous mutants within 2 generations (Somerville &
Meyerowitz 2002).

Another feature that is exploited for research is the interaction between the
plant and invading pathogens. Infections can be traced in various ways and
susceptibility of Arabidopsis thaliana ecotypes (or mutants) can be
determined and scored for comparison. A well-studied example of this is the
Arabidopsis thaliana interaction with the bacterial pathogen Pseudomonas
syringae (Ps) (Katariri et al, 2002). Ps is a Gram-negative biotrophic pathogen
with various strains that can infect a wide range of hosts (Agrios 1997). The
bacterium generally gains access to the host tissues via natural openings like
stomata or by sites of wounding on the leaves, and once inside susceptible
plants, can proliferate and overwhelm host defences. This leads to necrosis
and chlorosis and the bacteria can spread quickly within the host (Hirano &
Upper 2002). When mature Arabidopsis thaliana plants are inoculated with
the strain Pseudomonas syringae pv. tomato DC3000 (Pst), after 2 days dark
patches appear on the leaf, making the leaf look water-soaked followed by the
onset of chlorosis and necrosis by day 3. This is followed by a symptomatic
speckling effect of necrotic spots around the infection sites as the pathogen
spreads within the plant (Hirano & Upper 2002). In Arabidopsis seedlings,
Pst infection can cause growth retardation in resistant plants, and measuring
root growth of infected plants can give some insight into the virulence of the
pathogen in a range of host ecotype or genotypes (Zipfel et al., 2004). The
growth of the Pst within the plant can be measured by extracting samples of
leaf tissue that are infected at different time points, and re-plating the bacteria
in a serial dilution and counting the colonies that grow. This is useful as it
gives an indication of how well the bacterium is growing therefore its
virulence within a genotype (Katariri et al, 2002). The plants response to
pathogen perception can also be measured by detecting the production of
Reactive Oxygen Species (ROS). These free radicals are produced in response
to the detection of stress and act as early molecular signals that prepare the
plant for a response to the stress (Thakur and Sohal, 2013). Measuring ROS
can provide information about the plants ability to perceive pathogens,

furthermore this response can be generated by applying synthetic molecules



such as flg22 (A 22 amino acid peptide which mimics a part of the bacterial
motility organelle flagellum), which will activate the initial ROS burst without

engaging a full infection response (Gomez-Vasquez et al., 2004).

1.03 - Plant immune system overview

As primary providers of energy to the eco-system, plants have to contend with
biotic threats from nearly all families of life. Microbial threats, such as
bacteria, fungi and oomycetes are a constant danger as most are found within
the soil from which the plant grows. However, although plants are at risk from
a plethora of pathogens, very few successfully infect the plant (Dickinson
2003). Plants are sessile organisms that have evolved sophisticated
mechanisms of cellular regulation. Their immune system is multi-layered and
appears more complex with each new detail reported in scientific articles. In
order to defend against pathogenic threats, plants have robust cell walls and
waxy coverings that act as a good physical barrier (Malinovsky et al., 2014).
The physical barriers prevent the majority of infectious agents comprising the
plant, however plants have naturally occurring entry/exit points such as
stomata for gas exchange and transpiration, which some pathogens exploit to
negate the natural barriers (Glazebrook 2005). Once breached however, the
plant depends on a different style of defence in order to deal with the threat.
During biotic stress cell plasma membrane receptors act as an early trigger for
the plants immune response. By recognition and interaction of a receptor,
with a molecule of the infectious species, the plant is able to mount a defence
response. Known as Pathogen/Microbe Associated Molecular Patterns
(PAMPs/MAMPs), these molecules are conserved microbial elements which
activate the plants PAMP-trigger Immunity (PTI) (Jones and Dangl, 2006).
Examples of PAMPs include bacterial flagellin, bacterial elongation factor (EF-
Tu), and the fungal structural component chitin (Boller & Felix 2009). These
PAMPs are detected by Pattern Recognition Receptors (PRRs) such as
FLAGELLIN SENSING 2 (FLS2), EF-Tu RECEPTOR (EFR) and CHITIN ELICITOR
RECEPTOR KINASE1 (CERK1) (Dunning et al., 2007; Kombrink et al, 2011).
The receptors are of a class of trans-membrane proteins called Receptor-like

Kinases (RLK or RK) that are specific to plant species (Shiu and Bleecker,



2002). Within the RLK group there is a subclass of proteins that contain
Lecuine-Rich Repeat (LRR) domains that are related to the toll-like receptors
of animal systems (Trinchieri and Sher, 2007). Identification of RLK class is
determined by the occurrence of the arginine-aspartic acid (RD) motif in the
kinase domain, which is the phosphorylation activation site of the receptor of
this class (Johnstone et al., 1996). LRR-RK proteins make up a family of PRRs
that act as the detection molecules of stress signals. The receptors normally
target highly conserved microbial elements for greater coverage of defence.
FLS2 an non-RD kinase, is one such receptor for example, that can recognise a
specific fragment of the bacterial motility apparatus, flagellin. The region of
flagellin that FLS2 can recognise is a 22 amino acid long peptide (flg22) that is
highly conserved in the bacterial kingdom (Naito et al, 2008). Activation of
PRRs such as FLS2, results in PTI as a first-line/early defence for the plant.
During PTI downstream effects include but are not limited to; cell wall re-
enforcement, increased reactive oxygen species production, MAP-kinase
activation and altered gene expression (Zipfel 2008, Chisholm et al, 2006).
One way pathogens have evolved to cope with PTI is through production of
effector molecules that supress the PTI response, usually resulting in
successful infection. Some of the effector molecules from pathogens act upon
the kinase domain of the plants PRRs such as FLS2, and can disrupt the
signalling cascade that usually follows PAMP recognition (Ziang et al, 2008).
In cases where the effector interferes with the PTI response, this can cause
increased virulence through Effector-Triggered-Susceptibility (ETS) (Jones
and Dangl 2006). Some plants however, have co-evolved proteins which
detect the effector proteins or changes in their target, these are known as
Resistance (R) proteins. R proteins, when activated induce a secondary
defence system called Effector Triggered Immunity (ETI), otherwise known as
gene-for-gene resistance (Bent et al, 2007). Effector proteins from different
species have evolved to target a plethora of different substrates in the plant
cell (Block et al, 2008). R proteins evolve to recognise effector proteins and
mount an ETI response, thus creating further selection pressure for the
effector proteins to mutate to avoid detection. These interactions are

mechanistically diverse, and it appears that over evolutionary timescales a so-



called molecular arms race between plant and pathogen has taken place. The
high selection pressure caused by this molecular arms race has created what
is known as the zig-zag model. This model suggests a way in which intense
selection pressure, is a possible explanation as to why there is such a varied
spectrum of targets and responses to effector protein targets and R proteins
respectively (Jones & Dangl 2006). ETI can result in a Hypersensitive
Response (HR) causing Programmed Cell Death (PCD) at a local level, whilst
promoting Systemic Acquired Resistance (SAR) on the global level (Jones &
Dangl 2006). SAR primes the plant for a second wave of infection meaning the
defence responses are quicker and more effective essentially acting as plant
‘memory’ or ‘experience’ derived immunity (Durrant and Dong 2004). SAR
signalling mechanisms remain elusive, salicylic acid (SA) signalling has been
argued for and against in this role (Rasmussen 2002, Vernooij et al., 1994),
but interestingly methyl salicylate has been proposed as the actual mobile
signal. Being converted to and from SA, for recognition and signalling
respectively, it is thought that the as SA is produced at a local level, the methyl
salicylate can be synthesised and mobilised, then converted back to SA at
systemic sites (Park et al, 2007). SA has a major role in the SAR response and
has been shown to be essential for establishing SAR in remote systemic
tissues (Durrant and Dong 2004). Another proposed mechanism for SAR
signalling is a lipid transfer based mechanism. Mutant Arabidopsis defective
in the lipid-tranfer protein DIR1, mount a normal localised defence response
but show no SAR response detected in systemic tissues, this suggests that the
mobile signal maybe a lipid molecule (Maldonado et al, 2002). The SAR
response includes the production of the ROS. Production of ROS acts as a first
defence signal and is essential for HR (Thakur and Sohal, 2013). Two ROS
bursts have been measured during pathogen stress induction, the first is rapid
and considerably larger, induced within minutes of elicitor detection and is
triggered locally. The second, is a smaller burst and slower (approx. 50-70
minutes after detection) which is also observed systemically in the plant, both
of which are required for SAR activation (Alverez 1998). Synthetic elicitors
that mimic pathogen molecules can trigger induction of ROS production

through the PAMP receptor pathway, which can lead to activation of cellular



defences (Gomez-Vasquez et al, 2004). The receptor for these types of
elicitors can also be the target of effector molecules from the pathogen. The
Arabidopsis LRR receptor FLS2 for example, is crucial for activation of
immune responses, making FLS2 and FLS2 signalling a natural target for
effectors (Wang & He 2010). Effector proteins AvrPto and AvrPtoB from the
pathogen Pseudomonas syringae for example, bind to the LRK co-receptor
BIK1, preventing interaction with FLS2, this is part of an essential assembly

for immune response (Block & Alfano 2011).

1.04 - Plant pathogen interactions

Effector proteins can prevent proper activation of the plants PTI and thus
enable successful infection of the pathogen (Feng and Zhou, 2012; Raffaele
and Kamoun, 2012; Win et al,, 2012). Effector molecules may target a specific
virulence factor of the host, and effectively ‘turn off host immunity. However,
in some cases, where plants are seemingly resistant to a pathogen, effector
molecules are detected in the plant by Nucleotide-binding, Leucine-rich
Repeats (NLR) proteins, NLR proteins are highly diverse and cover a
multitude of targets. These proteins, as known as R proteins, can interact with
the effector directly or indirectly (for example, upon activation of another
immune component) (Chisholm et al., 2006; Dodds and Rathjen, 2010; Jones
and Dangl, 2006). Previously known as the gene-for-gene hypothesis, R
protein recognition of effector proteins is currently described as “the guard
hypothesis”. This model suggests R proteins have virulence factors that they
‘guard’ by detecting changes induced by effector molecules, which activate ETI
(Rafiqgi et al, 2011). The mechanistic procedure by which this works is called
a “bait and switch”, where in the detected host protein, usually a virulence
factor, is the bait and the R protein is the switch; activating when the ‘bait’ is
modified by the effector (Collier & Moffet 2009). An extension of the guard
hypothesis is “the decoy model”. The decoy model implicates that the host
protein, which is ‘guarded’ by the R protein, is a “decoy” i.e. not a virulence
factor target, but rather one that emulates an effector target. This allows the

plant to detect the pathogen before host defences are compromised and also



prevents the pathogen shutting down the plants immune system thus making
the plant resistant.

Over 8,000 Arabidopsis thaliana proteins have been identified as having ‘R
protein’ function and these proteins are involved in fungal, bacterial and
oomycotal infections (Dreze et al., 2011; Mukhtar et al, 2011; Wesseling et al,
2014). An important observation in the field of plant-pathogen interactions is
that in pathogenic species representing three different kingdoms, common
host protein networks are targeted by the pathogens using unique effector
proteins that have undergone convergent evolution to act on the same targets
(Wessling et al., 2014). This interaction shows that the host target molecules
are selectively found by different pathogens over evolutionary timescales
(Dreze et al., 2011). Moreover it helps to identify various key components of

the plant immune system.

1.05 - Activation of immune signalling cascades

PRRs are highly conserved PAMP receptors that cause activation of host
defences. The LRR ecto-domain of PRRs is the recognition site for the PAMP
molecules and triggers the initial signalling events for immune activation
(Macho & Zipfel 2014). For example during recognition of flg22, FLS2
dimerises with and associates in a complex with the transmembrane kinase
protein BRASSINOSTEROID INSENSITIVE1 ASSOCIATED KINASE1 (BAK1),
propagating a phosphorylation cascade which results in PTI (Figure 1.1)
(Macho & Zipfel 2014; Zipfel 2006). Similarly ERF associates with BAK1 upon
recognition of EF-Tu, and similar defence response is mounted (Macho & Zipel
2014; Chinchilla et al, 2007). CERK1 also dimerises after recognition of chitin
oligomers and associates with other transmembrane proteins resulting in
phosphorylation cascade (Liu et al, 2012b; Cao et al, 2014). The mechanistic
pathway for PRR signals involves common components and interactions.
Receptor-Like Cytosolic Kinases (RLCKs) interact with PRRs and in a
conversed manner. CERK1, ERF and FLS2 all associate in complexes with the
RLCK; BOYTRISTIS INDUCED KINASE1 (BIK1) (Zhang et al, 2010a; Shi et al,,
2013). BAKI1 acts to phosphorylate BIK1 upon recognition of the PAMP, in the
case of FLS2, PAMP detection results in BAK1 phosphorylating BIK1 and in



turn, RLCK phosphorylation of the FLS2-BAK1 complex prevents interaction
with RLCK and resulting in downstream effects such as production of ROS
(Figure 1.1) (Zhang et al, 2010a, Macho & Zipfel 2014; Shi et al, 2013). These
phosphorylation events are part of a signalling cascade, which links the plants
perception of PAMPs to its cellular responses. This is a highly conserved
mechanism in eukaryotes and the family of proteins involved are known as
Mitogen Activated Protein Kinases (MAPKs). MAPK cascades operate to
amplify signals using three components that sequentially phosphorylate other
kinase proteins resulting in downstream responses. This is initiated via
stimulus of a MAPK-Kinase-Kinase-Kinase (MAPKKK) protein, which
phosphorylates a MAPK-Kinase-Kinase (MKK) protein, which in turn
phosphorylates a MAPK protein, which then trigger modifications in target
proteins such as; transcription factors, effectors and various other substrates
(Khokhlatchev et al,, 1998; Rodrigues et al, 2011). In the Arabidopsis thaliana
genome approximately 60 MAPKKKs have been identified using
bioinformatics, along with 10 MKKs and over 20 MAPKs (Group et al., 2002).
These mechanisms are involved in transducing many diverse signal-types in
plants such as the hormone signalling, cell differentiation, transcriptional
reprogramming (Wang et al., 2007; Zhang et al., 1997; Xing 2008). The MAPK
cascade is tightly related to the defence-signalling network in plants, SA
treatment has been shown to induce MAPK activation in Arabidopsis roots
(Mockaitis & Howell, 2000). Furthermore the specificity of one MAPK
pathway over another seems to involve combinations of the MAPKKK, MKK
and MAPK families. The proteins MPK4 and MPK6 have been shown to be
targets of the pathogen effector HopAl1, which is able to de-phosphorylate
these MAPK components and supress PTI when infecting plants (Li et al.,

2007; Boller & Felix 2009).
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Figure 1.1. Activation of flg22 induced immune signalling. FLS2, BAK1, RBOHD
and BIK1 are prior to PAMP recognition on the left panel. The right hand panel shows
the re-configuration of the proteins into a complex under recognition of the PAMP
flg22. FLS2 dimerises with BAK1 and this complex acts to phosphorylate BIK1. BIK1
induces phosphorylates of RBOHD, activating ROS production. Phosphorylation of
BIK causes downstream signalling, through further phosphorylation events involving

MAPKs.
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1.06 - Post translational modification

Millions of years of evolution have allowed plants to develop many complex
and sophisticated mechanisms that enable them to adapt to different
environments across the world. These adaptations give them an advantage in
certain adverse niches (Munns and Tester, 2008). This requires rapid and
reversible physiological responses. Combinations of transcriptional, post-
transcriptional, translational, and post-translational mechanisms allow plants
to respond in this efficient manner (Edwards et. al, 2012). Modification of
protein activity is essential for quick adaptation to environmental stress
(Kerscher et al, 2006). This process can be achieved by the addition or
removal of small molecules to target proteins, known as post-translational
modifications/modifiers (PMs) (Seo and Lee, 2004). A plethora of molecules
can bind to target proteins after translation, thereby modifying their activity,
stability, and/or localization (Mann and Jenson, 2003). PMs are also involved
in signalling mechanisms where not only signalling cascades but also the
rapid removal of the signal are important (Vertegaal, 2011). There are many
types of PMs in eukaryotic cells and arguably one of the most well-studied

examples is the process of ubiquitination.

1.07 - Ubiquitin

Ubiquitin and ubiquitin-like modifiers are important in controlling cellular
responses that alter the target protein stability and activity (Miura and
Hasegawa, 2010). Highly conserved throughout the eukaryotic kingdom,
ubiquitin is involved in most processes of plant life, including but not limited
to stress, drought, and nutrient utilization (Sadanandom et al, 2012; Dye and
Schulman, 2007; Yates and Sadanandom, 2013). Ubiquitin is a short peptide of
only 76 amino acids, which acts by forming bonds with target proteins by
linkages via one of seven lysine residues and a C-terminal glycine
(Mukhopadhyay and Riezman, 2007). In order for this linkage to occur,
ubiquitination requires three specialized enzymes called E1, E2, and E3
(Hershko et al, 1983). E1 is an ATP-dependant activation enzyme that charges
the ubiquitin peptide at the aforementioned C-terminal glycine. The E2 is a

conjugation enzyme, which binds the charged ubiquitin and can either allow
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transfer to the E3 or directly ubiquitinate the substrate. Finally, the E3 is a
ligase that gives substrate specificity by bringing ubiquitin and substrate
together, facilitating the linkage to target lysines. Arabidopsis thaliana has two
genes encoding E1 enzymes, up to 45 genes for E2 enzymes, and more than
1400 genes encoding E3 ligases (Kraft et al, 2005). Ubiquitin is often attached
to target proteins as chains, with the variation of chain length and the specific
attachment sites altering the fate of the substrate (Walsh and Sadanandom,
2014). These chains can also be modified through the removal of ubiquitin
molecules by DeUBiquitinating enzymes (DUBs); there are approximately 50
genes encoding DUBs in the Arabidopsis genome (Isono and Nagel, 2014).
DUBs are also responsible for the processing of poly-ubiquitin chains into
mono-ubiquitin and can also remove ubiquitin completely from its substrate

(Callis et al, 1990).

In the cell, the enzymes used for the ubiquitination process can be combined
in various ways to give high specificity and control over a wide range of target
substrates (Vierstra, 2009). Plant lines bred during the Green Revolution, in
which yields of cereals such as Oryza sativa (rice) and Zea mays (maize)
improved through the production of dwarf varieties, were in most cases a
result of the failure to degrade DELLA proteins. In wheat lines this was caused
by the deletion of important sequences in DELLA genes, resulting in truncated
proteins. These mutations interfered with a highly conserved region
containing a lysine residue, resulting in a failure to ubiquitinate DELLA due to
the loss of the phosphorylation site, and hence repression of plant growth
(Peng et al, 1999; Pearce et al, 2011). Gibberellin (GA)-mediated degradation
of DELLA proteins is controlled by the E3 ligase SLEEPY1, which, with the
addition of ubiquitin, causes DELLA proteins to be targeted to the 26S
proteasome for degradation (McGinnis et al, 2003). Removing the plants
ability to degrade DELLA leads to constitutive growth repression in this same
manner; this quality was exploited in crop plants to prevent yield losses
caused by lodging, making plants shorter and sturdier and therefore more

able to withstand wind and rain. E3 enzymes are emerging as the key
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regulators for ubiquitination, providing the specificity to complex systems for

fast responses.

1.08 - SUMO

The Small Ubiquitin-like MOdifier (SUMO) is a small polypeptide of
approximately 100-115 amino acids. This protein was first identified in
Solanum lycopersicum (tomato) plants in 1999, and was named due to its
similarity to ubiquitin (Hanania et al, 1999). The SUMOylation process is
described as the act of attaching a SUMO protein to a target substrate. It is a
quick response mechanism to modify the behaviour of proteins under stress
and is proving to be a major post-translational regulator in plants and other
eukaryotic organisms (Gill, 2004; Hay, 2005; Downes and Vierstra, 2005;
Vierstra, 2012). Like ubiquitination, SUMOylation is a dynamic process that is
altered during biotic or abiotic stress and can change the stability of proteins
or interfere in protein-protein interactions (Wilkinson and Henley, 2010).
The functional consequences of SUMOylation are diverse and depend on the
modified substrate protein. Adding and removing SUMO regulates various
aspects of basic cellular processes in stress and other processes such as
defence responses, DNA repair, nuclear transport, transcriptional regulation,
chromosome segregation, ion channel activity, nitrogen metabolism,
phosphate starvation, and regulation of flowering (Hanania et al, 1999; Hoege
etal, 2002; Ross et al, 2002; Stade et al,, 2002; Hotson et al, 2003; Kurepa et
al, 2003; Lois et al, 2003; Murtas et al, 2003; Xia et al, 2004; Gill, 2005;
Miura et al, 2005; Nacerddine et al, 2005; Rajan et al, 2005; Colby et al,
2006; Yoo etal, 2006; Catala et al, 2007; Lee et al, 2007; Lyst and Stancheva,
2007; Conti et al, 2008; Park et al, 2010). One example of the wider
implications of SUMOylation comes from proteomic studies of Arabidopsis
grown under stress conditions. There is evidence to suggest that SUMO
conjugation during heat stress can result in controlling alternative splicing
and other RNA-based DNA modifications although it hasn’t been shown that
SUMO binds RNA or DNA directly (Miller et al, 2013). This implies that the
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action of SUMOylation can go far beyond simply modifying individual proteins
for protection against stress and can change the entire transcriptome,

allowing major changes in physiological responses.

Within the Arabidopsis genome, eight SUMO proteins (AtSUMO) were found
through bioinformatics approaches. It is believed that some of the AtSUMO
isoforms are expressed in specific conditions or at specific times. In addition
to Arabidopsis, SUMO families have been identified in many different crop
plants such as rice, maize, Triticum aestivum (wheat), Sorghum bicolor
(sorghum), and Poplulus spp. (poplar) (Kurepa et al, 2003; Reed et al, 2010;
van den Burg et al, 2010). SUMOylation occurs in a series of enzymatic
reactions very similar to ubiquitination, which include activation, conjugation,
and ligation. The SUMO E1 has two small subunits called SUMO activation
enzymes la and 1b (SAEla and SAE1lb) and a large subunit (SAE2); this
complex requires ATP, and the E2 conjugation enzyme—SUMO conjugation
enzyme 1 (SCE1)—acts to bring the SUMO and E3 together (Figure 1.2). E3
enzymes act to attach SUMO to substrates; however, only two SUMO E3
ligases, HIGHPLOIDY2 (HPY2) and SAP & Mizl (SIZ1), are found in the
Arabidopsis thaliana genome (Kurepa et al, 2003; Miura et al, 2005; Miura
and Hasegawa, 2010). Interestingly, despite the obvious similarity between
SUMOylation and ubiquitination, the SUMO system has a strikingly low

number of E3s compared to ubiquitination.

The reversible covalent bond formed between the C-terminal glycine residue
of SUMO and an amine side chain of the lysine residue of the target protein is
catalysed by E3 SUMO ligases. However, conjugation of SUMO to target
proteins can also occur without the help of an E3 SUMO ligase, meaning E2
enzymes can also directly facilitate the SUMO-substrate linkage (Wilkinson
and Henley, 2010).

The Arabidopsis SUMO E3 SIZ1 has been shown to mediate freezing tolerance,
playing a crucial role in phosphate deficiency and functions in defence
responses (Miura et al, 2005; Yoo et al,, 2006; Miura et al, 2007a; Miura et al,
2007b). The AtSIZ1 homologs in rice (OsSIZ1 and OsSIZ2) are equally as
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versatile in their role in stress responses and adaptations. OsSIZ1/2 have a
role in the control of heat shock, with an increase in sensitivity to abscisic acid
shown in knockout studies. The OsSIZ1 protein can in fact partially
complement Arabidopsis sizl knockout plants, showing great conservation
across the monocot-dicot kingdom (Park et al, 2010). The wide range of
processes that the SUMO E3s are involved in compared to ubiquitin E3s,
coupled with vast difference in numbers of each, implies that there is

something other than E3s in the SUMO system driving specificity.

1.09 - De-conjugation by SUMO proteases

The process of removing SUMO from its substrate is called DeSUMOylation.
Like SUMO conjugation, DeSUMOylation is a rapid process that makes the
SUMOylation cycle reversible. This is achieved through isopeptidase activity
of the SUMO protease enzymes such as is seen in the class SENtrin specific
Proteases (SENPs). SENPs are cysteine proteases that are response for the
activation of pre-SUMO into mature SUMO by cleavage of the di-GLY residue of
the SUMO protein (Gareau et al, 2010). The most extensive studies on these
proteases are in mammalian systems. In Homo sapiens for example, there are
6 SENPs; SENP1-3 and SENP5-7. These proteases are all found in various sub
compartments of the nucleus and show some cross over in activity. For
example, SENP 1 and 2 can target SUMOs 1, 2 and 3, and are capable of both
SUMO maturation and deconjugation of mono-SUMO from its substrate
(Figure 1.2) (Kolli et al, 2010). Where as SENP 3 and 5 specifically target
SUMOs 2 and 3 but have little activity on SUMO 1, they are also involved in
deconjugation of mono-SUMO from the target substrate (Hickey et al., 2012).
SENP 6 and 7 seem to be specifically targeted to poly-SUMO2 and poly-SUMO3
chain deconjugation, and no activity has been shown in respect to SUMO
maturation (Shen et al, 2009 & Bekes et al, 2011).

