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Targeting a promising new herbicide mode of action: chemical and
genetic approaches to elucidate the role of IPC synthase in plants

ELIZABETH C. E. PINNEH

Abstract

Worldwide there are currently 479 recorded unique cases of herbicide resistant weeds,
with 251 species (146 dicots and 105 monocots). According to current records, weeds
have developed resistance to 22 of the 25 known herbicide sites of action and to 157
different herbicides. Research into sphingolipid synthesis has revealed a potential novel
site of action involving the non-mammalian enzyme inositol phosphorylceramide
synthase (IPCS). Two approaches to understanding the function of the enzyme in plants
have been employed in this study. The genetic approach, which involves the
overexpression and knockdown of the three IPCS orthologues in Arabidopsis thaliana,
has given insights into the global function of the enzyme in plants at a phenotypic and
transcriptomic level. Analyses of the RNASeq data show that AtIPCS is a global negative
regulator of plant defense, downregulating genes involved in plant defense against
herbivory attack, nematodes, fungal and bacterial pathogens. RNASeq data in
conjunction with phenotypic data, indicate that IPCS may play a role in floral transition
from the vegetative phase to the reproductive phase, with the transgenic lines displaying
an early flowering phenotype. AtIPCS transcript levels is also shown to affect plant post-
embryonic development. In parallel, high throughput screening facilitated the
identification of chemical inhibitors of plant IPCS. Using a system of Arabidopsis
thaliana as a model dicot and Oryza sativa as model monocot, two classes of inhibitors
were identified and demonstrated differential activity: the phenylamidines and
triazinones. In addition, in vivo screening of the phenylamidines demonstrated herbicidal

activity, indicating that the necessary selectivity for herbicide development is achievable.
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1.1 Thesis synopsis

The aim of this work was to characterise the role of inositol phosphorylceramide synthase
(IPCS) in plants, and to identify putative inhibitors of the enzyme, that can be further
developed for use as herbicides. In Chapter 1, an introduction to the need for the
identification of new herbicide mode of action is outlined, as is the reasoning for pursuing
IPCS as an herbicidal target. In this chapter, sphingolipid structural variation and
biosynthesis, in plants and mammals is reviewed and known inhibitors of IPCS
orthologues in fungi and protozoa are examined. In addition, current understanding of the
role of sphingolipids in relation to programmed cell death in plants is presented. In chapter
2, bioinformatics analysis is carried out on the plant IPCSs from different plant species
to glean information on how similar or different they are from each other, and to find out
biological pathways they could affect by analysis of transcription factor binding sites in
the promoter region. In that same chapter, assay parameters for the screening campaign
were developed and validated. In chapter 3 and 4, results from the primary and secondary
screening, as is the work done to validate AtIPCS1-3 over-expresser and RNAI transgenic