In addition to this, a separate class of SUMO proteases called DeSUMOylation
Isopeptidases (DeSi) have been found to have extremely high specificity in
relation to target substrates (Shin et al, 2012). This class of proteases has 2
member proteins in Homo sapiens DeSil and DeSi2, so far only functionality

has been identified for DeSil and it appears these enzymes have

15



deconjugation activity but lack the SUMO maturation capabilities (Figure 1.2)
(Shin et al, 2012, Suh et al, 2012). Furthermore a class related the DeSis
known as the Ubiquitin-Specific Protease-Like (USPL) protease has been
identified in Homo sapiens. USPL1 is critical in the cell proliferation stage of
the cell cycle and seems to have higher affinity for SUMO2 and SUMO3 then
for SUMO1 (Kolli et al, 2012; Schulz et al, 2012). The role of SUMO proteases
in plants is discussed in the forthcoming chapter (chapter 3), with an
overview of the current literature and investigation of putative DeSi proteases

provided.
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Figure 1.2. Overview of SUMOylation & deSUMOylation system. The SUMO1
protein is produced as an inactive precursor form preSUMO1. Maturation of the
preSUMO1 occurs through the cleaving preSUMO1 by SUMO proteases of the class
SENP. The mature SUMO then undergoes activation by E1 (a process that requires
ATP), conjugation by the E2 and then substrate ligation via interaction with the E3.
This covalent attachment of SUMO to the substrate protein can be reversed by SUMO
proteases of either SENP or DeSi class. SUMO1 is then recycled for subsequent
rounds of SUMO attachment.
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1.10 - Thesis objectives

The complexity of the molecular interactions that are at play in eukaryotic
cells is enormous. Advancing our understanding of the cellular interplay has
caused changes in paradigms and this consistent challenging of prior
understanding has lead to new trends being established. This thesis aims to
reveal a new subclass of SUMO proteases in plants and underpin the
significant roles SUMOylation and deSUMOylation have in biotic stress
responses. Furthermore, it exposes greater detail on a relatively new level of
molecular regulation: deSUMOylation.

The underlying working hypothesis for this thesis is as follows;

In response to stress, SUMOyaltion attachment is increased on a global scale.
DeSUMOylation is a critical process that provides specificity by targeting
proteins depending on the type of stress perceived.

If this hypothesis were true, the plants identification of a specific stress would
cause changes in the levels of protein and/or mRNA of the corresponding
SUMO proteases. If an individual SUMO protease is down regulated in
response to a specific stress, for example stress ‘A’, whilst not to other
stresses, it is more likely that the SUMOylated target is involved in the

)

pathway to deal with stress ‘A’. Likewise if the same SUMO protease gene is
knockout, it may show enhanced response to stress ‘A’, or display the “stress
‘A’” phenotype under normal conditions.

Working under this hypothesis the objectives of this project are described in 3
parts as follows:

The aim of the work was to first identify proteins with DeSi domain regions.
Secondly, to order the identified proteins using phylogenetic analysis, this
enables better understanding of the DeSi family structure. Thirdly, after
bioinformatic and phylogenetic analysis, cloning of the identified DeSis for
genetic and protein analysis leading to the validation of SUMO deconjugation
activity. This would be the first description of this class of SUMO proteases in
plants. The next aim was to ascertain the cellular localisation of the DeSi

proteins and compare that with the localisation of previously described SUMO

proteases. The cellular localisation information was used to identify a subset
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of DeSi proteins for further investigation, these were then used to identify
and/or generate genetic knockouts and overexpressing plants for the chosen
DeSi genes. In order to analyse any phenotypic changes and to test for
resistance or susceptibility to specific stresses, these mutant plants were
assayed establishing a stress-response correlation. Further analysis was to
reveal the mechanistic actions, providing insight to possible DeSi targets and
function. Using the previous results, the next aim was to identify possible DeSi
target proteins. Then to use a bioinformatics approach to identify
SUMOylation sites on the potential DeSi targets. Test if mutation of the
predicted SUMOylation site on the putative DeSi target proteins affects the
phenotype and or response to stress and develop further genetic tools to aid

analysis of the role of SUMOylation within the identified target(s).
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Chapter 2
Materials and Methods

2.1 Materials

The chemicals used for the practical work in this thesis were bought from

Sigma-Aldrich, Fisher Scientific, VWR or Melford.

2.1.1 Vectors

pENTR D-TOPO Kan Gateway entry vector (Life Technologies)

pDEST 15 Amp N-terminal GST tag E. coli expression (Life Technologies)
pDEST 17 Amp N-terminal HIS tag E. coli expression Life Technologies
pEarleygate 104 Kan N-terminal YFP tag plant expression (Earley et al.,, 2006)

pEarleygate 201 Kan N-terminal HA tag plant expression (Earley et al., 2006)

pET9d (c2corr) Kan N-terminal His-tag protein expression vector (Budhiraja

etal, 2009; Tomanov et al, 2011)

pET9d kan No tag protein expression vector (Budhiraja et al., 2009; Tomanov
etal,2011)

pMAL Amp N-Terminal MBP-tag bacterial expression vector (Budhiraja et al,
2009; Tomanov etal, 2011)

pET-Tag3 Kan Strep-HA-His-tag bacterial expression vectpr (Budhiraja et al,
2009; Tomanov et al, 2013)

pQE70 - Amp His protein expression vector (Canonne et al.,, 2011; Colby et al,
2006)
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2.1.2 Bacterial strains

Organism

Strain

Resistance

Agrobacterium tumefaciens GV3101pMP90

Rifampicin and Gentamicin

Escherichia coli DH5a n/a
Eschericha coli BL21-ROSETTA(De3) Chloramphenicol
Pseudomonas syringae pv. tomato DC3000 Rifampicin and Kanamycin

2.1.3 Antibodies

Antibody; Host; Working concentration (TBST); Supplier.
anti-HA Rat 1:10,000 Roche

anti-HIS Mouse 1:10,000 Roche

anti-SUMO1 Rabbit 1:5,000 Manufactured inhouse
anti-GFP Rabbit 1:8000 Abcam

anti-GST Rat 1:5000 Abcam

anti-RAT-Hrp 1:20,000 Sigma

anti-Rabbit-Hrp 1:20,000 Sigma

anti-Mouse-Hrp 1:15,000 Sigma

2.1.4 Enzymes

Polymerases MyTaq™ Red Mix - Bioline

Q5® Hot Start High-Fidelity DNA Polymerase - New England BioLabs

SYBR® Green JumpStart™ Taq ReadyMix™ - Sigma-Aldrich

Gateway Life Technologies pENTR D-TOPO - Fisher

Life Technologies Gateway cassette LR clonase II - Fisher

Reverse Transcription Invitrogen SuperScript® II Reverse Transcriptase -
Fisher

Invitrogen RNaseOUT™ Recombinant Ribonuclease Inhibitor - Fisher

Restriction Enzymes Mlul - New England BioLabs
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2.1.5 Antibiotics - working concentration
Ampicillin 100mg/1

Chloramphenicol 34mg/1

Kanamycin 50mg/ml

Rifampicin 12.5mg/ml

Gentamicin 25mg/ml

E. coli and Argobacterium were grown in Luria Bertani (LB) medium
containing 10g/l bacto-tryptone, 5g/1 yeast extract and 10g/l NaCl (pH7.0)
with 1.5% v/w agar.

2.2 Methods

2.2.1 Plant Growth

Arabidopsis thaliana seeds were sown in wet Levington F2 plus sand compost
or media (see below). Seeds were stratified for three days at 4°C before
transferring to Panasonic MLR Plant Growth Chambers. Chamber conditions
for long day: 16 hours light at 22°C and 8 hours dark at 20°C. For short day:
10 hours light at 22°C and 14 hours dark at 20°C with a constant humidity of
70%.

Media - 2.15g Murashige & Skoog medium (1/2MS) and 10g of Sigma
agar (excluded for liquid media) was added to 1 litre of purified water and
autoclaved for 15 minutes at 121°C. Media was then cooled to 50°C and

supplements added if needed, before pouring into petri-dishes.

2.2.2 Seed Sterilisation

10-15mg of seeds were place in 1.5ml eppendorf tubes and placed in a air-
tight sealable box within a fume hood cabinet. Three millilitres of
concentrated Hydrochloric acid was added to a beaker inside the box
containing 97ml of hypochlorite. The box was sealed and left overnight

(approx. 16 hours). Upon opening the box the beaker was removed and the
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box resealed and transported to a sterile laminar flow cabinet for airing

(minimum of 2 hours).

2.2.3 Arabidopsis Phenotyping

Root length:

Seeds were sterilised as described above and sown onto plates containing
1/2MS media and placed in dark conditions at a constant temperature of 4°C.
After 3 days, the plates containing the seeds were removed and place in long
day conditions. After 3 days of growth seedlings were moved to plates
containing 1/2MS media with or without an elicitor (flg22 or chitosan). The
seedlings were allowed to grow for a further 5, 6 or 7 days in long day
conditions before they were photographed with a ruler to normalise the scale.
The pictures were then analysed using Image] software, which allowed
accurate measuring of the roots whilst equilibrating the scale of each picture
to the ruler. The measurements were then analysed statistically using a 2-
tailed T-TEST, and averages calculated and plotted on a bar chart. Additionally
after photographs were taken, several seedlings that represented the mean of
each genotype were placed together on a single plate for comparison.

Fresh weight:

For fresh weight measurements the protocol was followed as above (Root
length). After the initial photographs were taken, the seedlings were removed
and dried on a paper towel before being weighed on a electronic balance. The
seedlings were counted and weighed in groups of 10 or 20 individuals and
averages calculated afterwards. Statistical analysis was performed using a 2-
tailed T-TEST, standard error was calculated and results plotted on a bar

graph.
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2.3 - DNA/RNA analysis

2.3.1 Taq Polymerase PCR

For 20pl PCR reactions, a final concentration of 1x ReddyMix (containing
0.625 units ThermoPrime Taq DNA polymerase) (Thermo Scientific), was
mixed with 0.5pM forward primer, 0.5uM reverse primer and 5ng of template
cDNA and run in a heat cycler (TC-3000G Techne machine) under the
following standard conditions:

95°C for 5 minutes then 30 cycles consisting of 3 steps:

Step 1.95°C 15 seconds

Step 2. 30 seconds 45-65°C (annealing temperatures depend on primer Tm)
Step 3. 30 seconds at 72°C (1 minute per 1 kb of expected product)

Finally heated for 5 minutes at 72°C.

2.3.2 Q5 Polymerase Proof-Reading PCR

Fifty microliter PCR reactions were made containing a final concentration of
1x Q5 reaction buffer (NEB, Ipswich, USA), 200uM of dNTPs, 0.5uM of forward
primer, 0.5uM of reverse primer, 5ng template cDNA, 1 unit Q5 high-fidelity
DNA polymerase (NEB) in sterile distilled water. PCR was performed in a heat
cycler (TC-3000G Techne machine) using the following standard conditions:
98°C for 2 minutes, then 30 cycles consisting of 3 steps:

Step 1.98°C 10 seconds,

Step 2. 45-65°C 15 seconds,

Step 3. 72°C (20 seconds for 1 kb of the expect DNA product)

Followed by 5 minutes at 72°C.

5 pl 10x DNA loading dye was added to PCR products, which were run on an

agarose gel.
2.3.3 Colony PCR

Colony PCRs were based on the conditions of Taq polymerase PCR (see above)

with one amendment; the template DNA was derived from an individual
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colony of bacteria suspended in 20pl sterile distilled water. 1pl of this was

used in as the DNA template in each reaction.

2.3.4 Site Directed Mutagenesis

For a 40ul PCR reaction a final concentration of 1X Q5 reaction buffer, 200uM
of dNTPs, 0.5uM of forward primer, 0.5uM of reverse primer, 2ng template
cDNA Q5 high-fidelity DNA polymerase and 25.8pl of sterile distilled water.

98 °C for 2 minutes, then 20 cycles consisting of 3 steps:

Step 1.98°C 10 seconds,

Step 2. 45-65°C 15 seconds,

Step 3. 72°C (20 seconds for 1 kb)

For degradation of methlyated DNA template, 1pul of Dpnl (NEB) was added
directly to the 40ul PCR reaction, the solution was mixed, spun down and
incubated at 37°C for 2 hours. The reaction was deactivated by heating at
80°C for 20 minutes and the mutated plasmid was transformed into

competent DH5a E. coli cells.

2.3.5 RNA Extraction

Frozen leaf tissue was ground extensively with a chilled pestle and mortar
under liquid nitrogen. Plant Total RNA Kit (Sigma-Aldrich Spectrum™) was
used to extract RNA with no changes from the protocol provided in the kit.
RNA concentration was calculated by measuring absorbance at wavelengths
of 260 and 280 nm using a NanoDrop™ 1000 Spectrophotometer (Thermo

Scientific).

2.3.6 cDNA Synthesis

1-2pg of RNA (normalised to the lowest) was mixed with sterile distilled
water to make a final volume of 10pul. 1ul of oligo dT (10mM) (VWR, Radnor,
USA) was added to the RNA mixture, which was then heated for 5 minutes at
65°C. 4l of 5x strand buffer (Invitrogen, Grand Island, USA), 2ul of DTT
(Invitrogen), 10mM of dNTPs(VWR) and 1ul of RNase OUT (Invitrogen) was

added to the RNA mixture, it was then heated to 42°C for 2 minutes before
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adding 1pl of Superscript II (Invitrogen). The mixture was then heated at 42°C

for 50 minutes then 70°C for 15 minutes.

2.3.7 RT-PCR

Twenty microliter reactions at a final concentration of 1x SYBR Green
JumpStart Taq ReadyMix (Sigma), 0.5puM forward primer, 0.5uM reverse
primer, 1pg of template cDNA, 2.5% ROX reference dye in sterile distilled
water were run in a StepOnePlus Real-Time PCR System (Applied Biosystems)
under the following conditions:

95°C for 20 seconds then 40 cycles consisting of 2 steps:

Step 1. 95°C 3 seconds

Step 2. 30 seconds 55-65°C (annealing temperatures depend on primer Tm)
Then 2 minutes at 72°C

Technical repeats were done in triplicate for each sample and were
normalised against a reference gene. Comparisons were performed using the
AACT method (http://wwwé.appliedbiosystems.com/support/tutorials/pdf/
performing rq_gene_exp_rtpcr.pdf).

2.3.8 Agarose Gel Electrophoresis

Gels were set with between 0.8-1.2% agarose, with higher concentrations
needed for better separation of the smaller fragments. 1x TAE buffer (Biorad,
West Berkeley, USA) was added to the 0.8-1.2% of agarose (Melford, Ipswich,
England), this was then heated in a microwave pending melting of the
agarose. For a 100ml gel solution, 0.75ul of ethidium bromide (Fischer
Scientific, Waltham, USA) was then added for DNA visualisation. After 30
minutes the gel set and was then submerged in a gel tank containing 1x TAE
buffer. Hyperladder (either 50bp or 1Kb depending on size of fragment)
(Bioline) was pipetted into the wells as a marker of fragment size and the
samples were run at ~100 volts. The gel was then visualized under a UV using
a Gene Flash machine and Quantity One program on the computer,

highlighting DNA.
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2.3.9 Gel extraction/DNA Recovery

DNA fragments were extracted by excising the appropriate band using a
scalpel blade. The removed gel slice containing the band of interest was
placed inside a pre weighed 1.5ml eppendorf tube. The weight of the gel was
then calculated, this was done by weighing the tube plus the gel and
subtracting the weight of the tube. The gel extraction was done as per the
protocol provided in the QIAquick gel extraction kit (Qiagen, Limburg,

Netherlands). In the final step of the elution was done using 30pl of water.

2.3.10 Gateway Cloning

pENTR™ Directional TOPO® Cloning Kits (Invitrogen) was used for inserting
DNA fragment into entry plasmid. The pENTR/D-TOPO entry vector (1ug) was
mixed with 5pul of gel extracted PCR product (as described above), and 1pl of
Salt Solution buffer. The mixture was made up to a volume of 6ul using
DNAase free water and then incubated at room temperature for 5 minutes
before being moved to an ice bucket. For transformation into competent

DH5a E. coli cells, 2ul of the mixture was use as described below (2.4.2).

2.3.11 DNA Mini-prep

Ten millilitres cultures of liquid LB media were prepared with appropriate
antibiotics: (50pg/ml of kanamycin for DTOPO, pEarleyGate104/201 or
50pg/ml of carbenicillin for pDEST15) and inoculated with E.coli. The culture
was grown overnight then spun down for 10 minutes, at 5,000rpm and 4°C.
The plasmid was purified from the pellet using QIAprepR spin miniprep kit
(Qiagen) following manufacturers instructions. The concentration of plasmid

was measured using a Nanodrop ND-1000 spectrophotometer.

2.3.12 LR Reaction (Destination vector insertion)

In order to transfer genes of interest into the appropriate destination vector,
50-150ng of pENTR/D-TOPO vector and 0.5ul of destination vector (150ng)
were mixed with 1pl of TE buffer (pH 8.0) and 0.5pul of LR clonase II enzyme
(Invitrogen), the solution was then spun down by centrifugation. The sample

was incubated at room temperature for 1.5 hours. To inhibit the reaction,
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Proteinase K solution (Invitrogen) was added and incubated at 37°C for 10

minutes. The solution was then ready for transformation into E.coli.

2.4 - Microbiology

2.4.1 Bacterial Growth

E.coli was grown at 37°C overnight on LB media as described above.
Argobacteria were grown at 28°C overnight or 36 hours (plated culture).

Pseudomonas syringae were grown at 30°C on King B media for 24 hours.

2.4.2 Bacterial Transformation - Generation of competent cells

Bacteria were streaked onto a LB plate with or with appropriate antibiotics at
28°C for Argobacteria and 37°C for E.coli for 48 and 24 hours respectively.
10ml of liquid medium was then inoculated with a single colony and
incubated at 28°C and 37°C (for Agrobacteria and E.coli respectively) with
shaking for 20 hours. The 10 ml culture was used to inoculate 250ml of LB,
which was grown at 18°C and 22°C (for Agrobacteria and E.coli respectively)
with shaking for 18 hours. The liquid culture was cooled on ice for 10 mins
and centrifuged at 2000g and 4°C for 12 minutes. The pellet was resuspended
in 20ml of precooled TE buffer (10mM Tris pH 8, 1ImM EDTA) and incubated
for 10 minutes in on ice. The cells were centrifuged at 2000g for 12 minutes
and resuspended in 20ml or pre-chilled LB. The cells were measured into 100
ul aliquots and flash frozen in liquid nitrogen.at -80°C for later use. For one
transformation experiment, 1ul of the DNA product (plasmid from D-TOPO,
LR reactions) was added to 400pl of competent E.coli or Agrobacteria cells.
The cells were then heated for 30 seconds at 42°C (E.coli) or 37°C
(Agrobacteria) before being transferred ice. Cells were incubated at 37°C
(E.coli) and 28°C (Agrobacteria) with 500ul of SOC medium (Super Optimal
broth with Catabolite repression). After 1 hour the cells were then spun down
and re-suspended in 200pl of fresh LB media, 50ul of the cell solution was
spread onto LB agar plates containing the appropriate antibiotic for the
selection and grown at 37°C for 16 hours (E.coli) or 28°C for 40 hours

(Agrobacteria).
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2.5 - Protein Analysis

2.5.1 SDS PAGE

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was
used to analyse protein content. The Min-Protean Tetra Cell system (Bio-Rad,
Hercules, USA) was used in all cases with the gels made as follows:

Stacking gels: 5% acrylamide, 0.125M Tris pH 6.8, 0.1% SDS, 0.1% ammonium
persulphate and 0.01% TEMED.

Resolving gels: ranged from 10-15% acrylamide, 0.375 M Tris pH 8.8, 0.1%
SDS, 0.1% ammonium persulphate and 0.04% TEMED.

4x SDS PAGE loading buffer was used to denature and dilute sample, the
buffer contained 40% glycerol, 8% SDS, 200mM Tris pH6.8, 0.05%
bromophenol blue, 1% betamercaptoethanol. Electrophoresis was ran at 80-
100V with the cassette submerged in 1x Running Buffer: 25mM Tris, 192mM
glycine, 0.1% SDS.

2.5.2 Coomassie Blue Staining

After removing the stacking gel, the resolving gel was stained for 40 minutes
with shaking in Coomassie Blue Stain (0.25% Brilliant Blue, 50% methanol,
10% glacial acetic acid). After this, the gel was rinsed with water and soaked
in Coomassie-destain (10% methanol, 10% glacial acetic acid) for 2-4 hours or

until protein bands were clearly visible.

2.5.3 Western/Immuno-Blotting

After SDS-PAGE, the stacking gel was removed and the resolving gel was
transferred to a PVDF membrane. Submerging the membrane in 100%
methanol for 1 minute ensured activation, the membrane was then
transferred to 1x transfer buffer (25mM Tris, 192mM glycine, 10% methanol)
for 5 minutes before the transfer apparatus was put together. Sponge and
blotting paper were used to sandwich the gel and membrane within a clamp-
ready cassette. The cassette was placed in a conductor unit within a gel tank
and filled with chilled 1x transfer buffer and run at 30 volts for 16 hours at
4°C. Membranes were removed and blocked with a 5% semi-skimmed milk

solution in TBST (50mM Tris pH 7.4, 150mM NaCl, 0.1% TWEEN 20) for one
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hour at room temperature. Membranes were then rinsed twice with 1x TBST
before adding primary antibodies, primary anti-bodies were suspended in 1x
TBST (See Table 2.2 for conditions). After the pre-determined incubation
time, the antibody was removed and membrane rinsed with 1x TBST, before
undergoing 5x 5 minute washes in TBST on a rocking platform. Once this
wash cycle was complete the membranes were incubated with appropriate
secondary antibodies for one hour (See table 2.3). Membranes were then
subjected to another wash cycle, using the same steps and wash buffer as
mentioned above. Not allowing the membrane to dry, ECL solution 1 (2.5mM
luminol, 0.4mM p-coumaric acid, 100mM Tris pH 8.5) and solution 2 (0.02%
hydrogen peroxide, 100mM Tris pH 8.5) were mixed 1:1 and applied to the
membrane by pippetting. The ECL solution was left on the membrane for 1
minute before sealing in a light-proof cassette. In a dark room, the cassette
was opened and a Fujifilm X-ray film (Fisher) placed on the membrane. The
chemical reaction of the ECL on the HRP antibody caused light, the film was
removed after various time periods and exposed film developed with an

Xograph Compact 4x Automated Processor (Xograph Imaging Systems).

2.5.4 Protein Expression

Transgenic E. coli strains BL21 and Rosetta were grown in 10ml LB cultures
containing the appropriate antibiotic (50pg/ml of kanamycin and 25pg/ml of
carbenicillin for pDEST15) for 16 hours at 37°C. Expression profiling of
recombinant proteins was achieved by testing the optimum conditions using
the following procedure;

1ml of the overnight culture was added to a 2-litre flask containing 100ml of
LB and appropriate antibiotics. This 100ml culture was placed on a shaker
and grown at 379C until the optical density (0.D.) at 600nm of the culture was
between 0.6-0.8. Two 1ml samples were then taken spun down and kept onto
ice. 1uM of IPTG (Fischer Scientific) was added to the 100ml culture for
induction of transgene expression. At 1, 2 and 3 hours after addition of IPTG,
further samples were taken, the volume of which depended on the 0.D.s00
measured at the time, so that all samples contained the same the number of

bacterial cells as the 1ml pre-induced sample. All samples were then spun
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down, pellets collected and supernatant discarded. One of the samples from
each time point was processed as total protein extract, whilst the other
sample of the same time point was split into the soluble and insoluble
fractions. For the total protein extract the pellet was mixed in 60pl of sterile
distilled water and 20ul of 4x SDS PAGE loading buffer before heating at 98°C
for 3 mins and put back on ice. The insoluble/soluble pellet was mixed in 60pl
of BugBuster (Novagen, Billerica, USA) Jwith 1 tablet of cOmpleteTM Mini
EDTA-Free Protease Inhibitor Tablets (Roche, Indianapolis, USA) (BugBuster
mix). The re-suspended pellet was spun down for 1 minute at 12,000rpm.
The supernatant (soluble fraction) was collected into a new eppendorf tube
and 20pl of 4x SDS loading buffer before heating for 3 minutes at 98°C. The
insoluble fraction was mixed in 60ul of sterile water and 20pl of 4x SDS
loading buffer was added before heating for 3mins at 98°C. For analyse, 10pl
of each fraction was loaded onto a SDS-PAGE to analyse the protein content,
the proteins were then visualised by comassie staining or immuno-blotting.
Once analysis was compete, the optimal conditions were recorded and
repeated with a 500ml culture, and the entire culture was harvested at the

appropriate time and pellet used for purification.

2.5.5 Purification of Untagged Proteins

The SUMOylation machinery protein SCE was untagged and therefore the
HiTrap column for ion exchange chromatography was used for purification.
Transgenic bacteria containing SCE cDNA were grown as described above and
cells spun down at 5,000rpm for 15 mins. The pellet was then resuspended in
5ml of phosphate buffer, along with 1ug/ml aprotinin , 1pg leupeptin and
10mM DTT, by gently agitating on a rocker at 4°C for 20mins. The
resuspended bacteria was then ultra-centrifuged at 75,000 xg for 30mins at
4°C (Beckman Optima, Beckman Coulter, Indianapolis, United States). The
supernatant was then subjected to Fast Protein Liquid Chromatography

(FPLC) using a HiTrap column (see below).

2.5.6 Purification of Tagged Proteins
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All purifications from bacterial cultures were generated from the above
protein expression procedure and processed as follows:

The pellet was weighed and BugBuster mix was added at 2.5ml of mix, per 1
gram of pellet. The pellet with the BugBuster mix was incubated at room
temperature on a rocking platform for 20 minutes or until the pellet was fully
solubilised. The sample was then centrifuged for 15 minutes at 10,000rpm.
Discarding the pellet, the supernatant was then removed using a needle and
syringe to avoid uptake of debris. The supernatant was then filtered by
pressure filtration using a 0.45uM filter, and stored on ice until being applied

to one of the following purification protocols.

2.5.7 FPLC

Purification using GSTrap, HISTrap, MBPTrap and HiTrap columns (GE
healthcare, Little Chalfont, USA) followed the same protocol but used different
buffers. The following describes GSTrap purification, the buffers used for
HIStrap and MBPtrap and HiTrap purifications are listed after the protocol.
Proteins with a GST-tag were purified using 1ml GSTrap 4B columns attached
to an AKTA Avant machine (GE healthcare) and FLPC was performed as
follows;

The column was washed with 5ml of purified water at a flow rate of 2ml/min
before being equilibrated with 10ml of Binding buffer (140nM NaCl, 2.7mM
KCl, 10mM Na2HPO4, 1.8mM KH2PO4, pH 7.4) The extracted cellular
supernatant was added to the column at a flow rate of 0.2ml/min and the flow
through collected. The column was then washed with 10ml of binding buffer
at a flow rate of 1ml/min or until a the flow through became clear (i.e. UV
absorbance returns to the basel level as is monitored by the AKTA machine, a
sample of the flow through from the wash was also collected. A gradient
elution was performed to release the recombinant protein, with an increase of
0-100% in elution buffer (50mM Tris base, 20mM Reduced glutathione, pH
8.0) over 10 mins at a flow rate of 1ml/min. The elution was collected in 10 ml

fractions that were then tested for protein content.

HIStrap Buffers:
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Binding buffer: 20mM sodium phosphate, 0.5M NacCl, 20-40mM imidazole, pH
7.4.
Eultion buffer: 20mM sodium phosphate, 0.5M NaCl, 1M imidazole, pH 7.4

MBPtrap Buffers:
Binding buffer: 20mM Tris-HCl, 200mM NaCl, 1mM EDTA, 1mM DTT pH 7.4

Elution buffer: 10mM maltose in binding buffer

HiTrap Buffers:

Binding Buffer: 10mM Na-phosphate, 10mM NaCl, 1mM DTT and 20%
Glycerol. Final pH 6.5

Elution Buffer: 10mM Na-phosphate, 1M NaCl, 1mM DTT and 20% Glycerol.
Final pH 6.5

2.5.8 His-Small Scale Batch

SUMO conjugation chain purification used was performed on His-Bind Resin
(Novagen) using the following procedure:

400pl His-Bind slurry (resin in ethanol) was centrifuged at 500g for 1 minute
and supernatant was discarded. The resin was then washed twice with 400pl
sterile water, each time removing the supernatant between spins. Next the
resin was charged by 3 washes with 400ul Charge Buffer (50mM NiSO4) and
then equilibrated with 2 washes with 400ul Binding Buffer (5mM imidazole,
0.5M NaCl, 20mM Tris-HCI pH 7.9). 2ml of the processed cellular extract was
added and incubated at room temperature with gentle agitation, for 15
minutes. The sample was then spun down as described above and
supernatant removed and discarded. The remaining resin was then washed 3
times with 600pl Binding Buffer and 2 times with 600ul Wash Buffer (60mM
imidazole, 0.5M NaCl, 20mM Tris-HCI pH 7.9). For protein elution, 500ul of
elution buffer (1M imidazole, 0.5M NaCl, 20mM Tris-HCl pH 7.9) was added
before centrifuging and collecting the supernatant. This elution step was

repeated resulting in 2 samples.
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2.5.9 In Vitro SUMOQylation Assay

In vitro SUMOylation assays were set up in the following proportions, for
250ul reactions; 4pg of SAE, 1ug of SCE, 10ug of SUMO, 5ug of PIALZM and
5mM ATP (pH 7.5) in 1x SUMO buffer (20mM Tris, 5mM MgCl2 pH 7.4) were
mixed in 1.5ml eppendorf tubes. The samples were then kept at 30°C for 1-4
hours. The reaction was stopped by addition of 1x SDS sample buffer or by

purification by His small-scale batch method.

2.5.10 In Vitro DeSUMOylation Assay

To test SUMO protease activity against SUMO chains, deSUMOylation assays
were set up as follows: 10uM purified SUMO isoforms, 5uM of the tested
protease and 1mM DTT and 100mM NaCl in 1x SUMO buffer. SUMO
conjugation chains were made as previously described until the addition of
SDS buffer. To enable deSUMOylation assay to work SUMO chains had to be
free of SDS buffer. Therefore experiments were set up to allow, first the SUMO
chain conjugation, and then immediately used in the deSUMOylation assays.
Working samples were diluted to 10ul of SUMO chains, and 2pl of tested
protease in 12ul of SUMO buffer giving a final volume of 24ul. After mixing
samples were then kept at 30°C for 3, 6 or 16 hours. The reactions were

stopped by addition of 4x SDS sample buffer and heating to 98°C for 3mins.

2.5.11 Confocal Microscopy

Leaf section were cut (approximately 0.5cm?) and placed on a microscope
slide (Fischer Scientific), a droplet of water added before covering the leaf
section with a 22x22mm cover slip (Menzel-Glaser, Waltham, USA). The slide
was place on the stage of a Leica SP5 confocal laser-scanning microscope
(Leica, Berlin, Germany). A 64x objective oil lens was used for viewing and an

Ar-lon gas laser was used to excite YFP at 514nm and GFP at 488nm.
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2.6 - Pathogen response

2.6.1 Detection of ROS

Detection of reactive oxygen species was performed on 4 week old plants,
where 1cm? discs were cut for leaf tissue under sterile conditions. The discs
were immediately transferred to a 48 well plate-containing 0.5ml of sterile
water. The plate containing the leaf discs were put under gentle agitation and
left for 22 hours at room temperature. After this time, water was removed and
replaced with Photon Detection Buffer: 20pug/ml of HorseRadish Peroxidase
(HRP) (Sigma-Aldrich), 34pg/ml of Luminol (Sigma-Aldrich), or Photon
Detection Buffer plus an elicitor (flg22 or chitinosan). The plate was
immediately transferred to a dark box which contained a photon counting

camera, and light emissions record over 40-90 mins.

2.6.2 Pathotesting

Pseudomonas syringae DC3000 (Pst) were grown on plates containing King’s B
agar and incubated in the dark for two days at 28°C. After this time, King's B
liquid media was inoculated from the plate and placed on a shaker and grown
overnight at 28°C. The bacteria was then centrifuged at 4000 rpm for 10mins
at room temperature. The pellet was resuspended in sterile water and spun
again under the same conditions previously described. An ODgoo of 0.002
(1X106cfu/ml) was reach through serial dilution of the sample. From each 4
week-old plant, 4 leaves were pressure infiltrated and place in the back in the
same growth conditions are before (short day). After 2, 3, 4 or 5 days, 1cm2
leaf discs were cut from infected leafs and crushed with 240ml of sterile
water. The sample was then serial diluted along the microtitre plate, taking
40ml of the initial/pervious sample and diluting 1 in 5 each new well. Taking
10pl of each dilution, the samples were droplet spotted on a King’'s B agar
plates and left to air dry for 10mins. They were then transferred to a 25°C
room for 36 hours before pictures were taken for colonies to be counted. For
each genotype this was repeated on 3 plates for each time point. (Katagiri et

al,, 2002).

35



Chapter 3

The discovery and validation of a new class of SUMO proteases

3.1 Introduction

In order to understand SUMO protease phylogeny and function, it is necessary
to investigate the better-studied SUMO proteases. Ubiquitin-Like-Proteases
(ULP) and ULP-like proteins belong to the cysteine protease family of
proteolytic enzymes (Mukhopadhyay and Dasso, 2007). This superfamily of
cysteine proteases has a highly conserved catalytic motif whilst the functional
aspects have diversified greatly. These often-specialized proteases are
widespread in eukaryotes and in plants, with many present within a species
(Gilles and Hochstrasser, 2012). SUMO proteases act by reversing the
SUMOylation process, resulting in the removal of SUMO from its target
(Mukhopadhyay and Dasso, 2007). Generally, proteases that are responsible
for the removal of SUMO are said to act through a process called
deSUMOylation, as opposed to SUMO proteases that cause SUMO maturation,
ULPs can do both. DeSUMOylating proteases cleave the isopeptide bond
precisely between the terminal glycine of SUMO conjugates and the lysine
residue of its cognate substrate, releasing free SUMO from the target protein
ready for further conjugation cycles. These proteases play critical roles in
maintaining the equilibrium in SUMO signalling (Muller et al., 2001). Analyses
of SUMO proteases using gain-of-function and loss-of-function studies have
shown involvement in various cellular processes such as hormone signalling,
plant defence, abiotic stress, nuclear transport, enzyme activity, cell cycle
progression, and plant development, mainly through the regulation of gene
expression (Melchior, 2000; Lois et al., 2003; Murtas et al., 2003; Conti et al,
2008, 2014; Budhirajaet al, 2009;Hickeyet al, 2012;Baileyet al,
2015; Nelis et al, 2015; Sadanandom et al., 2015). SUMO proteases remain
largely understudied, especially in crop plants. ULPs that specifically remove
SUMO from target proteins were initially identified in Saccharomyces
cerevisiae and studies showed they were necessary for cell cycle progression

(Li and Hochstrasser, 1999). Since first discovered, various putative
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deSUMOylating enzymes have been identified from human and yeast studies
(Gonget al, 2000;Li and Hochstrasser, 2000; Johnson, 2004). Recent
investigations into the activities of SUMO proteases in plants have contributed
greatly towards our understanding of the role of SUMO in plant stress. The
seven identified SUMO-specific proteases in Arabidopsis are EARLY IN SHORT
DAYS 4 (ESD4), ULPla/ESD4 LIKE SUMO PROTEASE (ELS1), ULP1b,
ULP1c/OVERLY TOLERANT TO SALT 2 (OTS2), ULP1d/OTS1, ULP2a, and
ULP2b (Kurepa et al., 2003; Colby et al., 2006; Miura et al., 2007a; Miura and
Hasegawa, 2010; Hermkes et al,, 2011). So far only a few bona fide SUMO
proteases like ESD4 and OTS1/0TS2 have been characterized using genetic,
physiological, and biochemical approaches in Arabidopsis, and none have been
characterized from crop plants (Reeveset al, 2002; Murtaset al,

2003; Contietal, 2008, 2014).

A separate class of SUMO protease identified in animal species are
characterised by the DeSUMOylating Isopeptidase (DeSi) motif (Gilles and
Hochstrasser 2012). This class of SUMO protease is in the cysteine protease
superfamily of the clan known as C97, the first and only SUMO protease
identified in this clan (Mukhopadhyay and Dasso, 2007). Unlike ULPs, DeSi
proteins act only on the removal of SUMO conjugates, and have not been show
to catalyse SUMO maturation (Shin et al, 2012, Suh et al, 2012). To date there
is limited data available on the function of the DeSil and DeSi2 proteins and
only 1 substrate has so far been describe, BTB-ZINC FINGER EFFECTOR
LYMPHOCYTES (BZEL) (Shin et al, 2012). In mice, BZEL is a transcriptional
repressor which is active when SUMOylated, it is also a substrate for DeSil,
making DeSil a key regulator of the repressor function (Shin et al, 2012). The
aim of this chapter is to identify and biochemically test a group of putative

DeSi proteases from Arabidopsis thaliana.
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3.2. Identification of putative DeSi-type SUMO proteases in plants.

Using bioinformatic software; BLAST (Geer et al, 2010), CUSTAL OMEGA
(Sievers et al, 2011), MUSCLE (Edgar, 2004) and MEGA6 (Tamura et al,
2013), analysis of the Arabidopsis thaliana proteome was performed to
identify putative new SUMO proteases. Previous publications have shown that
within the Arabidopsis thaliana proteome there are 7 SUMO proteases of the
class described as Ubiquitin-Like Proteases (ULPs) (Kurepaet al,
2003; Colby et al, 2006; Miuraet al, 2007a;Miura and Hasegawa,
2010; Hermkes et al, 2011). The ULP SUMO proteases have a characteristic
SENP-type catalytic triad; HXnDXnC (Li and Hochstrasser, 2003). The SENP-
type motif consists of three amino acids that are structurally in close
proximity to each other when the protein is properly folded. However the
primary structure shows the sequence contains an unspecific amino acid
sequence of undetermined length, which linearly separates each active amino
acid of the SENP-type catalytic triad (Figure 3.01). This means that the SENP-
type motif is more difficult to identify from the primary structure because the
catalytic triad only comes together at the tertiary structure level.

In contrast to the ULPs, the catalytic motif of the DeSi-type protease consists
of a Histidine (H), then a indeterminate sequence of amino acids followed by a
characteristic NCN triad (Gilles and Hochstrasser 2012). This class of SUMO
proteases was first identified in animal systems, and the catalytic motif that
was identified was used here to search the Arabidopsis thaliana proteome This
search revealed 8 proteins containing the HXnNCN motif, which is
characteristic of DeSi-type SUMO proteases. Analysis of the primary structure
of the 8 proteins was carried out by protein alignment software; MUSCLE. The
output from this analysis revealed that these 8 proteins have conserved
regions that align with not only with the human DeSi1, but also to each other

(Figure 3.02).
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To compare the difference within the catalytic regions of ULP and DeSi
proteins, a schematic block cartoon of the protein structures is shown in
figure 3.03. The primary structure of the proteins is presented
diagrammatically highlighting the layout of the key amino acids. From this
figure, it is clear that these protein groups are of a different class to each

other, the primary function of them may crossover but there is certainly

reason to believe they function distinctly based on the catalytic structure

A) SENP/ULP - type

H D C

HXnDXnC

B)
DeSi - type

H NCN
HXnNCN

Figure 3.03. Schematic diagram shows two types of SUMO proteases and their
characteristic catalytic motif. A) Shows the catalytic triad of the SENP-type SUMO
protease. These are represented by a characteristic Histidine - Aspartic Acid -
Cysteine (H-D-C) triad, with any amino acids (X) of an undetermined length (n)
between each.

B) The DeSi catalytic motif is characterised by Histidine-Asparagine-Cysteine-
Asparagine (H-NCN). Here the triad NCN is sequential whereas there is an
undetermined amino acid sequence between this and the H.
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From the alignment of the 8 proteins identified as having the DeSi-type motif,
it is not fully clear what phylogenetic relationship exist between each protein.
In order to address this, phylogenetic analysis of the 8 Arabidopsis DeSi
proteins was performed using the MEGA6 software package. Based on
alignment shown in figure 3.02 a phylogenetic tree was constructed and
revealed that these DeSi proteins could be subdivided into 3 groups (Figure
3.04). The phylogenetic tree shows that of the 3 sub-groups, one contains a
larger set of proteins than the other two. Sub-group 1 and 2 contain only 1
and 2 proteins respectively compared to 6 proteins in sub-group 3. The tree
shows a common ancestral protein branches into 2 lineages, one that led to
the DeSil, and one that led to DeSi 2 and DeSi3. At the 2" node, DeSi2 and
DeSi3 proteins also separate resulting in a group of 5 DeSi3 proteins and 2
DeSi2 proteins. Based on genomic proximity and sequence similarity it is
highly likely that both DeSi2 proteins, and At5g25170 & At5g25190 are

examples of gene duplication.

100 ——————— At4g25680
At4g25660
99 ———— At5g47310
Atdg17486

— DeSi 2

04 Atiga7740 = DeSi 3

Y ——— At5g25170
99l At2g25190

Figure 3.04. Phylogenetic analysis of Arabidposis thaliana DeSi proteins reveals
3 distinct groups. DeSi protein sequences were aligned using the software MUSCLE,
and phylogeny inferred by neighbour-joining tree without distance corrections using
MEGA6. Numbers shown at nodes represent boot strap values based on 1000
replicates. Three distinct groups are revealed by the analysis, with the largest
number of proteins classed in the 3rd group, labelled DeSi3. The evolutionary history
was inferred by using the Maximum Likelihood method based on the Jones et al.
w/freq. model [1]. The tree with the highest log likelihood (-2206.1596) is shown.
Initial tree(s) for the heuristic search were obtained by applying the Neighbor-
Joining method to a matrix of pairwise distances estimated using a JTT model. A
discrete Gamma distribution was used to model evolutionary rate differences among
sites (5 categories (+G, parameter = 2.5899)). The rate variation model allowed for
some sites to be evolutionarily invariable ([+I], 11.2509% sites). The analysis
involved 8 amino acid sequences. All positions containing gaps and missing data
were eliminated. There were a total of 33 positions in the final dataset. Evolutionary

analyses were conducted in MEGA®6 [2]
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Previous publications showed that animal systems have only 2 distinct DeSi
sub-groups (Nayak & Miiller., 2014)., therefore to better understand which
animal DeSi sub-group corresponds to the which sub-group from Arabidopsis,
phylogenetic analysis was performed using MEGAG6 software (Figure 3.05). In
order to make the analysis robust, multiple putative DeSis from various plant
species, along with the known DeSis from three animal species were used in
the input sequence. The putative DeSi homologues from rice, wheat, barley,
potato and other plant species (listed in Figure 3.05) were found using BLAST
software with the input query being each of the Arabidopsis DeSis in turn.
DeSil and DeSi2 from human, zebra fish and dog were used as an out-group
control. Figure 3.05 shows that 3 distinct groups form from the multi-species
input, but only 2 of these groups contain animal DeSi proteins. The proteins
that form the groups DeSil and DeSI2, are common in both animal and plant
kingdoms, but a 3rd group appear to be plant specific, which will be from here

on called DeSi3.
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1- DeSi2 - Homo sapiens

2 - DeSi2 - Canis lupus familiaris
3 - Desi2 - Danio rerio

4 - At4g25660

5- At4g25680

6 - DeSi-likel - Zea Mayz

7 - DeSi-like2 - Zea Mayz

8 - DeSi-likel - Oryza Satvia

9 - DeSil - Homo sapiens

10- DeSil - Canis lupus familiaris
11- Desil- Danio rerio

12- DeSi-likel - Asparagus offcinalis
13- At3g07090

14- DeSi-like - Camelina sativa
15- DeSi-like - Fragaria vesca

Plant Specific
DeSi - DeSi 3

Animal
DeSi 2

12
3

Animal 16- DeSi-like - Beta vulgaris
17- DeSi-like - Nicotiana tabacum
® Monocot 18- DeSi-like = Solanum tuberosum
® Dicot 19- DeSi-likel - Triticum aestivum

20- DeSi-like2 - Oryza Satvia

21- DeSi-like2 - Triticum aestivum
22- DeSi-likel - Sorgum bicolor
23- DeSi-like3 - Triticum aestivum
24- DeSi-like4 - Triticum aestivum
25- At4g17486

26- At5g47310

27- DeSi-likel - Brassica rapa

28- At2g25190

29- At2g25170

30- At1g47740

31- DeSi-like5 - Triticum aestivum
32- DeSi-like6 - Triticum aestivum
33- DeSi-like7 - Triticum aestivum

11
Animal

Figure 3.05. Phylogenetic analysis reveals a plant specific group of DeSi proteins.
Molecular Phylogenetic analysis by Maximum Likelihood method reveals 3 distinct groups
within the plant species. Two of the groups, plant DeSil and plant DeSi2 independently
pair with animal DeSi1 and DeSi2. The third group represents plant specific DeSis or DeSi3.
Coloured numbers at the end of the branches correspond to DeSi proteins and the species
explained in the key on the right. The DeSi proteins have been categorised as either animal
species (orange circles), monocots (blue circles) or dicots (green circles). Small bold
numbers represent boot-strapping values of the tree based on 1000 replicates.

The evolutionary history was inferred by using the Maximum Likelihood method based on
the Jones et al. w/freq. model [1]. The tree with the highest log likelihood (-2206.1596) is
shown. Initial tree(s) for the heuristic search were obtained by applying the Neighbor-
Joining method to a matrix of pairwise distances estimated using a JTT model. A discrete
Gamma distribution was used to model evolutionary rate differences among sites (5
categories (+G, parameter = 2.5899)). The rate variation model allowed for some sites to
be evolutionarily invariable ([+I], 11.2509% sites). The tree is drawn to scale, with branch
lengths measured in the number of substitutions per site. The analysis involved 33 amino
acid sequences. All positions containing gaps and missing data were eliminated. There
were a total of 87 positions in the final dataset. Evolutionary analyses were conducted in
MEGAS®6 [2].
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To further validate the likelihood that the plant DeSi function like the human
DeSil (HuDel), computational 3D modelling using the PYMOL protein
structure software, was carried out on the Arabidopsis thaliana At1g47740
protein. This was initially achieved using the Phyre2 web portal for protein
modelling, prediction and analysis (Kelley et al 2015), and then compared
with the crystal structure of HuDel in PYMOL (Figure 3.06). Both the proteins
have a specific shape to the beta-sheets, which when viewed from the angle
shown in figure 5, create a cross over at the centre point with the sheets
spiralling in both directions. Interestingly the predicted structure is very
similar to HuDel in the beta-sheet region but not at the rest of the protein,
which equates to the N-terminal. Due to the position of the catalytic triad in
relation to the beta-sheet, there is more evidence to support these proteins as

being orthologous.

Figure 3.06. Predicted 3D structure of At1g47740 shows striking similarity to
Homo sapiens DeSil protein. Prediction of 3D structure of Atlg47740 was
orientated to the angle as HuDe1l using the software PYMOL (Delano 2002). The beta
sheet arrangement in the two proteins is nearly identical, with the backbone
structure of the alpha helices also really similar until the extended N-terminal that is
not present in HuDel. Predicted structure of At1g47740 was performed using
the Phyre2 web portal for protein modelling, prediction and analysis (Kelley et al
2015). Input sequence was acquired from the TAIR website.
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3.3. Cloning of genes encoding the Arabidopsis thaliana DeSI proteins

For investigation into the function of the 8 Arabidopsis DeSi proteins, one
gene from each sub-group was chosen cloned using gene specific primers
(table one). Total RNA was extracted from the Arabidopsis Columbia-0
ecotype and cDNA generated using the SuperScript™ Il Reverse Transcriptase
kit from Invitrogen. This cDNA was used as the template for cloning the open
reading frames of the genes, the resulting fragment would contain only the
protein-coding region i.e. excluding introns and UTR regions. Table one shows
the expected fragment length and primers used for amplification. Once the
desired coding DNA fragment was amplified, it was analysed on an agarose gel
by size separation electrophoresis for confirmation of the predicted amplicon
(Figure 3.07a). Figures 3.07b and 3.07c show a diagram of the full length and
the truncated Atlg47740 protein respectively, with the truncated version
created to contain only the active site motif. This was made as an attempt to
increase protease activity by potentially increasing activity against non-
specific SUMO substrates. In addition to this, the active site cysteine residue of
At1g47740 (Figure 3.0.3B) was mutated to serine as a measure to cease
protease activity and validate that this truly is the active cysteine. The
mutated At1g47740-C/S protein was used as a comparison throughout the

rest of the work.
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Figure 3.07. Cloning Arabidopsis thaliana DeSi cDNA. RNA was extracted from
Arabidopsis seedlings and cDNA synthesised using the SuperScript™ II Reverse
Transcriptase kit obtained from Invitrogen. The cDNA then formed the template for
the amplification of the DeSi coding DNA. After amplification the cDNA fragment was
used in a pENTR™/D-TOPO™ Cloning Kit reaction and transformed into E.coli cells.
The plasmid containing the At1g47740-C/S and Atl1g47740-C/S-Fragment, first
underwent a site directed mutagenesis procedure to create the C-to-S mutant form of
the catalytic triad, before being transformed to E.coli.

A) shows the resulting cDNA fragment of each gene analysed on an agrose gel by
electrophoresis size separation. Arrows point to the predicted cDNA fragment size,
the gene names a written above the corresponding band. DNA maker labelled (M),
has been labelled at the 1000 base pair band (1kbp). B) and C) show a diagram of the
protein structure with the difference being that the fragment contains a truncated
version of the protein which is ‘trimmed’ to a few amino acids either side of the
catalytic motif.
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After verifying the clones by sequencing and having the desired cDNA
fragments now in the entry vector, the transfer of the fragments into suitable
destination vectors was enabled via the process of Gateway compatible
recombination. This reaction, which was performed using the Gateway™ LR
Clonase™ Enzyme mix from Invitrogen, enabled transfer of the cDNA fragment
into the preferred destination vector, in this instance, pDEST15. The pDEST15
destination vector has an N terminal GST tag and a selection cassette for
ampicillin allowing positive selection on antibiotic containing media. The LR
reaction was transformed into DH5alpha cells and grown on media containing
ampicillin. The positive colonies were checked by PCR, using various primer

sets (Figure 3.08) (Table 2).
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Figure 3.08. Arabidopsis thaliana DeSi genes transformed into the
bacterial expression vector pDEST15. The figure shows the amplification of
DeSi genes from E.coli colonies that grow on selection media. In At4g25680
(top left panel) 4 of the 8 colonies tested positive for the desired fragment size.
For At3g07090 (top right) all 6 colonies tested positive. The middle left panel
shows At1g47740, where 4 of the 6 colonies tested positives. In the other 3
panels shown (Atlg47740-Fragment, Atlg47740-C/S and Atlg47740), all
colonies that were sampled tested positive for the desired band size.

Once confirmed, the colonies were grown overnight, spun-down, lysed and
plasmid DNA extracted using ZR Plasmid Miniprep™ - Classic from obtained
from Zymo. The purified pDEST15 vectors containing the desired gene
fragments were then transformed into another E.coli strain, Rosetta. This
strain contains a vector that has tDNA codons from eukaryotic systems
optimised for enhancing expression of eukaryotic genes in bacterial
organisms (Novy et al 2001). The Rosetta strain of E.coli has a resistance
cassette for the antibiotic chloramphenicol, therefore for positive selection,
the transformed bacteria was grown on media containing both ampicillin
(resistance cassette of pDEST15) and chloramphenicol (resistance cassette of
Rosetta). The desired gene fragments were then ready to be tested for
optimising expression. Each recombinant E.coli containing the genes were
expressed in the following conditions:

Grown overnight at 37, a 1:1000 dilution used in a subculture that was grown

until 0.D.600 reached a reading of 0.6. 1ml samples were taken and processed
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as pre-induced controls, IPTG was added at 1uM and culture grown at 28
degrees. 1ml samples were then taken every hour for 3 hours. The samples
were then processed into 3 categories; total extract, soluble extract and
insoluble extract. These extracts were then prepared for SDS-PAGE analysis,
after which the gels were coomassie-stained and protein profiles could be
observed on top of a light-box. This process was carried out for the following
proteins, At1g47740 At4g25680, At3g07090, Atlg47740-C/S, Atlgd7740-
fragment and At1g47740-C/S fragment. As can be seen in Figure 3.09 the
accumulation of recombinant protein increased after induction using IPTG,
and increased further over time. At1g47740 was found to be present more
prominently in the insoluble fractions. However after 3 hours there was an
accumulation in the soluble fraction, making optimally harvestable after 3
hours of induction (Figure 3.08 top). At4g25680 was expressed optimally in
the soluble fraction of hour 2, as more clearly indicated in the “Tot” lane. By
the 3rd hour the protein was being removed from he soluble fraction and
accumulating more in the insoluble fraction (Figure 3.08 bottom). The
Conditions under which the other recombinant DeSi proteins were best

expressed was recorded and can be seen in Table 3.

Gene Name Optimal Induction Time |Optimal Expression Temperature|IPTG (uM)
AT4G25680 2 Hours 28° 1
AT3G07090 3 hours 28° 1
ATAGA7740 3 hours 28° 1
ATAG47740-FRAGMENT 1 hour 28° 1
AT4G47740-C/S 3 hours 28° 1
ATAGA7740-C/S-FRAGMENT |1 hour 28° 1

Table 1.3. Optimal expression conditions for recombinant Arabidopsis DeSi
proteins. Gene names correspond to the gene of interest protein product. Conditions
were tested over 3 time points and results analysed by SDSPAGE. Temperature and
IPTG concentrations for optimal expression were constant for all proteins tested.
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Figure 3.09. Expression of recombinant Arabidopsis DeSi proteins in E.coli.
Transgenic bacteria were grown until an O0D600 of 0.6, where upon samples were
taken and processed as follows: Total extract (Tot), Insoluble fraction (Ins) and
Soluble fraction (Sol). Samples taken before IPTG was added are used as pre-induced
(Pre) controls. After addition of 1uM of IPTG samples were taken every hour for 3
hours, the samples were then ran on a SDS-page gel. The top panel shows At1g47740
expression, protein indicated by arrow, the pre-induced sample contained some
expression, however the protein quantity in the soluble fraction was low. It increased
over time and after 3 hours of induction the protein was expressed well enough in
the soluble fraction. Bottom panel shows the expression of At4g25680, indicated by
arrow. Here there is no expression of the gene in the non-induced phase, after IPTG
however, the protein expressed to a high level, increasing over the first 2 hours, and
eventually disappearing from the soluble fraction in the 3rd hour.
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3.4. Purification of E.coli expressed recombinant DeSi proteins

With the expression optima of each protease now known, the proteins were
expressed and prepared for purification by lysing spun down cells in a
bugbuster/protease inhibitor mix. This allowed the ‘burst’ cells to be spun-
down and the soluble fraction extracted as supernatant. The supernatant was
then syringe filtered and flow-through used as the starting material for the
purification.

The cell extract was run through a GSTrap column (GE healthcare) attached to
an AKTA machine. The column was enriched with the recombinant proteins
and then eluted, by a gradating elution-to-binding buffer mixture, resulting in
fractions of different protein content. These fractions were then analysed on
SDS-PAGE and coomassie stained for confirmation of the purified protein
(Figure 3.10 and Figure 3.11). The appropriate fraction was collected, the
buffer was exchanged and protein concentrated using concentration columns

from Amicon.
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Figure 3.10. Purification of recombinant At1g47740 protein. Transgenic bacteria
containing the At1g47740 cDNA fragment was grown at the optimal conditions for
protein expression then cells were harvested. The supernatant was extracted and
loaded onto a GE healthcare GST trap column. The column was attached to the AKTA
machine and washed before fractions were eluted. Samples from all 6 fractions were
added to 4x SDS loading buffer and proteins separated by SDS PAGE. Proteins were
then transferred to a nitro membrane and probed with Anti-GST. In the first lane of
the blot (marked W) the wash was loaded followed by the 6 fractions (Fr1-Fr6). The
arrow shows the Atlg47740 protein, which can be seen in Fr4, Fr5 and Fré6. Just
below the asterisk is break down product from the protein. Fr6 showed the most
pure yet abundant protein and so was used for further processing.
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Figure 3.11. Purification recombinant At4g25680 protein. Transgenic bacteria
containing the At4g25680 gene was grown at the optimal conditions for protein
expression then cells were harvested. The supernatant was extracted and loaded
onto a GE healthcare GST trap column. The column was attached to the AKTA
machine and washed before fractions were eluted. Samples from all 6 fractions were
added to 4x SDS loading buffer and ran on SDS PAGE. Protein was then stain with the
protein identifier coomassie. The first lane of the blot (marked M) shows the proteins
marker, in the second lane (marked W) the wash was loaded followed by the 6
fractions (Fr1-Fr6). The arrow points to the expected size of the At4g25680 protein,
which can be seen in Fr3, Fr4 and Fr5. Although the protein did not come off the
column cleanly, as can be seen by the upper and lower bands, Fr4 was used for
further processing.
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3.5. Purification of E.coli expressed Arabidopsis thaliana SUMO

conjugation machinery

In order to test the activity of the DeSi proteins, poly-SUMO1 substrates were
constructed using the Arabidopsis thaliana SUMO1 conjugation enzymes;
SAE1 (SUMO E1), SCE (SUMO E2), PIAL2 (SUMO E4) and SUM1. Clones were
obtained from, and are previously described by Tomanov et al 2014.

SUMO E1 is a heterodimeric protein made of 2 subunits SAE1 and SAE2. SAE2
is a small peptide of around 18kDa, it has a 6xHis tag on the C-terminus. SAE1
is imade of 2 smaller subunits, 1a and 1b (35kDa & 36kDa respectively),
which form a dimer subunit of around 71kDa. SAE was purified using a
HIStrap column (GE healthcare) attached to an AKTA machine. Samples of the
fractions were processed and separated by SDSPAGE, the proteins then
transferred to a blotting membrane and probed with antibodies raised against

His (Figure 3.12).
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Figure 3.12. Purification of bacterially expressed SAE (E1). Transgenic bacteria
containing the SAE subunits was grown and protein expressed, cells were then harvested
and subject to FLPC purification. Samples from all 11 fractions, were added to 4x SDS loading
buffer and subjected to SDS PAGE and immunoblot analysis using antibodies raised against
His. The first lane of the blot (marked W) the wash was loaded, in the second lane the flow
through from the extract (marked FT) was added. The 11 fractions were then loaded
sequentially. The expected size of each of the components of SAE are indicted with arrows
and labelled with names. The complete SAE heterodimer is together around 100kDa, the
asterisks on the figure mark partial protein assembly. Fr11 is the only fraction that contains
the complete combined subunits as all the rest have other bands or don’t have the 100kDa
band. Fr11 was used for further processing.
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SCE was previously shown to have limited activity when fused with a protein
tag. Therefore in order to purify the untagged SCE, ion exchange
chromatography was used. A HiTrap column obtained from GE Healthcare
was attached to an AKTA machine. Lysate was added to the column and then
washed with binding buffer. The elution of was performed using binding
buffer with added NaCl in increasing concentrations resulting in a gradient-
elution. The resulting eluted fractions were analysed by SDS PAGE and

coomassie stained, the results then viewed on top of a light box (Figure 3.13)
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Figure 3.13. Purification of bacterially expressed SCE1. Protein was expressed in E.coli
cells, spun down and soluble extract harvested. Extract was ran through ion exchange
column attached to a AKTA machine and elutes were gathered in 1ml fractions. Samples of
the fractions were ran on an SDS PAGE gel and coomassie stained. The expected size of the
untagged protein was 17kDa marked by labelled arrow, some non-specific binding can be
seen also in Fr3 and Fr5. Fractions 5, 8, 9 and 10 showed clean purifications, where as the
other fractions have productions above the arrow (Fractions 1-4) or below (Fractions 6
and 7). Fr5 was used for further processing.
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PIAL 2 fragment was expressed with an MBP tag in order to aid protein
folding and then purified on a MBP column (GE healthcare). The purified
fractions were processed as described above and immunoblot analysed using
an antibody raised against MBP. Fraction number 10 produced a clean single

band at the expected size of the recombinant protein (Figure 3.14).
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Figure 3.14. Purification of bacterially expressed PIAL2 fragment. Transgenic
bacteria containing the Pial2 fragment was grown and protein expressed, cells were
then harvested and subject to FLPC purification. Samples from all 10 fractions were
added to 4x SDS loading buffer and subjected to SDS PAGE and immunoblot analysis
using antibodies against MBP. The 10 fractions were then loaded sequentially left to
right, then the wash (marked W) loaded, and finally the flow through from the extract
(marked FT) was added. The expected size of the around Pial2-MBP fragment is
around 100kDa, the arrow labelled ‘Pial2’ marks the expected size on the
recombinant protein. The arrow labelled ‘MBP’ show expected size of free MBP
protein (42kDa). Fr10 is the only fraction that contains the combined subunits as all
the rest have other bands or don’t have the 100kDa band. Fr10 was used for further
processing.
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SUMO1 was expressed in E.coli and cell lysate extracted. The recombinant
SUMO1 with an attached His tag, was purified using a HIStrap Column (GE
healthcare) attached to an AKTA (FLPC). The fractions were then analysed by
SDSPAGE and coomassie stained (Figure 3.15). Clean purification of SUMO1

was seen in fractions 9, 10 and 11.
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Figure 3.15. Purification of bacterially expressed SUMO1. Transgenic bacteria
containing the recombinant SUMO1 transgene was grown and protein was
expressed, cells were then harvested and subject to FLPC purification. Samples from
all 11 fractions were added to 4x SDS loading buffer and subjected to SDS PAGE and
coomassie stained. The first lane of the blot (marked W) the wash was loaded, in the
second lane the flow through from the extract (marked FT) was added. The 11
fractions were then loaded sequentially. The expected size of the recombinant
SUMOL1 is 22kDa, the labelled arrow marks this protein. Other protein bands can be
seen in Fr3 and Fr4 indicted by arrow labelled “Non-specific binding’. Fr9 and Fr10
contain the purified recombinant SUMO 1 and were used for processing.
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3.6. In vitro SUMO conjugation assay

This assay was previously described by Bhudiraja et al. (2009) and was
modified in the following ways. 20 ul reactions containing 4 pg SAE, 1 pg SCE, 100
pug SUMO proteins, 5 ug PIAL2M and 5 mM ATP (pH 7.5) were incubated in SUMO
buffer at 30 degrees for 1,2 or 4 hours. The reactions were terminated by
addition of 4x SDS Laemmli buffer and heated at 98 degrees for 3 minutes. The
chains were subjected to SDSPAGE and prepared for immunoblotting using
antibodies raised against His (Figure 3.16). The duration of the incubation period
had an affect on the amount of conjugates seen. For optimal harvesting of poly-
SUMO1 conjugation chains, reactions were incubated for a minimum of 4 hours.
After this the reaction were halted as previously described or by addition directly
to His-Bind resin (Novogen) for purification. This allowed the poly-SUMO1
chains to be used in further assays without interference from the conjugation
enzymes. After purification using the HIS-batch method, the SUMO chains were

used as the substrate in the deSUMOylation assays.
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Figure 3.16. In vitro poly-SUMO1 conjugation from bacterially expressed
Arabidopsis SUMO components. SAE1, SCE1, SUMO1 and PIAL2 purified proteins
were mixed with SUMO buffer containing ATP. Samples were then taken at the point
of mixing (Ohr), 1 hour later (1hr) then 2 and 4 hours later (2hrs, 4hrs respectively).
Samples were added to 4x SDS loading buffer and ran on SDS PAGE. The proteins
were the transferred to a blotting membrane and probed with anti-Strep. The first
lane on the left (SUM) shows mono-SUMO1 only, marked with labelled arrow. The
next 4 lanes show an increase in poly-SUMO1 conjugation as a result of time.

3.7. In vitro DeSUMOylation.

For testing the SUMO protease enzymatic activity, putative DeSi proteins were
incubated with poly-SUMO1 chains. The reaction mixes were set up as follows:
10 pg free SUMO isoforms, 5 pg of the putative protease and 1mM DTT in 1x
SUMO buffer. Reactions were incubated for 16 hours at 30 degrees and
terminated by the addition of 4x Laemmeli buffer and heated at 98 degrees for
3 minutes. 10ul of the reaction was then analysed by SDSPAGE and
immunoblotting using antibodies raised against Arabidopsis thaliana SUMO1.
The blot showed that there is reduction in the intensity of the poly-SUMO1
chains when DeSi proteins are added (Figure 3.17). The activity of the
proteases against the poly-SUMO1 chains was quantified using the Image]
software which counted the pixels in each lane. The measurement from the
lane marked ‘No protease’ was used to normalise the scale on which the other
lanes would be measured. The measurements for each lane were then

calculated as a percentage of intensity set against the no protease control
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(Figure 3.17C). The effectiveness of the proteolytic activity can be inferred by
the percentage of pixel intensity on each lane of the immunoblot. Each of the
proteases tested had some level of reduction in pixel intensity, with the
exception of At1g477740-C/S, which looked very similar to the no protease
control (Figure 3.17A). After quantification however, At1g47740-C/S showed
a 9% reduction in pixel intensity (Figure 3.17C). XopD was used as a positive
control and completely abolished poly-SUMO1 chains, with an almost 100%
reduction in intensity. All 3 full length Arabidopsis DeSi proteins reduced
poly-SUMO1 chains by 29-49%. Interestingly both truncated versions of the
At1g47740 gene showed increased amount of reduction, the At1g47740-
fragment reduced poly-SUMO1 chains by 34% more than the full-length
version. Atlg47740-C/S-fragment also showed signs of increased activity
compare to the full-length At1g47740-C/S with a 38% reduction in intensity.
Figure 3.17B shows a repeat of the experiment concentrating on only proteins
At1g47740 and Atlg47740-C/S, here the purification of the proteases was
better and more activity is seen. For transparency in experimental validation
the graph shown in Figure 3.17C is made against assays that included all of the
tested proteases in one experiment. However, the repeated experiments in
which At1g47740 was primarily the focus, more protease activity was

observed (Figure 3.17B).
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Figure 3.17. In vitro DeSUMOylation of SUMO conjugation chains by Arabidopsis
DeSi proteins. Equal amounts of poly-SUMO1 conjugation chains were added to individual
1.5ml tubes, then SUMO protease buffer with or without DeSi proteins added also in equal
amounts. The SUMO protease buffer contained (in order left to right); No protease, XopD,
At4g25680, At3g07090, At4g47740, At4g47740-C/S, At4g47740 fragment and At4g47740-
C/S fragment. A) The first lane to the left (labelled ‘No protease’) shows unaffected poly-
SUMOL1 chains, in the second (labelled XopD) poly-SUMO1 chains are completely abolished
by the present of the XopD protease. In the next 6 lane poly-SUMO1 chain reduction can be
seen in all cases expect At4g47740-C/S, were very little reduction is observed. The last 2
lanes on the right, show the activity of At4g47740 fragments which appear to be more
active then the full length counterparts, even in the case of the C/S mutant. B) shows the
activity of the At1g47740 and At1g47740-fragment when tested with against SUMO chains
in a later repeat of the assay. C) Quantification of poly-SUMO1 chain intensity by way of
pixel counting using the image analysis software Image]. Each individual lane of the
immunoblot in (A) was measured for Grey Scale pixel intensity and compared for
calculating the amount of poly-SUMO1 chain present. The lane labelled ‘No protease’ was
used to normalise the scale, and then intensity of the other lanes calculated as a percentage
set against this measurement. At4g25680, At3g07090 and At4g47740 had a reduced
intensity of 44%, 49% and 29% respectively, whereas the At4g47740-C/S had reduction of
8%. The fragmented DeSis had the furthest reductions with At4g47740-frag causing 63%
reduction and At1g47740-C/S-frag causing 47% reduction. The lowest band on the gel
shows a SUMO1 breakdown product identified by mass spectrometry (Tomanov665t al,,
2015).




3.8. In vitro removal of SUMO from linked substrate.

In order to check if the SUMO protease activity of the plant DeSi’s can cleave
the gly-gly motif of the preSUM1 protein, DeSUMOylation assays were setup
using the plant protein FLC fused to the SUMO1 protein. The DeSi3 protease
At1g47740 was used along with OTS1 as a positive control to check for SUMO
maturation activity. The reaction was setup as follows:

10ug FLC-preSUM1 and 5ug protease incubated in SUMO buffer plus ImMDTT
at 30degrees and incubated for 12 hours (Figure 3.18). In the reaction
containing OTS1, there was a reduction in the band at the size SUMO-FLC is
expected. In contrast to this, the reaction incubated with At1g47740 appeared

to show no reduction as did the no protease control (Figure 3.18).
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Figure 3.18. DeSi protease At1g47740 does not cleave SUMO from SUMO-FLC substrate.
Equal amounts of SUMO-FLC were added to 1.5 ml tubes and incubated for 12 hours with
either OTS1, At1g47740 or without a protease. Samples were then analysed by SDSPAGE and
immunoblotting using anitbodies raised against SUMO1. The arrow labelled SUMO-FLC
indicates the expected size of the substrate, the arrow labelled free-SUMO points to the
expected size of the cleaved SUMO. The SUMO-FLC substrate is reduced in the presence of
AtOTS1 but not in the presence of the At1g47740. The regions indicated by * and **' show
non-specific bands appearing in the lanes with the substrate due to improper purification
and/or degradation of SUMO-FLC. The region marked ***' shows untagged SUMO
degradation.
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3.9. Discussion

There is a fundamental difference in the catalytic motif structure of ULP and
DeSi proteins. Although both act by removing SUMO, there is also a functional
difference in the way this is catalysed, ULPs are capable of the removal of
SUMO1 from its ‘preSUMO1’ immature form, whereas DeSi proteases are
unable to catalyse this reaction. Both can act by removing SUMO from
substrates but appears they have different targets (Shin et al, 2012). In the
Arabidopsis thaliana proteome there are seven proteins identified as having
the ULP motif and 8 containing the DeSi motif. Phylogenetic analysis of the 8
DeSi proteases revealed 3 distinct sub-groups with various numbers of
proteins in each sub-group (Figure 3.04). Within these sub-groups; One DeSi
protease (At4g07090) is classed in the sub-group ‘DeSil’, based on its
phylogenetic relationship with the DeSil paralogues in animal species. Two
DeSi proteases (At3g25660 & At3g25680) are in the sub-group ‘DeSi2”
because of their similarity to DeSi2 paralogues in animal species. Five DeSi
proteases (Atlg47740, At4g17486, At5g47310, At2g23170 and At2g23190)
are classed in the subgroup now known as ‘DeSi3’. The DeSi3 sub-group is
evolutionarily further removed from the animal DeSis than are the DeSil and
DeSi2 subgroups. The DeSi3 sub-group has undergone the greatest gene
expansion of all 3 sub-groups in Arabidopsis and the implication of this would
be that the function of this sub-group had diversified at a greater rate than the
DeSil or DeSi2 sub-groups. Though not certain, the larger set of proteins in
the DeSi3 class could also imply that the target substrates are also of a highly
diverse nature, for example, as explored in the next two chapters, the LRR-RK
group of proteins could be an example of a family of related but diversified
proteins which are targeted by individual DeSi3 proteins.

Cloning of the coding regions of a DeSi gene from each sub-class was
performed to provide molecular tools for investigating the function of their
protein products. Generation of a Cys-to-Ser mutant of At1g47740 allowed
investigation of the catalytic function of the DeSi motif, as did the generation

of the At1g47740 fragments (At14g47740-Fragment and Atlg47740-C/S-
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Fragment), which contained only the DeSi catalytic motif region of the
proteins. After expressing these recombinant DeSi genes, in vitro
deSUMOylation assays were set up to ascertain if the putative DeSi proteins
could remove SUMO1 from poly-SUMO1 conjugation chains (Figure 3.17). The
assay showed that each DeSi tested was capable of reducing poly-SUMO1
chains by a significant amount compared to the no protease control. The only
exception is the At1g47740-C/S mutant protein, which showed only a 9%
decrease in poly-SUMO1 chains. This was expected as the catalytic cysteine
may contribute more to the activity if the protein than in other DeSi type
proteases. Interestingly none of the tested DeSi proteases were able to
completely abolish the poly-SUMO1 chains, unlike the positive control XopD.
The At1g47740 fragments showed a higher reduction in poly-SUMO1 chains
then any of the full length DeSis, but still did not match the efficiency of XopD.
When repeating the experiments and focusing only on the protease activity of
At1g47740, it was possible to enhance SUMO chain reduction. This was
possibly due to the fact that the expression and purification steps were more
stringent when less proteins were being produced (Figure 3.17B), as opposed

to simultaneous testing of all proteases as is shown in Figure 3.17A.

It was previously shown that the DeSi proteins from mice could not cleave
immature SUMO1, unlike the ULPs. Therefore in order to test for this type of
catalytic activity in Arabidopsis DeSis, At1g47740 was tested for its ability to
remove SUMO1 from an SUMO-FLC substrate. The ULP protease OTS1 was
used as a control and incubated with the SUMO-FLC substrate, as was
At1g47740. After a 12 hour incubation there was no notable difference in the
SUMO-FLC amount when incubated with At1g47740, as opposed to OTS1,
which completely cleaved SUMO1 off the substrate.

Collectively this data confirms the presence of a family of DeSi proteins in
Arabidopsis thaliana, and shows that like the animal paralogues, these are

capable of deSUMOylation but not maturation of SUMO1.
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Chapter 4

Desi3a is a Negative Regulator of Plant Defence

4.1. Introduction

The results described in chapter 3 indicate that the Arabidopsis thaliana
proteome contains a family of previously undiscovered SUMO proteases (DeSi
proteins). Furthermore, one sub-group of this family of DeSi proteins is
specific to plants. Based on this data, it was decided that a protein from each
DeSi subgroup was to be investigated for potential differences in cellular
localisation (Figure 4.01). The results of this experiment lead to the
conclusion that the At1g47740 protein was interesting for several reasons
and worth further investigation. This was due to its apparent dual
membranous localisation (Figure 4.01) and the fact it is a plant specific DeSi
(DeSi3) with no obvious/direct paralogs within the Arabidopsis thaliana
proteome. As the At1g47740 protein is the only protein found at the end of its
branch shown on the phylogenetic tree in Figure 3.04, the confidence in a
single gene knockout revealing a phenotype was high. This is due to the
reduced chance of redundancy observed in non-duplicated genes compared to
genes that are obviously the result of duplication events, as is the case for the
exocyst complex component gene SEC10 (At5g12370) (VukaSinovi¢, et al,
2014) and most likely also the case for the Arabidopsis DeSi2 genes
At4g25660 and At4g25680.

The pathogen-host paradigm, which is often described as an evolutionary
arms race, has revealed that over relatively short time scales both pathogen
and host can adapt to overcome their respective adversary (Anderson et al,
2010). This strong driver for genetic change lies on top of an already very
complex and evolutionary old immunity vs pathogen interplay. The role of
SUMOylation in this interplay however is only just beginning to be uncovered
(Castafio-Miquel, et al, 2017). This chapter contains evidence that the
SUMOylation process is integral to the plants defence mechanisms and in

particular, in the plants perception of pathogens. At1g47740 appears to play a
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role in the negative regulation of plant defence, and is involved in the

signalling resulting from pathogen detection.
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4.2.1 DeSi cellular localisation

For further investigation of the role of the DeSi proteases YFP fusion proteins
were made for tracking cellular localisation. A protein from the sub-group
DeSil and DeSi3 along with both DeSi2 proteins (due to the predicted gene
duplication event resulting in both DeSi2 proteins) were chosen and the cDNA
gene fragment was cloned into the YFP tagged plant expression vector series
pEARLYGATE (pEG) (Earley et al, 2006). The pEG vectors control gene of
interest expression via the CaMV35S, promoter and has an N-terminal YFP
tag. These vectors were used to transform the bacterium Agrobacterium
tumefaciens GV3101 cells; this strain of bacteria is used to transiently express
proteins of interest when infiltrated into Nicotiana benthamiana leaves (Vijn
& Govers 2003). 3 days after syringe infiltration, 1cm squared sections of the
leaves were carefully cut and placed under a microscope slide for viewing in a
fluorescence microscope (Zeiss SP5). An empty vector expressing YFP only
was used as a control to show the tag was not guiding the sub-cellular
localisation of the proteases.

The foremost observation was that unlike all currently known SUMO
proteases, the DeSis do not localise only to the nucleus of the cell. As can be
seen in Figure 4.01 the ULP2a control is concentrated to the nucleus whereas
the At4g25680 and Atl1g47740 are absent from the nucleus. Proteases
At4g25660 and At3g07090 can see found in both the nucleus and in speckles
along the plasma membrane. Furthermore At1g47740 seems to be bound to
the plasma membranes. This experiment lacked the necessary cellular
markers to validate the compartmentalisation of the proteases, but it gives
some indication of the approximant areas within the cell that these proteins

are found.
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At3g07090 At1gd7740 ULP 2b

Figure 4.01. YFP tagged DeSi proteins localise to non-nuclear compartments
when expressed in Nicotiana benthanmiana leaves.

Agrobacteria containing the coding regions of the protein of interest was syringe
infiltrated in N. benthanmiana leaves. After 3 days 1cm squared sections of leaf were
dissected, mounted on microscope slides and viewed by confocal microscope. The
panels in the figure are labelled with gene names corresponding to the protein of
interest. The ‘YPF only’ panel (top left) shows the localisation of the YFP protein from
untransformed pEG104 vector. YFP-ULP2b represents the localisation of the ULP
class of SUMO proteases and is found in the nucleus. All the DeSi proteins tested can
be seen in abundance outside the nucleus, with YFP-At1g47740 and YFP-At4g25680
showing no nuclear localisation, where as YFP-At3g07090 an YFP-At4g25660 could
be seen in both the nucleus and in foci near the cellular membrane.
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4.2.2 Identification of At1g47740 mutant plants

In order to ascertain the relationship between the Arabidopsis DeSi proteins
and their function in the plant, transgenic seeds, harbouring T-DNA inserts for
At1g47740 gene knockouts (Figure 4.02), were attained from the Arabidopsis
Seed Bank (Scholl et al, 2000). These seeds were grown and genotyped for
confirmation of gene interruption.

Primer sets for the T-DNA and for the gene were used in combination in PCR
reactions using the genomic DNA extracted from the seedling as the template
DNA (tablel). Testing for both the T-DNA and the gene enables analysis of
whether the tested plant is a homozygous or heterozygous for the T-DNA
insert.

The diagram shown in figure 4.02 represents the genomic location of the T-
DNA insert of the transgenic seeds. Using PCR reactions, heterozygote and
wild-type plants could be distinguished from the homozygote plants, which
are the preferred genotype for further experiments (Figure 4.02b).

In addition to isolating plants lines with At1g47740 loss-of-function, plants
were generated that over-expressed the DeSi protein via the 35S promoter in
the col-0 background. This was done using the floral dip method and
transgenes were prepared in the pEG vector series with the protein of interest
fused with a GFP tag and transformed into Agrobacteria. The plants were then
grown to maturation and seeds collected. The transgenic seeds were resistant
to the antibiotic BASTA and therefore positive selection was achieved by
sowing seeds on soil watered with 1:1000 BASTA to water mix. Seedlings
which grew normally on this selection were allowed to mature and seeds
collected for segregation assays. Plants that produced transgenic seedlings at
a 1:3 (1:2:1) ratio were assayed by growth on BASTA media and the positive
seedlings allowed to grow until maturity. After selection, 2 over-expressing
lines, GFP tagged At1g47740-0X1 and GFP tagged At1g47740-0X2, were used
with col-0 and At1g47740-KO, for checking the transcript levels of At1g47740.
After RNA extraction and cDNA synthesis as described in 3.2.1, PCR reactions
were carried out using primers matching the At1g47740 coding region, shown

in table 1. The results shown in Figure 4.03, show that along with col-0,
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At1g47740-0X1 and At1g47740-0X2 produce a DNA fragment at the estimated

size of the desired gene fragment. In addition, it also shows that no transcript

is present in the knockout line (Figure 4.03).

Gene Name Foward primer Reverse Primer Expected
fragment size
At1g47740 ATGTTGAACGG | CCTTTCTTTCAA | 840
AAAAGAAGAGC | GAGCTGCT
T-DNA GTTCCGAAATC | ATTTTGCCGATT | 290
GGCAAAAT TCGGAAC

Table 4.1. Primer sequences for genotyping At1g47740 knockout

plants.

The sequences of the DNA primers used for identification of the
At1g47740 gene and the TDNA insertion cassette. The expected DNA
fragment size is indicated on the right hand column.
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Atlgd7740
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LB T-DNA 5

1. At1gd7740 null <— Atlgd7740

homozygous

2. Atlga7740
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T-DNA-
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Figure 4.02. T-DNA insertion results in At1g47740 gene knock-out.

A schematic diagram of the position of the T-DNA is shown in (A). Black arrows
indicate the T-DNA orientation and grey arrows indicate the genes in the genome
with At1g47740 labelled. LB and RB indicate the left and right boarder of the T-DNA
respectively, SALK_151016 is the seed line acquired from the NASC seed bank. Black
line shows the position in the At1g47740 gene where the T-DNA insertion is located.
PCR of genomic DNA extracted from wild-type (col-0) and At1g47740 mutant lines
was performed and results shown in (B). Two PRC reactions where performed; one
to amplify the At1g47740 gene (upper panel) and one to amplify the T-DNA insertion
(lower panel). Numbers correspond to genotypes labelled on the left, the PRC shows
that the At1g47740 gene is amplified in col-0 (3) and one of the At1g47740-T-DNA
lines (2), whereas the T-DNA is amplified in both the At1g47740-T-DNA lines,
resulting in identification of a homozygote T-DNA insertion (1). Labelled arrows in
(B) show the expected DNA fragment as indicated.
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Figure 4.03. PCR analysis of cDNA shows the presence of At1g47740 transcripts
in wild-type and over-expressing lines, but not the knockout line.

Seedlings were grown for 10 days then RNA extracted and cDNA synthesised. PCR
reactions were carried out using primers matching the coding region of the
Atlg47740 cDNA. The presence of a DNA band at the expected size confirms
transcription in the corresponding genotype. Actin was used as a loading control for

the normalisation of the cDNA template used in each reation.

For conformation that the transgene is expressed in the over-expressing lines,
seedlings were grown for 10 days and then frozen in liquid nitrogen, total
protein was then extracted and analysed by SDS-PAGE and immunoblotting.
Using antibodies raised against GFP, the immunoblot was probed, the GFP
tagged At1g47740 recombinant protein had an expected molecular weight of
62kDa. The presence of a band at this expected size confirmed the
recombinant protein was expressed, however, it is clear that the protein is
either more stable or expressed to a higher level in the At1g47740-0X2 line
than At1g47740-0X1 line (Figure 4.04). No protein band was seen in the col-0
samples, this was to be expected, as the native protein is not fused to GFP.
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Figure 4.04. In 10 day old seedlings expression recombinant
At1g47740 protein is presence in both over-expressing lines.

10 day old seedlings were grown in liquid culture for 24 hours. Sample
consisting of 20 seedlings were flash frozen, then total protein content
was extracted. Samples were then western blot analysed using antibodies
raised against GFP. The top panel shows the bands at the expected size of
the recombinant GFP-At1g47740 as indicated by the arrow, the bottom
panel shows the total extract as a loading control for the normalisation of
the samples. No protein is present at the expected size in the col-0
sample, however both At1g47740-0X1 and -0X2 display a protein band
with expression at a higher level in the At1g47740-0X2 line.
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4.2.4 Assays to test for phenotypic differences in KO and Overexpressing

plants versus wildtype

Wild-type (col-0), At1g47740 Knockout (At1g47740-K0O) and GFP-At1g47740
overexpression lines (At1g47740-0X1 and 0X2) were tested in stress
response assays using biotic stress inducers in the growth medium. The
pathogen response elicitor flg22 or the pathogen PstDC3000 (Underwood et
al., 2013) was used as a biotic stress inducer in the media and seedling
response was observed. Plants were first grown on normal 1/2MS media for 3
days and then transferred to normal 1/2MS media, or 1/2MS media
containing flg22. Root length was measured 5 days after plants were
transferred onto flg22 media and plants grown on normal 1/2MS media were
compared to those grown on 1/2MS media containing flg22. All the plants
grown on normal 1/2MS media show the similar root elongation, however
when grown on the flg22 containing media, At1g47740-KO plants have
shorter roots when compared to col-0 and At1g47740-0X lines (Figure 4.05).
Furthermore plants overexpressing the Atlg47740 gene appear to be
unaffected by the flg22 in the media and root length is comparable to the
plants grown on normal media. Quantification of the root lengths was
calculated using averages of 30 plants per genotype for each experiment. The
experiment was done 3 times and results were consistent. Figure 4.06 shows
a bar graph of the average root growth calculated for each genotype on both
the aforementioned media conditions. Interestingly, the Atlg47740
overexpressing lines showed no significant difference in average root length
on both treatments, whereas the At1g47740-KO plants showed a reduction
greater than that seen in the wild-type (col-0). Statistical significance was

calculated using two-tailed T-test and p-values shown in table 2.
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Atlgad7740-KO Col-0 At1g47740-OX1  Atlgd7740-0X2

1/2 MS media

At1g4d7740-KO  Col-0 At1g47740-OX1 Atlgd7740-0X2

50nM-FLG22

Figure 4.05. At14g47740-KO0 plants show increased root growth inhibition
compared to col-0 when grown on media containing flg22.

30 plants of each genotype were used on both 1/2MS media with 50nMflg22 and
1/2MS media only, and root length measured digitally using image] software. All
plants were germinated and grown for 3 days on 1/2MS media before being
transferred to plates containing 1/2MS or 1/2MS plus flg22. All genotypes
transferred onto 1/2MS media showed consistent root elongation after 8 days (top
panel), however only 2 genotypes (At1g47740-KO0 and col-0) showed reduced root
growth on media containing flg22 (bottom panel). Further more At1g47740-KO
plants were smaller than col-0 plants when grown on media containing flg22. White
horizontal lines boarder the roots of the plants highlighting the difference in root
length.
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Figure 4.06. The average root length of At1g47740-KO plants grown on media containing
flg22 was less than that of col-0.

The root length measurements of 30 plants of each genotype was used to calculate an average
for each genotype for each treatment, the results were then plotted on a bar graph. Both the
At1g47740 overexpressing lines (At1g47740-0X1 and At1g47740-0X2) showed an insignificant
difference when comparing average root length on 1/2MS media and 1/2MS media containing
flg22. Contrary to this, both col-0 and At1g47740-KO showed a reduced average root length
when grown on media containing flg22. The difference between the average root length of col-0
and Atlg47740-KO was significant when grown on flg22 containing media. (*) represents p-
value of <0.01, (**) represents p-value of <0.001. Error bars show the +SE as calculated from the
SD.

1/2MS vs
Genotype FLG22
p-value
col-0 0.00437
At1g47740-KO 0.00038
At1g47740-0X1 0.5435
At1g47740-0X2 0.2699

Table 4.2. Statistical analysis of root length using two-tailed T-test reveals
significant p-values for At1g47740-KO but not At1g47740-0X lines. Root length
measurements for each genotype were taken on both 12MS media and 1/2MS media
plus flg22. The root length from both treatments were compared and statistically
analysed using a two-tailed T-test. The results show that both col-0 and At1g47740-
KO had a significant difference in root length when comparing the two treatments.
The p-value of At1g47740-KO0 is over a factor of ten lower than that of col-0, showing
that the difference is statistically greater in At1g47740-KO plants than the col-0 wild-
type. Contrary to this, the At1g47740-0X lines showed no statistically difference in
root length between the treatments.

82




For quantification of the amount of root growth inhibition the stress media
caused, the averages from the plants grown on flg22 containing media was
subtracted from the average root length of the same genotype grown on
1/2MS only media. This assay further analyses the data of figure 4.06 and
determines if the reduction in root length is due to overall slower growth of a
genotype or whether the presence of the flg22 peptide caused the plants to
restrict root growth. Figure 4.07 shows that of the 4 genotypes tested,
At1g47740-KO plants were most affected by the flg22 stress as already
indicated in figure 4.06. After 7 days on media containing flg22, At1g47740-
KO plants showed an average of 4.5mm inhibition of root length compared to
plants grown on normal media, whereas col-0 only showed a 3.4mm
inhibition, an on average reduction of around 25% more inhibition in
Atlg47740-KO plants, than col-0 plants. In contrast, the Atlg47740
overexpressing plants are not obviously affected by the flg22 media, and
display a minimal to no reduction in root length when treated. The p-values
of the data showed that the inhibition in root growth of At1g47740-KO plants
was 10 fold less than that of col-0, meaning the results are significantly more
robust for the At1g47740-KO and verifies an increase in response to flg22

over the wild-type.
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Figure 4.07. Quantification of root growth inhibition shows flg22 caused increased
inhibition in At1g47740-KO0 plants compared to col-0.

The average root length of each genotype grown on flg22 containing 1/2MS media was
subtracted from the average root length of those grown on normal 1/2MS media. The results
were plotted on a graph and show the biggest inhibition of all genotypes occurred in the
At1g47740-KO0 line, with a 4.5mm reduction in root length. Col-0 plants grown on flg22 media
showed an average reduction of 3.4mm compared to those grown on normal 1/2MS media. (*)
Indicates a statistical p-value of <0.01, (**) indicates a p-value of <0.001, comparing growth of
each genotype on both medium. Error bars represents +SD across all replicates.
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To further understand the phenotypic differences between the genotypes,
fresh weight data was collected from 10 day old seedlings. The purpose of this
assay is to determine if the root growth inhibition shown in the previous
figures is a consequence of the disruption of the root elongation mechanisms
or a global growth arrest due to switch from growth to defence activated by
the presence of the flg22 peptide. 30 plants per genotype were carefully
removed from their media and dried on a paper towel before being weighed
in groups of ten and average calculated. This experiment was repeated 3 times
and results were consistent throughout. The fresh weight of all plants grown
on normal 1/2MS media was consistent between all the genotypes. Some
plants grown on media containing flg22 showed a reduced fresh weight
compared to that on normal media. However no significant difference in the
fresh weight due to flg22 was observed in the At1g47740 overexpressing lines
(Figure 4.08). In contrast, the col-0 plants and the At1g47740-OK plants
showed a reduction in fresh weight when grown on media containing flg22, in
a similar fashion to the root length assays where At1g47740-KO shows a
greater reduction in fresh weight compared to col-0. The reduction in fresh
weight on flg22 containing media compared to normal 1/2MS media was

approximately 10% and 20% for col-0 and At1g47740-KO respectively.
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Figure 4.08. At1g47740-KO plants grown on media containing flg22 show a greater
reduction in fresh weight compared to col-0. Plants were grown for 3 days on 1/2MS media
then transferred to plates with 1/2MS media with and without flg22. After 7 days of further
growth the plants were carefully removed, towel dried and weighed. 30 plants for each
genotype was used and the experiment was repeated 3 times. The average weight of each
genotype for both treatments was calculated and plotted on the graph above. Only col-0 and
At1g47740-KO plants had a significant reduction in fresh weight, with col-0 showing a 10%
reduction when grown on media with flg22, and At1g47740-KO showing a 20% reduction. The
At1g47740 overexpressing lines showed no significant difference when comparing growth on
normal media to that on media containing flg22. * represents p-value <0.01
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4.2.5 Response to pathogen PST DC3000

To understand the extent to which the At1g47740 gene is involved in response
to pathogen attack, Pseudomonas syringae (Pst) infection assays were carried
out on 4-week-old plants. Pst was prepared as a liquid culture at a
concentration of 106 cfu mL-1and infiltrated into Arabidopsis thaliana leaves
using a 1ml syringe. Plants were allowed to grow normally and at 2 dpi and 4
dpi, leaf disks were cut from the infiltrated leaves. The Pst was extracted and a
serial dilution was done for quantification by plating 10ul of each dilution on
plates containing kings-B media. A tray containing 12 plants of each genotype
was used for the infiltration of the Pst and second tray was used with 12
plants of each genotype for 10mM MgCl; infiltration as a control, the
experiment was done in triplicate and repeated. At 2dpi there was a marginal
difference in the amount of bacteria present in all genotypes, but the
At1g47740-KO plants showed fewer Pst then the other genotypes (Figure
4.09). At 4 dpi a greater difference was observed, the col-0 plants showed an
increase in Pst cfu by over 1llog as did the At1g47740 overexpressing lines,
which showed a growth increase in planta closer to 1.5log. In At1g47740-KO
plants however, the Pst growth was significantly reduced, with the titre of Pst
only increasing by 0.5log, a significant reduction from that shown in the other

genotypes (Figure 4.09).
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Figure 4.09. At1g47740-KO0 plants are more resistant than col-0 to the plant pathogen
PST.

PST was pressure infiltrated into leaf surface at a concentration of 106 cfu mL-1. At 2 and 4
days post infection (dpi), Pst levels from infiltrated leaves were quantified, each data set
consists of 4 leafs from different plants, the experiment was done in triplicate and repeated.
Error bars represent #SD of 3 replicates. *** represents p-values of <0.00001 and **
represents p-values of <0.0001
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In addition, leaves representing the symptoms of each genotype were chosen
for imaging. Figure 4.10 shows the hypersensitive response of each genotype
visualised by the area of necrosis observed on the leaf surface. This assay
provided evidence to support the role of the At1g47740 gene in pathogen
response. When the gene is knocked out the effectiveness of PST
pathogenicity is restricted, whereas the plants over-expressing the At1g47740
gene appear to be more, or at least equally, susceptible to the pathogen as col-
0. The spread of necrosis observed on the infiltrated leaves differs between
genotypes with the least amount observed in the At1g47740-KO line. The data
in Figure 4.09 supports this visual representation shown in Figure 4.10,
collectively it appears that the At1g47740 gene is involved in the negative

regulation of plant defence against bacterial pathogens.
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Figure 4.10. Pathogenic symptoms of Pst infiltration reveal resistance
phenotype for At1g47740-KO plants.

PST was infiltrated into plant leaves as described in Figure 4.07. 5 dpi, leaves
were chosen by blind selection and photographed to represent the respective
genotype. At1lg47740-K0 plants showed less necrosis than either col-0 or the
Atlg47740 overexpressing lines. The experiment was repeated and results
were consistent.
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4.2.6 Transient ROS production under elicitor induction

A fundamental function of plant stress response is the generation of reactive
oxygen species (ROS) (Thakur and Sohal, 2013). To check if the ROS levels are
altered under bacterial attack, leaf discs were cut from 4 week old plants and
incubated in water for 24hours on a 24 well plate. The water was then
removed and a hydrogen-peroxidase and luminal solution added prior to
250nM of flg22. The plate was then put in a dark box with a photon counting
camera for 90 minutes, all experiments were repeated at least 3 times and
results were consistent. FLS2 knockout plants, that do not product ROS under
flg22 treatment, were used as a negative control.

In plants where the At1g47740 gene was knockedout, a larger ROS production
was seen compared to wild-type although the rate at which the ROS burst
occurs appears not to differ (Figure 4.11). In the At1g47740-0X1 line the
amount of luminance was more comparable with col-0 than of At1g47740-KO.
The Atlg47740 overexpressing plants also showed a bigger degree of
variability than the other genotypes as indicated by the error bars, but
surprisingly did not show an overall reduction in ROS burst compared to col-
0.
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Figure 4.11. ROS generation in At1g47740-K0 plants is greater than that of col-0
when induced by flg22.

Transient ROS production in response to the bacterial elicitor flg22 in col-0 (green-
diamond), fis2 (blue-square), At1g47740-KO (red-triangle) and At1g47740-0X1 (grey-
cross) was measured using a luminal, hydrogen-peroxidase based solution and a photon
counting camera. 9 leaf discs were cut from 6 plants of each genotype and placed in a 24
well plate in triplicate. The relative light units (RLUs) are shown on the x-axis whilst time
in seconds is displayed on the y-axis. Both col-0 and At1g47740-KO showed a similar
induction time with the ROS production peak around 23 minutes. Comparison of the
peaks between the three genotypes reveal At1g47740-KO plants produce a much higher
level of luminance then that of col-0 and At1g47740-0X1, fls2 is used as a negative
control and produces no change/peak under flg22 elicitation. Error bars show plus and
minus SE as calculated by deviation of 3 different wells for each genotype. Experiments
were repeated a minimum of 3 times and results were consistent.
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At1g47740-KO0 showed an increased ROS burst when treated with flg22, this
led to the hypothesis that the transcript levels of the At1g47740 gene would
be reduced when the same treatment was applied in the wild-type plants. Col-
0 plants were grown for 10 days and then transferred to liquid media 24
hours before treatment with 250nM flg22. Prior to treatment, samples were
taken and frozen and set as time point 0 hours. Flg22 was added and after 3
hours samples were taken and frozen for processing. Total RNA was extracted
from frozen samples and cDNA generated using the SuperScript™ Il Reverse
Transcriptase kit from Invitrogen. qRT-PCR was then performed using the
primers shown in (Table 3). The qRT-PCR was normalised using primers for
the housekeeping gene actin and FKR1 was used as a positive control as its
expression is induced under flg22 treatment. As can be seen in Figure 4.12,
the levels of the Atlg47740 transcript are significantly reduced after
treatment with flg22, with a reduction in transcript levels of over 12 fold.
FKR1 transcript levels showed an increase over the same time scale of around
10 fold. Interestingly the basal level of At1g47740 transcript seems to be fairly
high, the reduction observed after flg22 treatment indicates that the
At1g47740 protein product or the transcript itself may act as a negative

regulator of plant defence against bacterial pathogens.
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Figure 4.12. Detection of the elicitor peptide flg22 causes a reduction in At1g47740
transcriptlevels.

gRT-PCR was performed on 11 day old plants after treatment with or without flg22. Primers
were designed to identify the transcripts (mRNA) levels of At1g47740 and FRK1. Two time
points were measured, the 1st prior to addition of flg22 and the 2nd 3 hours later. The graph
shows a reduction in At1g47740 transcript levels by well over ten fold during the 2 time points,
where as the control gene (FKR1) is up-regulated in the same time frame. Results were
normalised against the actin housekeeping gene. Experiment was repeated in triplicate and
results were consistent. Error bars represent +SE of 3 repeats.
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4.2.6 Protein levels change under elicitor treatment

To check if the At1g47740 protein levels change under elicitor detection a
western blot analysis was carried out. 10 day old At1g47740-0X1 seedling
were transferred to liquid culture 24 hours before flg22 treatment. 20
seedlings were removed and frozen prior to flg22 treatment then 250nM of
flg22 was added and 20 plants harvested at time points of 30mins, 60mins
and 90mins post-treatment. The frozen samples underwent protein extraction
and the resulting extract was used for immunoprecipitation on beads
enriched for GFP. The elute from the immunoprecipitation was then analysed
by western blot and immunoblot using antibodies raised against GFP. The GFP
tagged At1g47740 recombinant protein had an expected molecular weight of
62kDa, Figure 4.13 shows the immunoblot with the 4 time points; pre-
treatment (0), 30mins post-treatment (30), 60mins post-treatment (60) and
90mins post-treatment (90). At time point ‘0’, the abundance of recombinant
protein detected by the western blot was greater then any of the preceding
time points. At 30mins post-treatment the immunoblot showed a reduction in
the intensity of the band compared to ‘0’ indicating a reduction in protein
levels. This was the largest change seen between 2 time points with time
points ‘60’ and ‘90" producing bands similar to ‘30". The membrane was then
stained with ponceau to show equal loading of the samples (bottom panel

Figure 4.13)
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Figure 4.13. In 10 day old seedlings recombinant At1g47740 protein levels
are reduced by the elicitor flg22.

10 day old seedlings were grown in liquid culture for 24 hours. 4 samples
consisting of 20 seedlings were flash frozen at 4 different time points, the total
protein content was extracted and immunoprecipitation carried out. Samples
were then western blot and immunoblot analysed using antibodies raised against
GFP. ‘0’ represents samples harvested prior to addition of flg22, ‘30’,’60’ and ‘90’
represent the time in minutes that samples were harvested after addition of
flg22. The top panel shows the bands at the expected size of the recombinant
At1g47740 as indicated by the arrow, the bottom panel shows the total extract as
a loading control for the normalisation of the samples.
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As the evidence was growing that Atlg47740 was involved in the
bacterial/biotrophic pathogen defence via the FLS2 receptor, it was decided
to investigate if there was a similar relationship between the At1g47740 gene
and the fungal/necrotrophic pathogen defence via the CERK1 receptor. 10 day
old Atlg47740-0X1 seedling were transferred to liquid culture 24 hours
before chitosan treatment. 20 seedlings were removed and frozen prior to
treatment then 1uM of chitosan was added and 20 plants harvested at time
points of 15mins, 30mins and 60mins post-treatment. The frozen samples
underwent protein extraction. The elution from the extraction was then
analysis by western blot and immunoblot using antibodies raised against GFP.
The GFP tagged At1g47740 recombinant protein had an expected molecular
weight of 62kDa, Figure 4.14 shows the immunoblot with the 4 time points;
pre-treatment (0), 15mins post-treatment (15), 30mins post-treatment (30)
and 60 mins post-treatment (60). At time point ‘0’, the abundance of
recombinant protein detected by the western blot was greater then that of
time point ‘15’, however unlike with the flg22 treatment, the the difference
was not obvious. Furthermore return to basal state was seemed to occur by
the next time point ‘30" minutes. The membrane was stained with ponceau to

show equal loading of the proteins.
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Figure 4.14. In 10 day old seedlings recombinant At1g47740 protein levels are
reduced by the elicitor chitosan.

10 day old seedlings were grown in liquid culture for 24 hours. 4 samples consisting
of 20 seedlings were flash frozen at 4 different time points, the total protein content
was extracted. Samples were then western blot and immunoblot analysed using
antibodies raised against GFP. ‘0’ represents samples harvested prior to addition of
chitosan, ‘15’,’30’ and ‘60’ represent the time in minutes that samples were
harvested after addition of chitosan. The top panel shows the bands at the expected
size of the recombinant At1g47740 as indicated by the arrow, the bottom panel
shows the total extract as a loading control for the normalisation of the samples.
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4.2.7 ROS production under chitin treatment

To further investigate the fungal defence pathway, At1g47740 knockout plants
and complimenting overexpressing lines were used with wild-type and cerk1
knockout plants (deficient in the perception of chitin/chitosan), in ROS
detection assays (Cao et al, 2014). This was to determine if there was a
difference in the plants response to the elicitor. Leaf discs were cut from 4
week old plants and incubated in water for 24hours on a 24 well plate. The
water was then removed and a hydrogen-peroxidase and luminal solution
added prior to 1uM of chitosan. The plate was then put in a dark box with a
photon counting camera for 90 min, all experiments were repeated at least 3
times and results were consistent.

As with the response to flg22, At1g47740-KO plants show an increase in initial
ROS burst (Figure 4.15), the over-expressing lines are more comparable to
col-0. The cerk1-1 knockout line showed a small/weak response opposed to
the expected no response, but this was probably due to the activation of other
receptors due to the non-uniform nature of the elicitor. The At1g47740-KO
lines also appear to have a prolonged duration of ROS production compared
to col-0 and Atlg47740-0X1, with the return to basal levels taking much
longer. The peak of ROS production in col-0 when induced by chitin/chitosan
was only 75% of that measured at the peak of At1g47740-KO (Figure 4.15).
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Figure 4.15. The elicitor chitinosan induces a larger ROS burst in At1g47740-K0O plants
compared to col-0.

Transient ROS production in response to the bacterial elicitor chitosan in col-0 (triangle), crek1-
1 (cross), At1g47740-KO (circle) and At1g47740-0X1 (squared) was measured using a luminal,
hydrogen-peroxidase based solution and a photon counting camera. 9 leaf discs were cut from 6
plants of each genotype and placed in a 24 well plate in triplicate. The relative light units (RLUs)
are shown on the x-axis whilst time in seconds is displayed on the y-axis. Comparison of the
peaks between the three genotypes reveal At1g47740-KO plants produce a much higher level of
luminance then that of col-0 and At1g47740-0X1, cerk1-1 is used as an negative control. Further
more, At1g47740-K0O plants appear to have a longer ‘lag’ on the graph, indicating higher ROS
production throughout the time period. Error bars show the plus and minus SE as calculated by
deviation of 3 different wells for each genotype. Experiments were repeated a minimum of 3
times and results were consistent.
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4.2.8 Transcript levels of defence genes when treated with chitin

As a way of investigating the results of the effects of chitosan in plants that are
At1g47740 null, quantitative RT-PCR was performed on col-0 and At1g47740-
KO, with and without chitosan treatment. The aim of this experiment was to
determine if the At1g47740 gene had a global affect on down stream response
to chitosan detection. Plants were grown for 10 days on plates containing
1/2MS media and then transferred to 1/2MS liquid media 24 hours before
treatment with 1uM chitosan. Chitosan was added and after 1 hour samples
were taken and frozen for processing. Total RNA was extracted from frozen
samples and cDNA generated using the SuperScript™ Il Reverse Transcriptase
kit, qRT-PCR was then performed using the primers shown in (Table 4). The
qRT-PCR was normalised using primers for the actin housekeeping transcript.
Several pathogen response genes were chosen to measure transcript levels to
ascertain any differences between the col-0 and the At1g47740-KO plants
with and without chitosan treatment (Figure 4.16). A general trend observed
from this experiment was that the transcript levels for several genes were up-
regulated in the At1g47740-KO plants compared to col-0 independently of any
elicitor treatment. This was true for TRX, JAZ5, FRK1 and WRKY33; and to a
lesser extent PDF and ORA1 (For details of gene roles please refer to
introduction section - 1.07 Responses to pathogen). After chitosan treatment
however, several genes showed an increase in transcript levels by more than
2 fold, including; MYB51, TRX, JAZ5, WRKYZ29, PAD3 and FRK1. Of these genes,
MYB51, TRX, WRKY29, PAD3 and FRK1 transcript levels were hugely increased
in the At147740-KO plants compared to col-0. This experiment was repeated
only once due to adverse circumstances, and although the results were not
then fully robust, it provided enough evidence that the investigation was
going in the right direction. Down stream targets and affects are not in the
remit of this thesis, but further investigation into this would be highly

insightful.

101



9 -
A H Col-0
8 1 Col-0 1uM Chitosan
¥ At1g47740-KO
77 W At1g47740-KO 1uM Chitosan
6 -
[
(]
c
(]
S 5 1
]
8
g ]
£ 4
©
o
o
3 -
2
1
ol I i I s
ORA PDF PR1 Myb51
45
H Col-0
40 |
B Col-0 1uM Chitosan
35 - ¥ At1g47740-KO
030 M At1g47740-KO 1uM Chitosan
oo
c
©
=
025
T
e
220 -
©
o
o
15 -
10
5 - I
0
TRX JAZ5 Wrky29 Pad3 FRK1 wrky33

Figure 4.16. At1g47740-KO plants show an increase in pathogen response genes
compared to col-0.

gRT-PCR was performed on 11 day old plants after treatment with or without chitosan.
Primers were designed to identify the transcripts (mRNA) levels of various pathogen
response genes listed in table 4. Two conditions were tested with two genotypes, the 1st
condition 1 hour after the addition of water, and the 2rd 1 hour after the addition of
chitosan. The graph shows the fold change on the y-axis compared to col-0 plants prior to
treatment. Experiment was repeated only once. Error bars represent +SE of 3 technical
repeats.
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4.3 Discussion

This chapter has explored the effects in Arabidopsis thaliana when knocking
out the gene encoding the DeSi protease; Atlg47740. It appears that the
protein is located within a large membrane compartment in or around the cell
periphery, making the likely location the plasma membrane, the tonoplast or
both (Figure 4.01). Further investigation into the localisation, using
appropriate cellular compartment markers, would allow full verification of
the exact compartment. The interesting discovery for the scope of this project
was that the SUMO protease was seen outside the nucleus; this is the first time
this observation has been made in plants. In order to ascertain the function of
the At1g47740 gene in planta, transgenic plants were grown which contained
the At1g47740 gene knockout out via a TDNA insertion (Figure 4.02) or plants
that overexpressed the At1g47740 gene via 35S promoter. These genotypes,
along with the wild-type ectotype col-0, were used in root growth assays to
determine the affects on root growth inhibition when exposed to the pathogen
elicitor peptide flg22. At1g47740-KO plants showed a greater reduction in
root growth when grown on media containing flg22, compared to col-0
(Figure 4.05). This trend was also observed by calculating the amount of root
growth inhibition the plants experienced when treated with flg22 (Figure
4.07). Whilst the At1g47740 overexpressing plants showed no significant
difference in root growth when grown on the media containing flg22, the
At1g47740-KO plants had an increased statistically significant reduction in
root length compared to col-0 (table 2). This is further reflected by the results
of the fresh weight assays when plants grown in these same conditions,
At1g47740-KO plants weigh less than col-0 when grown on media containing
flg22, where as At1g47740 overexpressing plants show little or no difference.
Collectively this implicated that At1g47740-KO plants are further comprised
in growth compared to col-0 when exposed to the elicitor flg22, something
that could be explained by an increase in immune response. This evidence
was enhanced by the fact that At1g47740 overexpressing plants grew on flg22

containing media as well as they did on media without flg22.
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To test if this data translated to differences in response to actual pathogen
attack, bacterial infiltrations were carried out on the leaves of all genotypes
using the plant pathogen PST DC3000. The results of this pathotest would
determine if the At1g47740 gene had a role in the regulation of the plants
response to the bacterial pathogen by tracking the growth of the pathogen in
planta and observing any physical symptoms on the plant leaf. In line with the
previous findings the At1g47740-KO plants showed a reduced titre of bacteria
compared to col-0 and Atlg47740 over-expressing lines after 4 days of
infection, At1g47740-KO plants also had reduced leaf symptoms on day 5 of
the treatment (Figures 4.09 & 4.10).

As the At1g47740 protein product was located in the periphery of the cell, and
it has been shown to have a role in pathogen defence, it was hypothesized that
perhaps it functioned in the early part of the plant defence; pathogen
detection. ROS are produced by the plant in response to the detection of the
elicitor peptide flg22 via the LRR-RK protein FLS2 (Underwood et al., 2013).
At1g47740-KO plants showed a higher production of ROS compared to col-0
and indicated that the At1g47740 protein product acts upstream of any
transcriptional changes brought on by pathogen detection (Figure 4.11).
Furthermore At1g47740 overexpressing lines showed large variability in ROS
production, and although the measurements never reached the increased
levels of the Atlg47740-KO plants, it was observed that Atlg47740
overexpressing plants produced ROS higher and lower than col-0 with no
obvious reason for the inconsistency. Col-0 and At1g47740-KO plants showed
highly consistent ROS levels in comparison.

As the evidence grew that the At1g47740 gene is in some way negatively
regulating plant immunity under pathogen attack, it was logical to assume
transcription levels for this gene would drop under pathogen detection.
Therefore quantitative RT-PCR was performed on col-0 plants before and
after flg22 treatment and revealed that the mRNA levels for the gene were
indeed reduced after flg22 treatment (Figure 4.12). In line with this
observation, protein levels of plants overexpressing At1g47740 were checked

before and after flg22 treatment. This assay revealed a similar trend to the
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At1g47740 transcript levels, where proteins levels also reduce after flg22
treatment (Figure 4.13).

Interestingly, the same trend is seen in response to the fungal pathogen
elicitor chitin (Chitosan). At1g47740 proteins levels are reduced, possibly to a
lesser extent than seen under flg22 treatment, when treated with chitosan
(Figure 4.14). This was slightly unexpected but required further investigation
as a more universal role for At1g47740 could be uncovered. ROS production
assays using the elicitor chitosan showed that At1g47740-KO plants had an
increased ROS production compared to col-0 (Figure 4.15), much like the
trend observed in the flg22 induced ROS assays.

To gauge if the At1g47740-KO plants would have transcriptional differences to
col-0 under chitosan treatment, quantitative RT-PCR was performed on 10
different pathogen response transcripts. This experiment was a way to look
down stream at the affects of chitosan in the At1g47740-KO background
without really having planned or anticipated taking the research in this
direction. The results showed that in the At1g47740-KO background, some
pathogen response genes are constitutively up-regulated independently of
elicitor treatment, whereas some are highly up-regulated in response to
chitosan treatment. This experiment was only repeat once due to the time
restraints, but gave a possible insight into the importance of the At1g47740
gene in pathogen defence.

Taken together the work in this chapter showed the protease At1g47740 has
a role in the response to pathogen attack, and is likely to be negatively
regulating plant immune responses. The mechanism by which this works,
assuming the deSUMOylating function is involved, could be as follows:

When the plant perceives pathogenic elicitors, SUMOylation of an unknown
component in the periphery of the cell is increased and results in activation of
the plants immune response. In the default state, the At1g47740 protein levels
are high and constant deSUMOylation of the unknown target occurs freely.
However under pathogen attack, the At1g47740 protein levels drop, allowing
the SUMOylation levels of the unknown target to increase, this would mostly
likely coincide with an increased rate of SUMOylation of the unknown target,

resulting in activation of cellular responses.
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If this theory were correct, in At1g47740-KO plants, defence mechanisms
would be primed even before perception of the pathogen due to the cells
inability to deSUMOylate the unknown target. In this sense At1g47740 could
be regarded as a negative regulator of plant defence, and what makes that
interesting is that it appears to do so without directly interacting with nuclear

components, a first in terms of SUMOylation.
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Chapter 5

Investigation of the potential DeSi3a targets

5.1 Introduction

The previous chapter provided strong evidence that the DeSi protease
At1g47740 is involved in plant immunity and that phenotypic differences are
significant when the At1g47740 gene is knocked out. However, due to only
having one At1g47740-KO line it was important to create complimenting lines
with the recombinant At1g47740 gene to check if the phenotypic changes seen
in the At1g47740-KO0 line could be rescued. Due to time restrictions and issues
with cloning procedures, the At1g47740 promoter region was not cloned, and
instead the cDNA was inserted into a vector harbouring the 35S promoter.

For further investigation of the mechanistic nature of the At1g47740 protein,
the identification of putative target substrates was achieved using the
following information:

1) The target substrate must be located in the cell periphery i.e. the plasma
membrane

2) The target substrate must act early in pathogen detection/response

3) The target substrate must have known or predicted SUMOylation sites
with a high confidence interval

4) The target substrate must be involved regulation of pathogen defence

Taking these details into account, together with the known pathogen
signalling pathways, it was possible to make an initial potential target list.
FLS2 and CERK1 are LRR-RKs, which are the main PRRs involved in the
perception of bacterial and fungal pathogens respectively. The fact that
knockout plants of FLSZ and CERKI show no ROS response and the
At1g47740-KO shows the opposite, made these 2 proteins first on the initial
list of potential targets. However, based on the high specificity of the Homo
sapiens DeSil, the question that over shadowed this prediction was; Is it likely

that the At1g47740 protein could target more than one substrate? i.e. both
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FLS2 and CERK1. Based on the fact that the number of SUMO proteases within
the Arabidopsis thaliana proteome is overwhelmingly low compared the
number of SUMO targets, it was assumed that the SUMO proteases could have
multiple targets and that this ‘system’ could still allow for very high
specificity, especially within a protein family i.e. LRR-RKs. However, this line
of thought led to the obvious conclusion that perhaps a single protein that
interacted with both FLS2 and CERK1 was the main target of the At1g47740
protease. Since upon activation by a PAMP, both FLS2 and CERK1 interact
with BIK1, and in both cases BIK1 is phosphorylated by BAK1, BAK1 and BIK1
were added to the short list of potential candidates (Zhang et al, 2010a,
Macho & Zipfel 2014; Shi et al, 2013). The over stimulation of ROS production
in the At1g47740-KO background led to the conclusion that a potential target
could also be RBOHD. Due to the availability of FLS2Z mutants within the
research group, and the limited time remaining to complete the research, it
was decided that FLS2Z would be further investigated as an Atlg47740
protease target. Since the previously discussed parallels between FLS2 and
CERK1 were uncovered during the research of chapter 4, CERK1 was also

chosen for further investigating.

5.2.1 Identification of SUMO Sites on Potential At1g47740 Target

Substrates

Using the short list deduced as described above, At1g47740 target proteins
were checked for SUMOylation sites. The preliminary step to ascertain SUMO
interactions for each of the potential target proteins was to inspect the amino
acid sequence for identification of SUMOylation sites. This was achieved using
a custom made in-house plant SUMOylation prediction software (Nelis 2014,
unpublished thesis). The results from the SUMO prediction software provided
not only identification of the lysine to which SUMO attachment was likely, but

also a confidence interval based on known SUMO-substrate interactions in
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plants. The predictions made by the software were based on typical
SUMOylation motifs comprising 6 amino acids that contain a central SUMO
‘accepting’ lysine (as described in section 1.1.1). The Arabidopsis FLS2
protein sequence was processed by the SUMO prediction software and
showed that there are several potential SUMO sites within the protein.
However due to the fact only 1 of these SUMO sites was in the kinase-domain
of the protein, it was hypothesised that this was the most likely candidate for
significant SUMO interaction inside the cell (Figure 5.01). In the FLS2 kinase
domain the SUMO site K1120 is predicted with the highest possible
confidence (99%), and the motif SLKQEE is common in other known plant
protein SUMO sites (Impen et al, 2014). The CERK1 protein sequence was
also analysed for SUMO sites and unlike FLS2 only 3 sites were identified
(Figure 5.02). An interesting observation for this experiment was that both
FLS2 and CERK1 had in common a single predicted SUMO site in their
respective kinase domain. The CERK1 SUMO site K495, was predicted at a

confidence of 93%, and is represented by the amino acid sequence SAKVDV.
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FLS2 - Protein sequence

MKLLSKTFLILTLTFFFFGIALAKQSFEPEIEALKSFKNGISNDPLGVLSDWTIGSLRHCNWTGITCDSTGHVVSV
SLLEKQLEGVLSPAIANLTYLQVLDLTSNSFTGKIPAEIGKLTELNQLILYLNYFSGSIPSGIWELKNIFYLDLRNNLL
SGDVPEEICKTSSLVLIGFDYNNLTGKIPECLGDLVHLQMFVAAGNHLTGSIPVSIGTLANLTDLDLSGNQLTGK
IPRDFGNLLNLQSLVLTENLLEGDIPAEIGNCSSLVQLELYDNQLTGKIPAELGNLVQLQALRIYKNKLTSSIPSSL
FRLTQLTHLGLSENHLVGPISEEIGFLESLEVLTLHSNNFTGEFPQSITNLRNLTVLTVGFNNISGELPADLGLLTN
LRNLSAHDNLLTGPIPSSISNCTGLKLLDLSHNOQMTGEIPRGFGRMNLTFISIGRNHFTGEIPDDIFNCSNLETLS
VADNNLTGTLKPLIGKLQKLRILQVSYNSLTGPIPREIGNLKDLNILYLHSNGFTGRIPREMSNLTLLQGLRMYSN
DLEGPIPEEMFDMKLLSVLDLSNNKFSGQIPAL LTYLSLQGNKFNGSIPASLKSLSLLNTFDISDNLLTGT
IPGELLASLKNMQLYLNFSNNLLTGTIPKELGKLEMVQEIDLSNNLFSGSIPRSLQACKNVFTLDFSQNNLSGHI
PDEVFQGMDMIISLNLSRNSFSGEIPQSFGNMTHLVSLDLSSNNLTGEIPESLANLSTLKHLKLASNNLKGHVP
ESGVFKNINASDLMGNTDLCGSKKPLKPCTIKQKSSHFSKRTRVILILGSAAALLLVLLLVLILTCCKKKEKKIENS
SESSLPDLDSALKLKRFEPKELEQATDSFNSANIIGSSSLSTVYKGQLEDGTVIAVKVLNLKEFSAESDKWFYTEA
KTLSQLKHRNLVKILGFAWESGKTKALVLPFMENGNLEDTIHGSAAPIGSLLEKIDLCVHIASGIDYLHSGYGFPI
VHCDLKPANILLDSDRVAHVSDFGTARILGFREDGSTTASTSAFEGTIGYLAPEFAYMRKVTTKADVFSFGIIM
MELMTKQRPTSLNDEDSQDMTLRQLVEKSIGNGRKGMVRVLDMELGDSIVSLKQEEAIEDFLKLCLFCTSSRP
EDRPDMNEILTHLMKLRGKANSFREDRNEDREV

T N

K832 | 94% CCKKKE
K854 | 95% ALKLKR
K971 Il 92% LEKIDL
K1120 | 99% SLKQEE

Figure 5.01 The Arabidopsis FLS2 protein sequence contains predicted SUMO
sites.

The amino acid sequence for the Arabidopsis thaliana protein FLS2 was extracted
from the TAIR website, was used as the query sequence in the plant SUMO site
prediction software. Multiple SUMOylation sites were predicted by the software, but
only 5 sites had a >90% confidence. Further more only one SUMO site was predicted
in the kinase domain of the protein (K1120, shown in red text), the other site (shown

in various colours) are within the intramembranous regions of the protein.

CERK1 - Protein sequence

MKLKISLIAPILLLFSFFFAVESKCRTSCPLALASYYLENGTTLSVINQNLNSSIAPYDQINFDPILRYNSNIKDKDRI
QMGSRVLVPFPCECQPGDFLGHNFSYSVRQEDTYERVAISNYANLTTMESLQARNPFPATNIPLSATLNVLVN
CSCGDESVSKDFGLFVTYPLRPEDSLSSIARSSGVSADILQRYNPGVNFNSGNGIVYVPGRDPNGAFPPFKSSK
QDGVGAGVIAGIVIGVIVALLLILFIVYYAYRKNKSKGDSFSSSIPLSTKADHASSTSLOQSGGLGGAGVSPGIAAIS
VDKSVEFSLEELAKATDNFNLSFKIGQGGFGAVYYAELRGEKAAIKKMDMEASKQFLAELKVLTRVHHVNLVR
LIGYCVEGSLFLVYEYVENGNLGQHLHGSGREPLPWTKRVQIALDSARGLEYIHEHTVPVYVHRDIKSANILIDQ
KFRAKVADFGLTKLTEVGGSATRGAMGTFGYMAPETVYGEVSAKVDVYAFGVVLYELISAKGAVVKMTEAV
GEFRGLVGVFEESFKETDKEEALRKIIDPRLGDSYPFDSVYKMAELGKACTQENAQLRPSMRYIVVALSTLFSST
GNWDVGNFQNEDLVSLMSGR

I N
K74 |

98% NIKDKD
K276 Il 92% STKADH
K495 Il 93% SAKVDV

Figure 5.02 The Arabidopsis CERK1 protein sequence contains predicted SUMO
sites.

The amino acid sequence for the Arabidopsis thaliana protein CERK1 was extracted
from the TAIR website, was used as the query sequence in the plant SUMO site
prediction software. Three SUMO sites were predicted and all sites had a >90%
confidence. Only one SUMO site was predicted in the kinase domain of the protein
(K495, shown in red text), the other site (shown in various colours) are within the
intramembranous regions of the protein. 110



5.2.2 Generation of Transgenic Plants

For further investigation of the putative SUMO sites, FLSZ mutant seeds were
generated by another lab member; Dr Beatriz Orosa, and donated as part of a
collaboration of projects. These seeds included: Two fIs2 knockout lines with
complementation of the wild-type FLSZ & the mutated SUMOylation site
FLS2K/R c¢DNA wunder the FLS native promoter pFLS:FLS2Zwt and
pFLS:FLS2K/R. The FLS2K/R is mutated to prevent SUMO attachment at the
predicted lysine residue. These transgenic plants were checked and verified,
using multiple lines of each genotype by Dr O’rosa (data not provided).

The cerk1-1 transgenic seeds, harbouring Ds transposon inserts for the cerk1-
1 knockouts (Figure 5.03), were obtained from the Arabidopsis Seed Bank
(Scholl et al., 2000). These seeds were homozygote knockouts for cerkl as
confirmed by PCR analysis (Figure 5.03). No DNA fragment was amplified
from the PCR reaction that used cDNA from the cerkl-1 plants, however the
col-0 cDNA produced a band at the expected size for the CERK1 coding region
fragment. The Ds transposon inserted into the region that codes for the kinase

domain of the DNA of the CERK1 gene (Figure 5.03).
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CERK1

Ds transposon

cerkl-1

Col-0 cerki-1

Figure 5.03. Confirmation of insertational knockout mutation of cerk1-1.

A diagrammatic representation of the CERK1 gene showing the position of the Ds
transposon insertion in the region that encodes for the kinase domain. Confirmation
of the knockout was achieve by extracting the RNA from col-0 and cerkl-1 plants,
synthesising ¢cDNA and performing a PCR reaction using primers for the CERKI
coding region. The figure shows that a section of DNA is amplified in the ‘Col-0’ lane
at the size expected for the CERK1 coding region. This is not seen in the lane ‘cerk1-1’,
providing evidence that the CERK1 gene is not transcribed in cerkl-1 plants. Actin

primers were used as a control for the cDNA and for the PCR reaction.

The CERK1 gene-coding region was cloned from Arabidopsis thaliana cDNA
using the method as previously described (3.3.), using the primers shown in
table 5.1. The cloned fragment was then gel extracted and used in a
pENTR/DTOPO reaction to generate the pENTR plasmid carrying the CERK1
cDNA fragment. The plasmid was transformed into E.coli DH5-alpha cells and
plasmid DNA collected as described in (3.3.). The generation of
complementation mutants in the cerk1-1 knockout background was
attempted using the foral dip method. Both wild-type CERK1 (CERK1) and
CERK1-K74R, K276K, K495R (CERK1-3K/R) were cloned into a vector that
over-expressed the respective protein via the 35S promoter. This was done

using the pEarleyGate104 vector and transformed into Agrobacteria. The
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plants were then grown to maturation and seeds collected. The transgenic
seeds were resistant to the antibiotic BASTA and therefore positive selection
was achieved by sowing seeds on soil watered with 1:1000 BASTA to water
mix. Seedlings which grew normally on this selection were allowed to mature
and seeds collected for segregation assays. Plants that produced transgenic
seedlings at a 1:3 (1:2:1) ratio, were assayed by growth on BASTA media and
the positive seedlings grown to maturity. Only CERK1-3K/R complimenting
plants were successfully selected in the screening process and no CERKI
complimenting plants survived the BASTA treatment (Figure 5.04). Due to a
time restraint, this procedure was not attempted again instead the CERKI-
3K/R seedlings were used along side col-0 and cerk1-1 knockout plants for

further experiments.

Gene Name Foward primer Reverse Primer Expected
fragment size

At1g47740 gene | ATGTTGAACGG | CCTTTCTTTCAA | 840
AAAAGAAGAGC | GAGCTGCT

At1g47740 cDNA | GTTCCGAAATC | ATTTTGCCGATT | 279
GGCAAAAT TCGGAAC

CERK1 gene caccATGAAGCTAAA | AGAGAAATCTTTAG | 1854
GATTTCTCT CTTAT

CERK1 cDNA GTTCCGAAATCGGC | ATTTTGCCGATTTC | 253
AAAAT GGAAC

Table 5.1. Primer sequences for At1g47740 and CERK1 plants.
The sequences of the DNA primers used for identification of the At1g47740
gene and the TDNA insertion cassette. The expected DNA fragment size is
indicated on the right hand column.
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Col-0 Line 1 Line 2Line 3 Line 4 Line5 Line 6 Line7 Line8

CERK1-3K/R

Figure 5.04. Genotyping of cerk1-1 plants dipped with CERK1-3K/R construct.
After positive selection on resistance media, seedlings were grown for 10 day and
then DNA was extracted from leaf discs. The genomic DNA extracted from each plant
was normalised to that extracted from col-0 DNA. PCR was performed on the
extracted DNA using primers for the CERK1 coding region. The figure shows the
results of col-0 and 8 transgenic lines. Lines 2, 3, 4, 6 and 8 appear to have a less
intense band than col-0, line 5 has no band, and lines 1 and 7 have bands with
intensity more similar to col-0. The intensity of the band correlates with gene copy
number, in this case, it would appear lines 1 and 7 are likely carrying 2 copies and
are therefore homozygous, where as lines 2, 3, 4, 6 and 8 have a single gene and are
there for heterozygous. The cerkl-1 lines were not used in this experiment the as
non-transformed line 5, served as a negative control.

cerkl1-1 cerkl-1
cerk1l-1 3K/R-1 3K/R-2

fragment

ACTIN

Figure 5.05. Transcript of CERK1-3K/R is detected by PCR in the cerk1-1
background.

RNA from cerk1-1, cerk1-1-3K/R lines 1 and 7 was extracted and used to make cDNA.
The cDNA was used as a template and in a PCR reaction using CERK1 primers. No
transcript was detected in the cerk1-1 as expected, line 1 of the CERK1-3K/R dipped
seedlings displayed a bright band, and line 7 displayed a duller band.
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In addition to the above, Atlg47740-KO plants were used to generate
complementation lines harbouring the At1g47740 gene under a 35S promoter.
This was to see if the phenotypic changes in the At1g47740-KO plants could be
rescued by the insertion of the At1g47740 cDNA. The procedure was carried
out in the same way as described above and 7 lines of Atlg47740-
complementing genotype were generated and verified with the expected gene
fragment present in all lines tested (Figure 5.06). The band generated in col-0
is larger than that from the transgenic seedlings, this was expected as the
primers used for DNA amplification spanned an intronic region. The intron
region is not included in the cloning of the At1g47740 gene fragment from
cDNA, thus the col-0 DNA fragment is larger than that of the transgene. From
this screen, 2 lines were carried forward for further experiments, from now

referred to as At1g47740-COMP1 and At1g47740-COMP2.

At1g47740
.Ko Col-0 Linel Line2 Line3 Line4 Line5S Line6 Line?7

1.0kbp At1g47740
0.8kbp m gene fragment

Figure 5.06. Genotyping of At1g47740-KO seeds dipped with a vector
containing the At1g47740 gene coding region. After positive selection on
resistance media, seedlings were grown for 10 day and then DNA was extracted from
leaf discs. The genomic DNA extracted from each plant was normalised to that
extracted from col-0 DNA. PCR was performed on the extracted DNA using primers
for the At1g47740 coding region. All lines tested positive for the At1g47740 gene
fragment. The gene fragment amplified from col-0 DNA was larger on the gel than in
the transgenic plants, this is due to the intronic regions within the genomic DNA that
is not present in the transgenic lines.

115



The At1g47740-COMP1 and COMP2 lines were used with At1g47740-KO and
col-0 for RNA extraction and cDNA synthesis as previously described (1.5).
This allowed verification of transcription of the transgene and for comparison
of transcription levels in normal non-stressed state. Figure 5.07 shows the
results of the PCR reactions in which transcription of the transgene was
verified along with col-0, At1g47740-KO was used to show no transcription

was present in the genotype prior to floral dipping.

At1g47740 Atlgd7740 Atlg47740
Col-0 null COMP1 COMP1

Atlg47740-
cDNA fragment
gl

Figure 5.07. Transcript of At1g47740 is detected by PCR in the At1g47740-
COMP1 & -COMP2 background.

RNA from col-0, At1g47740-KO At1g47740-COMP1 and COMP2 was extracted
and used to make cDNA. The cDNA was used as a template and in a PCR
reaction using At1g47740 primers and results analysed on an agarose gel. No
transcript was detected in the Atl1g47740-KO as expected, whereas col-0,
At1g47740-COMP1 and COMP?2 all displayed bands at the expected size for the
At1g47740 transcript.
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5.2.3 Expression of Recombinant Protein

For verification of the stability of the protein produced by the transgenic
seedlings, western blot analyses were performed. Seedlings containing the
transgenes for pFLS:FLS2wt and pFLS:FLS2-K/R in the fIs2 background, were
grown on plates containing 1/2MS, agar media for 9 days and then
transferred to a 6 well-plate containing liquid 1/2MS media for 24 hours.
Seedlings were then collected, dried on a paper towel, weighed and flash
frozen in liquid nitrogen. Samples were then ground to a fine powder using a
mortar and pestle, and protein extraction buffer added. The sample was then
spun in a centrifuge, supernatant collected and diluted with 4x SDS buffer. The
samples were then heated at 98 degrees for 3 minutes and analysed by SDS-
PAGE. Figure 5.08 shows the results for the immunoblot in which the FLS2
protein was attached to a GFP tag. In both pFLS:FLS2wt and pFLS:FLS2-K/R
extracts, protein was detected at the expected size of the FLS2 protein plus
GFP. This confirmed that both transgenic lines produced equally stable
protein and that the level of protein produced in each, was approximately the
same (Figure 5.08A). In order to determine if the mutated FLS2 was able to
undergo SUMOylation co-immunoprecipitation assays were performed by the
project collaborator Beatriz O’rosa, and showed that the pFLS:FLS2-wt can be
pulled down with SUMO1 attached where as the K to R form showed no SUMO
present when equal amounts of protein were used in the assay (Figure 5.08B)

(Data kindly donated by Beatriz O’rosa).
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GFP  FLS2-wt FLS2-K/R

W s €&—FLS2

anti-GFP
| — e —— Loading
control
pFLS: pFLS:
FLS2-wt  FLS2-K/R
B) ﬂl FLS2-GFP-SUMO

anti-SUMO

— - FLS2-GFP
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- - Loading control

Figure 5.08. Expression of transgenic FLS2 is equal in both pFLS:FLS2wt and
pFLS:FLS2-K/R, however SUMOylation is only seen in the pFLS:FLS2-wt.

Forty seedlings from each genotype, empty vector (GFP) control, pFLS:FLS2wt and
pFLS:FLS-K/R were grown on 1/2MS media. After 10 days, seedlings were collected
and flash frozen readied for protein extraction. The total protein content was
extracted and then separated by SDS-PAGE and immunoblot analysed using
antibodies raised against GFP. A) Protein bands appeared at the expected size of
FLS2 plus GFP in both pFLS:FLS2wt and pFLS:FLS2-K/R samples, but not in the GPF
empty vector plants. Furthermore both bands appear at approximately the same
intensity showing protein in both wild-type and the K/R mutant are expressed
equally and are equally stable. B) pFLS:FLS2-K/R shows no SUMOylation (upper
panel) compared to the pFLS2:FLS2-wt, the middle panel shows equal amounts of
protein were pulled down in this assay.

To determine if the CERK1 protein was equally stable in both wild-type and
3K/R form, transient expression assays were set-up using Nicotiana
tobaccum. Using the pEarlyGate104 expression vector, which carries an N-
terminal YFP tag, the coding region for the wild-type CERK1 (CERK1-wt), and
the mutant version that contains the triple K to R mutation (CERK1-3K/R)
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were transformed into Agrobacterium along with the empty vector control
(YFP). The transgenic bacteria were then grown overnight, spun down and
diluted in MgClz to an 0.D.600 of 0.4. The re-suspended bacteria were then
syringe infiltrated into 4 week old Nicotiana benthamiana leaves and the
plants were allowed to grow for 3 more days. After 3 days, the leaf samples
were removed weighed and flash frozen in liquid nitrogen. Leaf samples were
ground to a fine powder and total protein was extracted. Samples were then
analysed by SDS-PAGE and western blot. Probing with GFP antibody, protein
at the correct estimated size was found in both CERK1-wt and CERK1-3K/R
samples (Figure 5.09). The protein levels in both samples appeared in
relatively equal proportion, although further experimentation would allow

this to be verified.

YFP CERK1-wt CERK1-3K/R

anti-GFP <€— CERK1-YFP

Loading
control

Figure 5.09. Transient expression of CERK1-YFP and CERK1-3K/R-YFP reveals
consistent stability between both recombinant proteins.

Agrobacteria which contained either, no transgene (YFP), unaltered coding DNA for
CERK1 (CERK1-wt) or the triple K to R mutated CERK1 coding DNA (CERK1-3K/R),
were syringe infiltrated into Nicotiana tabaccum leafs. After 3 days the leaves were
harvested and total protein extracted. The samples were analysed by western blot
and probed using anti-GFP antibodies. In both CERK1-wt and CERK1-3K/R the
protein was seen at the correct estimated size of the recombinant CERK1 plus YFP.
The protein in both samples appears to be equally stable.
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The stability of At1g47740 protein in both the At1g47740-COMP1 and COMP2
lines was determined in both the absence and presence of the elicitor peptide
flg22. Seedlings were grown on plates containing 1/2MS, agar media for 9
days and then transferred to a 6 well-plate containing liquid 1/2MS media for
24 hours. Each genotype was then treated with water or flg22 30 minutes
prior to harvesting samples. Seedlings were collected, dried on a paper towel,
weighed and flash frozen in liquid nitrogen. Samples were then ground to a
fine powder using a mortar and pestle, and protein extraction buffer added.
The sample was spun in a centrifuge, supernatant collected and diluted with
4x SDS buffer. The samples were then heated at 980C for 3 minutes and
analysed by SDS-PAGE and immunoblotting using antibodies raised against
GFP. In both At1g47740-COMP1 and COMP2 lines treated with water the
recombinant protein was seen, however it appeared that At1g47740-COMP1
expressed the protein in more abundance than Atl1g47740-COMP2. In the
samples treated with flg22, the recombinant At1g47740 protein was less

stable in both lines and is only just visible (Figure 5.10).
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Figure 5.10. The stability of recombinant At1g47740 protein in transgenic
plants is affected by the addition flg22 peptide.

40 transgenic plants of the genotypes At1g47740-COMP1 and Atlg47740-COMP2,
were grown on 1/2MS for 10 days and treated with water (+water) or 250nM flg22
(+flg22). Thirty minutes after treatment, plants were flash frozen and total protein
was extracted. The samples were mixed with 4x SDS buffer and analysed by SDS-
PAGE, immunoblotting was then carried out using antibodies raised against GFP. The
samples that were extracted from plants treated with water showed more
recombinant At1g47740 protein than samples treated with flg22. Given that the
loading control shows less total protein in the ‘At1g47740-COMP1 +water’ sample, it
appears that this line expresses the recombinant At1g47740 at a higher level than
At1g47740-COMP2.

121



5.2.4 Root Growth Assay For Comparison of pFLS:FLS2wt And pFLS:FLS2-
K/R on Media Containing flg22

The check if the plants response to the elicitor flg22 is affected in the
transgenic lines, fIs2, pFLS:FLS2wt and pFLS:FLS2-K/R seedlings were grown
along with col-0. After 3 days growth on 1/2MS media, the seedlings were
transferred onto media containing 250nM of flg22 peptide or fresh 1/2MS and
grown for 7 days. Plants complimented with wild-type FLS2 (pFLS:FLSwt)
showed a similar root growth as the wild-type plants (Figure 5.11). Plants
complemented with the pFLS:FLS2-K/R construct showed no reduction in
root growth compared to wild-type and were more similar to fIs2 knockout
plants (Figure 5.11). Thirty seedlings from each genotype were photographed
and roots measured digitally using image] software. An average of each
genotype was calculated and plotted on a bar graph (Figure 5.12). The results
show that the reduction of root growth in col-0 plants when treated with flg22
compared to no treatment, was almost identical to that seen in pFLS:FLS2wt
plants. Furthermore, fIs plants showed no reduction in growth on flg22 media,
and pFLS:FLS2-K/R displayed the same with both genotypes seemingly
unaffected by the presence of flg22 (Figure 5.12). Statistical significance was
calculated using a two-tailed student T-Test and the resulting p-values
revealed col-0 and pFLS:FLS2wt had a p-value of <0.001, whereas fIsZ and
pFLS;FLS2-K/R showed significant differences with p-values >0.05 (Table2).
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Figure 5.11. Seedlings carrying mutation of FLS2 predicted SUMO site respond
to flg22 treatment in a similar fashion to fls2 knockout plants

Seedlings were grown for 3 days on 1/2MS media and then transferred to either
1/2MS media containing 250nM flg22 or 1/2MS media only. After 7 days on the new
media seedlings were photographed and roots measure. The picture represents the
seedlings in the mean for each genotype measured. All plants look similar in 1/2MS
media conditions (top panel), however the seedlings treated with flg22 showed
differences in root length (bottom panel). Col-0 and pFLS:FLS2wt plants displayed
similar reduced growth in root length, where as fIs2 and pFLS:FLS2-K/R appeared to
be insensitive to the treatment.
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Figure 5.12. Quantification of the average root length of, plants grown on 1/2 MS
media versus 1/2MS media containing flg22.

Thirty seedlings of each genotype were grown for 3 days on 1/2MS media and were
transferred to either 1/2MS media containing 250nM flg22 or 1/2MS media only. After 7
days on the new media seedlings were photographed and roots were measured using
image] software. The average root length of each genotype on both media were
calculated and plotted on a bar graph. A comparison of each genotype on both media
types was calculated for statistical significance using a two-tailed student T-Test, p-value
of <0.001 (*).

1/2MS vs
Genotype FLG22
p-value
col-0 2.15x10”
fls2 1.16x10™
pFLS:FLS2wt 9.94x10™
pFLS:FLS2-K/R 8.07x10™

Table 5.2. Statistical analysis of root length using two-tailed T-test reveals
significant p-values for pFLS:FLSwt but not pFLS:FLS2-K/R lines. Root length
measurements for each genotype were taken on both 12MS media and 1/2MS media
plus flg22. The root length from both treatments were compared and statistically
analysed using a two-tailed T-test. The results show that both col-0 and pFLS:FLS2wt
had a significant difference in root length when comparing the two treatments.
Contrary to this, the pFLS:FLS2-K/R and fls2 lines showed no statistical difference in
root length between the treatments.
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5.2.5. Assay For Root Growth Comparison of At1g47740 Complimenting
Lines When Treated With Flg22

To determine the ability of the At1g47740 gene coding region to rescue the
phenotype of At1g47740-KO plants, the procedure for ascertaining differences
in root length as previously described (5.2.4) was repeated using the
At1g47740-COMP1 and COMP2 lines, along with col-0 and At1g47740-KO.
After 3 days growth on 1/2MS media, the seedlings were transferred onto
media containing 250nM of flg22 peptide or fresh 1/2MS and grown for 7
days. These results were then averaged for each genotype on both 1/2MS
media and 1/2MS media containing flg22, and plants representing the mean
were photographed together for comparison (Figure 5.13). As previously
shown, At1g47740-KO plants displayed a more severe root growth inhibition
on media containing flg22 than col-0. However, in the At1g47740-COMP1 and
COMP?2 lines, this growth inhibition was abolished and like in the At1g47740-
0X1 and OX2 lines, no significant difference in root length could be seen
(Figure 5.13). The average root length of each genotype is shown in Figure
5.14, and clearly shows that flg22 has little or no affect on At1g47740-COMP1
and COMP2 plants. In addition, two-tailed T-Test analysis of each genotype
was calculated comparing flg22 treatment with non treated plants (Table3).
This analysis confirmed that the difference in root length in At1g47740-KO
plants was greater than the difference in col-0 plants when comparing the 2
treatments ( <0.0001 and <0.001 respectively), and there was no difference

out side normal distribution for the complimenting lines (Table 3).
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Figure 5.13. The At1g47740 transgene can rescue the phenotype of At1g47740-
KO plants treated with flg22.

Seedlings were grown for 3 days on 1/2MS media and then transferred to either
1/2MS media containing 250nM flg22 or 1/2MS media only. After 7 days on the new
media seedlings were photographed and roots measure. The picture represents the
seedlings in the mean for each genotype measured. All plants look similar in 1/2MS
media conditions (top panel), however the seedlings treated with flg22 showed
differences in root length (bottom panel). At1g47740-KO plants displayed reduced
growth in root length greater than col-0, where as At1g47740-COMP1 and COMP2
appeared to be insensitive to the treatment.
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Figure 5.14. Quantification of the average root length of, plants grown on 1/2
MS media versus 1/2MS media containing flg22.

Thirty seedlings of each genotype were grown for 3 days on 1/2MS media and were
transferred to either 1/2MS media containing 250nM flg22 or 1/2MS media only.
After 7 days on the new media seedlings were photographed and roots were
measured using image] software. The average root length of each genotype on both
media were calculated and plotted on a bar graph. A comparison of each genotype on
both media types was calculated for statistical significance using a two-tailed student
T-Test, p-value of <0.001 (*) and <0.0001.

1/2MS vs
Genotype FLG22
p-value
col-0 0.0004782
At1g47740-KO 9.54 x10
At1g47740-COMP1 0.433815896
At1g47740-COMP2 0.07611571

Table 5.3. Statistical analysis of root length using two-tailed T-test reveals no
significant p-values At1g47740 complimenting lines. Root length measurements
for each genotype were taken on both 12MS media and 1/2MS media plus flg22. The
root length from both treatments were compared and statistically analysed using a
two-tailed T-test. The results show that both col-0 and pFLS:FLS2wt had a significant
difference in root length when comparing the two treatments. Contrary to this, the
pFLS:FLS2-K/R and fls2 lines showed no statistical difference in root length between
the treatments.
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5.2.6 Effects Of SUMO-Site Mutations on Transient ROS Production Under
Pathogenic Elicitor Induction

In order to ascertain whether the ROS production caused by the elicitors flg22
and chitin is influenced by the SUMO site mutations in FLS2 and CERK1,
bioassays for detection of ROS were setup as follows;

1cm? leaf discs were cut from 4 week old plants and incubated in water for 24
hours in a 24 well plate. The water was then removed and a hydrogen-
peroxidase and luminal solution added prior to 250nM of flg22 or 1uM of
chitin. The plate was then put in a dark box with a photon counting camera for
80 minutes, all experiments were repeated at least 3 times and results were
consistent.

To determine the affects of the FLSZ mutations in response to flg22,
pFLS:FLS2wt, pFLS:FLS2-K/R and fIsZ leaf disc were treated by flg22 and ROS
production was recorded (Figure 5.15). Plants complemented with wild-type
FLS2 coding DNA produced ROS in an expected fashion with a peak of
production around 22 minutes after flg22 treatment. The typical ‘bell curve’
seen in col-0 plants (Figure 4.09) was produced by the pFLS;FLS2wt plants,
however the pFLS:FLS2-K/R plants did not respond in a same way (Figure
5.15). The pFLS:FLS2-K/R plants produced ROS in a very low abundance and
this was more comparable to fIsZ than col-0 plants. However, the pFLS:FLS2-
K/R leaf discs did show a slight elevation in ROS production over the same
time period as the pFLS:FLS2wt plants, unlike fIsZ, which showed no elevation
over the same period. These results indicate that flg22 induced production of
ROS in Arabidopsis thaliana is dependant on the SUMOylation of the FLS2

protein.
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Figure 5.15. Flg22 induced ROS generation via the FLS2 receptor is SUMOylation
dependent.

Transient ROS production in response to the bacterial elicitor flg22 in pFLS:FLS2wt
(green-square), pFLS:FLS2-K/R (blue-triangle) and fIs2 (red-cross) was measured using
a luminal, hydrogen-peroxidase based solution and a photon counting camera. 9 leaf
discs were cut from 6 plants of each genotype and placed in a 24 well plate in triplicate.
The relative light units (RLUs) are shown on the x-axis whilst time in seconds is
displayed on the y-axis. The induction time at which the ROS production peaked was
around 22 minutes after flg22 addition. pFLS:FLS2wt produced a relatively high level of
ROS compared to pFLS:FLS2-K/R and fIs2, however a slight elevation on ROS levels is
seen in pFLS:FLS2-K/R compared to fIsZ2. Error bars show plus and minus SE as
calculated by deviation of 3 different wells for each genotype. Experiments were
repeated a minimum of 3 times and results were consistent.

Transient ROS production assay were set up to test if the elevated levels of
ROS observed in At1g47740-KO plants, can be offset by the addition of the
At1g47740 transgene. The transgenic lines At1g4770-KO, At1lg47740-COMP1
and COMP2, were tested along with col-0 and fIs2 plants, is the same way as
described previously (5.2.6). In the At1g47740-KO line, ROS production was
observed at over 3 fold that of col-0, however, the plants with the

complimenting At1g47740 transgene did not produce ROS at the same level
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(Figure 5.16). Furthermore At1g47740-COMP1 showed higher levels of ROS
than that of At1g47740-COMP2, with a 0.5 fold increase and no significant
increase seen over col-0 respectively. Due to the decreased levels of ROS
produced in these two complimenting lines, it is further evidence that the
At1g47740 protein plays a major role in the negative regulation of the
production of ROS during the plants response to the elicitor flg22.
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Figure 5.16. The elevated levels of ROS generation in At1g47740-KO plants is
partially rescued by the At1g47740 transgene

Transient ROS production in response to the bacterial elicitor flg22 in col-0 (green-
diamond), fIs2 (red-square), Atlg47740-KO (purple-cross), Atlg47740-COMP1
(yellow-circle) and At1g47740-COMP2 (blue-triangle) was measured using a luminal,
hydrogen-peroxidase based solution and a photon counting camera. 9 leaf discs were
cut from 6 plants of each genotype and placed in a 24 well plate in triplicate. The
relative light units (RLUs) are shown on the x-axis whilst time in seconds is displayed
on the y-axis. The data shows that At1g47740-KO plants have a significantly higher
level of ROS production compared to all other genotypes. The At1g4770-COMP1 and
COMP2 lines showed a decrease in ROS production and are more comparable with
col-0 than Atl1g47740-KO. Error bars show plus and minus SE as calculated by
deviation of 3 different wells for each genotype. Experiments were repeated a
minimum of 3 times and results were consistent.
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To test the role SUMOylation plays in the CERK1 function, ROS assays were
setup using leaf discs from the following plants; Col-0, CERK1-3K/R-1, CERK1-
3K/R-2 and cerkl-1. Chitosan was used as the elicitor in this assay and the
results showed a typical response from the col-0 plants with a sharp raise in
ROS production after about 20 minutes and a prolonged return to basal levels,
as also shown in Figure 4.13 (Figure 5.17). The cerkl-1 leaf discs produced a
much lower amount of ROS compared to col-0, and the onset of the initial
burst was later than that seen in col-0 (Figure 5.17). Leaf discs from the
CERK1-3K/R-1 and CERK1-3K/R -2 plants, showed a very similar ROS
production profile to that seen in cerkl-1, however levels were very slightly
higher in both these lines. Without a reconstituted wild-type CERK1 line, it is
difficult to ascertain the affect the mutated SUMO sites had on the response to
chitosan. However, the CERK1-3K/R lines did not produce ROS of a significant
enhanced amount over that of the cerk1-1 lines, and if the same trend from the
FLS2 SUMO mutants was applied to the CERK1-3K/R lines, the expected result
would be what is observed in Figure 5.16 (i.e the K/R mutation reduces the
plants ability to produce ROS derived from the elicitor chitosan). This does
not mean the results would follow the same trend, but it is very likely that the
reconstituted wild-type CERK1 would return ROS levels closer to that

observed in col-0, based on the results of the FLS2 mutants (Figure 5.15).
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Figure 5.17. CERK1-3K/R does not recuse the ROS induction in cerk1-1 plants.
Transient ROS production in response to the bacterial elicitor chitosan in col-0 (green-
diamond), cerk1-1 (grey-circle), CERK1-3K/R-1 (red-triangle) and CERK1-3K/R-2 (blue-
square) was measured using a luminal, hydrogen-peroxidase based solution and a photon
counting camera. 9 leaf discs were cut from 6 plants of each genotype and placed in a 24
well plate in triplicate. The relative light units (RLUs) are shown on the x-axis whilst time
in seconds is displayed on the y-axis. Complementation of the mutated CERK1-3K/R
construct failed to rescue the cerk1-1 phenotype. ROS production from the 3K/R lines was
comparable to cerk1-1. Error bars show the plus and minus SE as calculated by deviation of
3 different wells for each genotype. Experiments were repeated a minimum of 3 times and
results were consistent.
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5.3. Discussion

Collectively this chapter has discussed the possibility of identifying 2 target
substrates for the DeSi3 protease At1g47740. The first step in verifying the
putative target substrates was to screen the potential protein sequences for
SUMOylation attachment sites. This step was crucial in the identification
process, as it allowed almost instantaneous recognition of SUMO attachment
motifs and gave credibility to the likelihood that the potential target protein
was SUMOylated. Further validation using laboratory methods is of course
necessary, however this method made sure that the identified target substrate
was at least likely to be SUMOylated whether or not a target of the Atg47740
protease remained to be determined. Due to time limitation, and the
bioinformatics supporting the SUMO attachment sites, only FLS2 and CERK1
were investigated as potential targets. To add biological data to support the
theory that FLS2 and CERK1 are SUMO targets, it was necessary to generate or
acquire the appropriate mutant plants. Dr Beatriz Orosa, a postdoctoral
researcher from within the research group, also worked on FLS2, and
generated the mutant Arabidopsis plants used in this research. The data
verifying the genetics of these mutant plants was not included in this thesis, as
the author did not generate it. However, it is provided in the supplement data
on the collaborated forthcoming publication; Orosa and Yates et al, 2017
(under review). The FLS2 and CERK1 mutant plants used in this research
allowed for greater understanding of the role SUMOylation plays in the
function of these proteins. Mutating the identified SUMO site, K to R, has been
shown to make proteins unable to be SUMOylated (Conti et al.,, 2014). This
important genetic tool provided a strong lead that the SUMOylation of FLS2
and CERK1 was key to activating the cellular defence responses upon elicitor
detection. An interesting result observed in this research was that both wild-
type and K-to-R mutants of FLS2 and CERK1 were equally stable when
expressed in Arabidopsis thaliana and Nicotiana benthamiana respectively
(Figures 5.08 and 5.09). This led to the conclusion that SUMOylation of both of
these proteins did not affect the stability of the protein and therefore
SUMOylation had a more mechanistic role than controlling protein fate. The

phenotypic responses of the mutant plants provided further clues of the
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mechanistic function SUMO has on these receptors. Due to the similarities in
the phenotypic response to flg22 in both root growth and ROS production, it
could be concluded that mutation of FLS2 SUMO attachment site mutant, i.e.
pFLS:FLS2-K/R, makes the plants respond effectively like fIsZ knockouts. Due
to the lack of the reconstituted CERK1 wild-type gene in the cerkl-1
background, it is not possible to determine if the same is true for CERK1 K-to-
R mutants, although it remains to be seen if it works in parallel to the FLS2.
Further to this, an important part of this research was to provide evidence
that the At14g47740 gene or its protein product is directly linked to the
phenotype shown in previous chapters. This question was raised due to only
having one knockout line for this genotype, and because no articles have been
published using this line. It was therefore imperative to show that
complimenting this genotype with the At1g47740 coding DNA, would rescue
the phenotype of the At1g47740-KO plants. It would have been beneficial to
have cloned the Atlg47740 promoter region and have the transgene
expressing under its native promoter instead of the constitutive, 35S
promoter. However, the cloning of the identified promoter region was
attempted several times using different primer sets, but the DNA region
would not amplify. This may be due to tight binding of DNA-interacting
proteins in the genomic area spanning the promoter region, or tightly wound
DNA-histone stretches in this region. Due to the unsuccessful cloning of the
promoter, it was decided that expressing the transgene under the 35S
promoter in the At1g47740-KO background, should at least partially elevated
the phenotypic difference, if the At1g47740 gene was responsible for the
phenotype.

After making the transgenic lines; At1g47740-COMP1 and COMP2, it was
important to check that the transgene protein product was being expressed,
like was shown for the At1g47740-0X1 and OX2 lines (Figure 4.03). It was
more difficult to see the protein band in the At1g47740-COMP1 and COMP2
line than the OX1 and 0X2 lines, this could have been due to the plants gene
silencing mechanisms coming into play, or simply the region in which the
transgene inserted into the genome (Figure 5.11). The transgene appeared to

be stable despite the difficulties in seeing the protein, and the phenotype
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testing administered herein supported strongly that the At1g47740-COMP1
and COMP2 lines were phenotypically more like col-0 than At1g47740-KO
plants (Figures 5.13, 5.14 and 5.16). In conclusion this chapter has shown that
the At1g47740 protease is responsible for the negative regulation of defence,
particularly in the early stages of infection and in pathogen perception.
Mutation of the predicted SUMO sites in of the LKRs, FLS2 and CERKI1,
prevents the proteins ability to signal properly upon PAMP recognition. No
evidence provided here confirms interaction between At1g47740 and FLS2 or
At1g47740 and CERK1, due to this further analysis is required for validation
that FLS2 and/or CERK1 is a target of the DeSi3 protein. However, strong
evidence is provided that FLS2 and CERK1 are SUMO substrates and
SUMOyation plays a crital role in their respective functions. All three proteins
appear in physical proximity, and At1g47740-KO plants showed opposing
phenotypes in response to flg22 than that of fIs2 plants.
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Chapter 6

Discussion

6.1 Summary

The role that SUMOylation plays in regulating cellular responses in plants is
only partially understood, this is because more research has focused on
SUMO attachment, leaving SUMO removal a relatively understudied
discipline. The aim of this thesis was to provide insight in to the field of
deSUMOylation and provide evidence that this is a fundamental process
critical for regulating cellular functions. Over the course of this research,
several key advancements to the field of SUMOylation/deSUMOylation have
been shown;
* Discovery of a new class of SUMO proteases in plants
* The first SUMO proteases localising outside of the nucleus
* The SUMO protease At1g47740 (DeSi3a) is a negative regulator of
defence against pathogens.
* The 2 major LRR-RK’s, FLS2 an CERK1, are SUMO substrates
* PAMP activated ROS production via the FLS2 receptor is SUMOylation
dependant
* Mutation of the SUMO attachment site impacts FLS2 and CERK1

normal function

The implication of the results are further discussed below, by collating these
outcomes and combining them in part with the work done by Dr Beatriz
Orosa on FLS2 SUMOylation, a more complete analysis can be presented. The
data provided by Dr Orosa will not be shown but can be found referenced in,
the as yet unpublished article, ‘The Immune response receptor FLSZ is

SUMOylated in response to flg22’ (Orosa et al., 2017).
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6.2 Discovery of DeSi proteases in plants

The results in chapter 3 showed that 8 proteins, within the Arabidopsis
thaliana proteome, contained the signature DeSi catalytic domain previously
identified in animal species (Shin et al,2012). Due to the fact there was such a
high number of proteins containing the catalytic domain in Arabidopsis,
compared to the number found in animal species, phylogenetic analyse of the
proteins was deemed necessary to understand more about this new class of
proteases. The most striking result from the phylogenetic analysis was the
fact that three sub-classes of DeSi could be characterised. Using human, dog
and zerbrafish DeSil and DeSi2 as an out-group control, the analysis showed
that one of these sub-classes appears to be unique to plants (Figures 3.04 and
3.05). Of the 3 sub-classes, only one of the DeSi protein, At3g07090, was of
the subclass DeSil, 2 in the sub-class DeSi2 and 5 classed DeSi3. This could be
significant as it implies that if both animals and plants shared common DeSi
ancestors (DeSil and DeSi2), the function they serve could be conserved. The
resulting divergence from the original DeSi-type to create DeSi3 would likely
be driven by changes in target substrates. As plants also have a larger
expansion of the SUMO protein family than is seen in animal species, it is
likely that plant species also have an expansion in the de-SUMO protein
families (Hay 2005). If true, this implies that members of the DeSi3 subclass
are likely to target other SUMO proteins as well as or instead of SUMO1.
Beyond the scope of this research, a peptide-screening array or protein
interaction screen for each protease may reveal if they interact more with
certain classes of SUMO than others.

The validation of the enzymatic activity of the DeSi proteases was achieved
using the substrate SUMO1 conjugation chains. The activity shown was fairly
low compared to that of the control protease XopD (Figure 3.16) (van den

Burg et al, 2010). The reason for this could be due to the lack of a
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SUMOylated substrate providing specificity for the protease. Without a target
substrate to allow the protease to dock, only ‘ambient’ enzymatic activity
would be likely. However due to the fact that each protease may only target a
few SUMOylated substrate proteins, finding the appropriate targets before
confirming deSUMOylation activity did not seem logical. Instead the creation
of a truncated version of the DeSi3 protein At1g47740, which contained the
catalytic domain only, was used to determine if deSUMOylation activity would
increase. This was in an attempt to remove the part of the protein that
provided the specificity and monitor if this increased the enzymatic activity
(Figure 3.17a) (Colby et al., 2006; Hotson et al., 2003). As was discussed in
section 3.9, the truncated protease did show an increase in deSUMOylation
activity, however so did the truncated version with the mutated C-to-S. Due
to the similarities in the chemistry between cysteine and serine as discussed
in 3.9, and with the advantage of hindsight, mutating the cysteine to other
amino acids such as alanine could have provided more insight to the
enzymatic activity (Carrea et al, 1993; Lee et al, 2015). Perhaps producing
several different mutations and testing them all against the wild-type and
record differences in activity.

The At1g47740 protease was unable to cleave SUMO from the preSUMO1 FLC
attached (preSUM-FLC) substrate, unlike the ULP: - OTS1 (Figure 3.17). This
provided evidence that the DeSi proteases found in plants, share similar
function to those found in animal species; i.e. in both species DeSi proteins
can cleave SUMO1 from SUMO1 conjugated target, but cannot cleave the gly-
gly terminal found in the preSUMO1 form. Taken together it has been shown
that the identified and tested DeSi proteases described in this thesis are bon-
fide SUMO proteases. Target recognition for each of these DeSi protease
would further valid this, and would also provided insight to the function. As
previously discussed, it is likely that each DeSi has more than one target
substrate, however it is also likely that if this was true, the targets of the same
protease would be involved in similar pathways, i.e. in the same pathway, or a

related pathway.
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6.3 At1g47740 Acts as a Negative Regular of Defence Through

Desumoylation of a Target Substrate

During the testing of the DeSi proteases identified in chapter 3, the DeSi3
protein At1g47740 was chosen for further investigation for 3 main reasons,

1) It represents a plant specific sub-class DeSi3:

This was important because it provided insight into the types of processes
this sub-class of protease could be involved in, thus underpinning the
importance of the sub-class.

2) The protein is compartmentalised to the cell periphery and/or the plasma
membrane with no evidence of nuclear localisation:

Due to this being the first time in plants that SUMO proteases have been seen
outside the nucleus, curiosity was a partial driver in the decision to use
At1g47740, as this gave mechanistic clues to the processes it was involved in,
and also potentially identifying a SUMO regulated system, outside of the
nucleus.

3) No other protein in the sub-class is on the same branch after phylogenetic
analysis:

It was important to exclude proteins that may have homologues due to the
possibility of functional redundancy, as is seen in the partial redundancy

between OTS1 and OTS2 (Conti et al., 2008).

In an initial screening process (data not shown), several stress inducers were
used to check for obvious phenotypic differences between col-0 and the
Atlg47740-KO plants. During this screen a phenotypic difference in the
response to the elicitor peptide flg22 was identified in the At1g47740-KO
plants. Due to only having one knockout line, col-0 plants were transformed
to over-express the At1g47740 gene to see if the phenotypic changes were
reversed. With the advantage of hindsight, it would have been more useful to
generate these in the Atl1g47740-KO background at this stage, rather than

later in the research. However the lines generated from transforming col-0
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with the Atl1g47740 constructed, (OX1 and 0X2) did provide important
information in the preliminary stages of the research. One of these important
factors was that At1g47740-0X1 and -OX2 appeared to be insensitive to the
presence of flg22 in the growth media. This was almost the opposite of what
was seen in the At1g47740-KO plants grown on the same media that seem to
be hypersensitive the presence of flg22, compared to col-0. Furthermore the
At1g47740-0X1 and OX2 lines perform similarly to fIs2 knockout lines when
grown on media with flg22 present. However this trend is not seen when
monitoring the ROS production of the various genotypes. Although
At1g47740-KO plants produce a higher level of ROS than col-0, the opposite is
not true for the over-expression lines. Due to the similarities in the root
growth assays between fIsZ2 and Atlg47740-0X1 and -0X2, it would be
expected that the ROS production would also be similar. However, the over-
expression lines produced ROS with a greater variation than seen in the other
genotypes, although it was never recorded at the high values seen in the
Atl1g47740-KO plants. There are various explanations to account for this
behaviour. Firstly due to the presence of the native At1g47740 gene in the -
OX1 and -OX2 background, the plant could be partially silencing in the
transgene (Matzek et al., 2002). Some evidence for this is provided in Figure
3.04, where the protein levels, at least in -OX1 are low. Secondly, if FLS2 is
the target of At1g47740, then over expression of the protease would not
necessary prevent the SUMOylation of FLS2, meaning that signalling could
still occur. In this scenario, the FLS2 deSUMOylation would most likely be
heightened, however unable to prevent the initiation of SUMO attachment to
FLS2. Thirdly plants over-expressing a transgene, even if they are from the
same line, have been shown to carry individual variation in the
expression/silencing of the transgene (Matzke et al., 2008). In the research
presented here, this is relevant because the At1g47740-0X1 and -0X2 lines
are effectively tetraploid (4n) for the At1g47740 gene and studies have shown
that this can result in more endogenous silencing than in the same plants who
are diploid (2n) for the same gene (Finn et al., 2011).

If any of these scenarios applied to this research, it could provide an

explanation as to why the over-expressing plants showed variable results in
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the ROS production assay. This was one of the reasons it was necessary to
generate partial complementation by over-expressing Atl1g47740 in the
At1g47740-KO background.

The generation of Atlg47740-COMP1 and -COMP2 lines allowed further
determination of the influence the At1g47740 gene had in the response to
PAMPs. The At1g47740 cDNA fragment, under the 35S promoter, was
reconstituted in the At1g47740 background but was considered only a partial
complementation due to the lack of a native promoter. This however did not
prevent the ability of these lines to reverse the effects observed in the
knockout line. Due to the over-expression of the At1g47740 transgene, it is
unclear why the levels of the ROS production in the COMP1 and COMP?2 lines
are not below the levels observed in col-0, as this would be the opposite of the
high levels seen in the knockout plants. However this assay looks only at the
early part of the defence signal cascade, when the -COMP1 and -COMP2 plants
were grown on media with flg22, they seemed to respond like fIsZ or
pFLS2:FLS2-K/R plants, and were apparently insensitive to the flg22. The
correlation between the At1g47740 protein and FLS2 is speculative, however
the evidence presented here shows that further investigation would likely
uncover a direct or indirect link between the components. In accordance with
the reduction in At1g47740 protein levels when plants were treated with
flg22 (Figure 5.10), and the reduced transcript levels in the same conditions
(Figure 4.12), the target of At1g47740 must require increased SUMOylation
for activation of defences. This means that in -COMP1 and -COMP2 lines the
reduction in Atlg47740 protein and/or transcript levels during flg22
recognition is not enough to prevent deSUMOylation of the target, leading to
the apparent insensitivity witnessed in the -COMP1 and COMP2 plants during
the root length assays. Whereas in col-0 plants, as shown in Figure 4.12, the
transcript levels of At1g47740 are reduced by 12 fold, upon flg22 treatment.
This reduction, along with any At1g47740 protein degradation, would inhibit
deSUMOylation of its target substrate and thus allow the activation of
defences. In the At1g47740-KO plants the over stimulation of the defence
responses are a direct result of failure to deSUMOylate the target substrate.

This proposed model allows for the At1g47740 target substrate to be the
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receptor FLS2, however, it does not exclude the possibility that the target
substrate could also be another component of the complex formed upon
PAMP recognition.

The majority of this study is focused on the early stages of pathogen attack,
however the infection cycle within the plants can lasts for days or even
weeks. To see if At1g47740 had any affect on the longer-term infection, the
bacterial pathogen PST was used to infect the At1g47740 genotypes for
comparison against col-0. This assay revealed that At1g47740-KO plants
showed increased resistance to PST, compared to col-0 and OX1 and OX2.
Moreover, the opposite was true for the over-expressing lines, -0OX1 and -0X2,
as they were hypersensitive to PST compared to col-0 and At1g47740-KO
(Figures 4.09 and 4.10). Although there is not much scope within this study to
understand the longer-term effects of the At1g47740 role in pathogen attack,
it does not seem likely from the results shown, that At1g47740-KO plants
merely delay the infection onset. The At1g47740-KO plants displayed signs of
true resistance and were not simply delaying the infection at the point of
perception but also slowing/preventing the pathogens progression (Figure
4.09). The implications of this could lead to identification of possible
homologues in crops species, where further research could be conducted with

an aim to increase disease resistance in the species of interest.

6.4 PAMP Induction ROS Activation Via The FLS2 Receptor Is

Sumoylation Dependent

Using FLS2wt, FLS2-K/R and fIsZ2 transgenic plants, this study provided
strong evidence that the predicted SUMO attachment site K1174 was
necessary for pathogen perception. When grown on media containing flg22,
the pFLS2:FLS2-K/R plants responded in a similar fashion to fIsZ plants
(Figure 5.11). As FLS2 has been shown to be crucial in the early stages of
bacterial pathogen attack, primarily because it is responsible for pathogen
perception, it could argued that the lysine residue K1120, is responsible for

proper signal propagation also (Zipfel 2008, Chisholm et al 2006). Due to the
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mutation not affecting the extracellular domain of the FLS2 protein, it is likely
that FLS2-K/R protein is able to bind flg22 as normal, unlike in fIsZ plants
where there is no receptor at all. If this is true then one of three things could
be likely upon binding flg22:

A) FLS2-K/R is unable to bind with itself and/or its interaction partners e.g.
BAK1, thus preventing proper defence activation.

B) FLS2-K/R interacts as normal with its binding partners however is unable
to activate downstream signalling possibly inhibiting the phosphorylation
cascade. Thus prevents proper defence.

C) FLS2-K/R interacts as normal with binding partners, but is not able to

signal for auto-degradation. Resulting in improper defence signalling.

Since showing that FLS2 mediated ROS production is dependent on the
predicted SUMO attachment K1120, further research has been conducted that
proves FLS2 is SUMOylated in response to flg22 (Orosa et al, 2017
unpublished). Using co-immunoprecipitation assays, this work also showed
that mutation of the FLS2 K1120 does not affect its interaction of BAK1. Put
together this rules out the previous suggested theory ‘A’ (FLS2-K/R is unable
to bind with itself and/or its interaction partners e.g. BAK1, thus preventing
proper defence activation), and proves that upon flg22 perception FLS2-K/R
interact with BAK1 as normal, however something prevents both the
activation of ROS and proper activation of downstream defence signals. To
help understand this, and tie together 2 elements of this research, a
speculative look at the metaphorical other side of the coin is necessary.

If the high levels of ROS seen in the At1g47740-KO plants are a direct result of
failure to deSUMOylate FLS2, then FLS2 must be constitutively SUMOylated in
this line, resulting in the over activation of defence responses (this could act
as a priming mechanism for defence in the knockout line). This means that
the levels of SUMOylation of FLS2 are correlated to the strength of the
immune response, i.e. in the At1g47740-KO line, more SUMOylated FLS2
results in a larger defence response). If this is true, then the previously
suggested theory ‘C’, (FLS2-K/R interacts as normal, but is not able to signal

for auto-degradation after activation resulting improper defence signalling)
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cannot be true as the opposite would be expected in Atlg47740-KO
background. Thus if the SUMO site mutation (K1121R) prevented auto-
degradation of FLS2, then in the hyper-SUMO form predicted in the
At1g47740-KO0 background, FLS2 would be oppositely affected resulting in a
high level of FLS2 degradation. This is unlikely as it would result in a delayed
and/or prolonged ROS signal in the knockout background compared to col-0.
The argument against this is supported by the earlier onset of ROS seen in
At1g47740-KO0 plants compared to col-0 (Figure 4.11 and 5.16). Therefore, by
elimination, the only theory left is suggestion ‘B’, (FLS2-K/R interacts as
normal with its binding partners however is unable to activate downstream
signalling possibly inhibiting the phosphorylation cascade. Thus prevents
proper defence). This means SUMOylation could be involved in activating the
signalling mechanisms resulting in or involving the MAPK-cascade, or the
even activation of RBOHD by BAK1 (Figure 6.1) (Zhang et al, 2010a, Macho &
Zipfel 2014; Shi et al, 2013; Henry et al., 2013). This would explain the
inability of FLS2-K/R to respond normally upon flg22 detection, as well as the
At1g47740-KO plants being hyper sensitive to flg22.
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FLS2-K/R FLS2

RBOHD

Figure 6.1. Proposed role of SUMOylation in the flg22 induced activation of FLS2
mediated signalling.

Right hand panel shows the existing FLS2 activation complex as shown in Figure 1.1 with
the inclusion of SUMO attached FLS2. Left hand panel shows the equivalent with the FLS2-
K1120R mutation. Here flg22 is detected and the complex required for signalling is
formed, however in the absence of SUMO, proper signalling does not occur. The
phosphorylation state of the complex in the FLS-K/R paradigm is unknown.
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6.5 CERK1 as a Potential At1g47740 Target

In chapter 4, evidence is provided that the elicitor chitosan affects col-0 and
Atl1g47740-KO plants differently (Figure 4.15). Like with flg22 treatment,
chitosan caused an increased burst of ROS production in Atl1g47740-KO
plants compared to col-0. However unlike the flg22 treatment, that in
At1g47740-KO plants produced a ROS activity peak of >3 fold greater than
observed in col-0 (Figure 4.11), when treated with chitosan the increase
compared to col-0 was consistently closer to 0.3 fold at the peak (Figure
4.15). The comparative difference between the 2 genotypes suggests that in
At1g47740-KO plants the hyper-production of ROS is 10 fold greater when
treated with flg22 compared to chitosan. In accordance with this, the levels of
At1g47740 protein in samples treated with chitosan did not reduce in the
same manner as the samples that were treated with flg22 (Figures 4.13 and
4.14). Although a slight reduction can be seen in protein levels after 15
minutes, it was very subtle each time the experiment was repeated, and is
questionable whether it was significant. A more thorough examination using
immunoprecipitation for protein enrichment or using pathogens to replace
the elicitor might determine better if the protein levels were dropping.
Together this suggests that perhaps the At1g47740 protein plays a slightly
different role in response to chitosan. This is partially supported with the
read-out from the qRT-PCR results shown in Figure 4.16. The data from these
experiments showed that in the At1g47740-KO background, not only were
some pathogen response-associated genes up-regulated after chitosan
treatment, but were also up-regulated prior to treatment. Interestingly most
of these genes were in the ‘necrotrophic’ defence pathway, with only very
little differences seen in the ‘biotrophic’ pathway even prior to treatment.
Although further experiments on the At1g47740 mutant plants, including use
of fungal pathogens such as Botrytis, are needed to validate these results, this
preliminary data supports the idea that in the response to chitosan the
At1g47740 plays a different long-term role than in response to flg22.

However in the early stages of the response to chitin, if CERK1 was a target of

At1g47740, the hyper SUMOylation state of this receptor would be the reason
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for the increased response to the elicitor, as was suggested for FLS2. This is
supported by the ROS production assays, as At1g47740-0X1, produced lower
amounts of ROS than col-0, even although this was marginal and not close to
the basal levels produced by cerk1-1 plants. Whereas the same plants when
treated with flg22, did not produce ROS levels consistently below that of col-
0. This could indicate a more direct correlation between At1g47740 levels

and CERK1 SUMOylation.

The failure to produce cerk1-1 complementation lines expressing the wild-
type form of CERK1 meant that proper determination of the effects of
mutating the predicted SUMOylation site could not be drawn, but only
speculated upon. However chapter 5 showed that when transiently expressed
both CERK1 and CERK1-3K/R were fairly equally stable in the total protein
extract. Due to time restrictions, a planned transient expression and co-
immunoprecipitation assay using tagged SUMO1 and tagged CERK1 or
CERK1-3K/R, was not completed. If CERK1 was immunoprecipitated with
SUMO1 attached and CERK1-3K/R was not, this would have validated the
SUMO prediction site and proved CERK1 was SUMOylated. However as this
data is missing, only speculation can be provided to fill in the blanks. The use
of the CERK1-3K/R lines in the ROS production assay provided some insight
to the function of the SUMO site on the CERK1 protein. The results cannot be
validated due to a lack of reconstituted wild-type CERK1 in the cerkl-1
background. However assuming that normal function would have been
restored in these lines, as was seen in the pFLS:FLS2wt plants, the CERK1-
3K/R lines did not rescue the phenotype of the cerk1-1 plants. Again, due to
the lack of a transgenic wild-type, it is unclear if the inserted CERK1-3K/R
transgene was viable, but assuming it was, it meant that the SUMO sites
predicted in the CERK1, are necessary for chitosan induced CERK1 mediated
ROS production. Therefore as is the case with FLS2, PAMP induced ROS
production via the CERK1 receptor is SUMOylation dependent.
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6.6 Future Prospects

Most of the logical suggestions regarding the interactions of DeSi3a and FLS2
have been carried out, and proper validation of the interaction has been made
via co-immunoprecipitation and co-localisation assays (Orosa et al, 2017
unpublished). An interesting transgenic tool that would gave better
understanding of the interplay of FLS2 and DeSi3a in vivo, would come from
over-expressing the DeSi3a protein in the pFLS2:FLSwt and pFLS2:FLS-K/R.
This would allow comparisons of phenotypic responses to flg22 and provide a
link to the interactions through phenotype.

Much more work is needed to generate data showing that CERK1 and DeSi3a
interact. Firstly SUMO-CERK1 co-immunoprecipitation for validation of SUMO
attachment, secondly CERK1-DeSI3a pull-down assays or co-localisation
assays to show direct interaction. Thirdly, as previously mentioned, CERK1
wild-type reconstituted in cerkI-1 background. This along with full infection

assays would provide a more complete story than is presented here.

6.7 Concluding Remarks

In order to address the original aims of this thesis the following statement is
presented;

Using a bioinformatics approach the identification of a new class of SUMO
proteases, of the type DeSi, was uncovered in Arabidopsis thaliana. A protein
from each identified sub-class was shown by biochemical analysis to cleave
SUMO1, thus validating the predicted enzymatic activity. These DeSi proteins
are the first SUMO proteases visualised localising outside of the nucleus. The
SUMO protease At1g47740 (DeSi3a) appears to act as a negative regulator of
pathogen defence, and displayed pathogen resistance phenotypes when the
corresponding gene is knockout. The 2 major pathogen receptors, FLS2 and
CERK1, are SUMOylation substrates and are likely targeted by DeSi3a for
deSUMOylation. The PAMP activated ROS produced via the FLS2 receptor is
SUMOylation dependent, and the same is likely true for the CERK1 receptor.
Mutations of the SUMO attachment sites, from K-to-R, makes FLS2 and CERK1
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incapable of normal function, effectively operating as knockouts of their
respective genes

Proposed model:

In normal conditions SUMOylation of FLS2 is kept to a minimum by the
presence of DeSi3a. Under elicitor detection FLS2 is SUMOylated, the levels of
DeSi3a protein are decreased to prevent FLS2 deSUMOylation. The reduction
in DeSi3a levels may be a consequence of, or the cause of, increased FLS2
SUMOylation. FLS2 conducts signalling mechanisms to produce effective
downstream immune responses, and transcription and protein levels of

DeSi3a are further reduced.
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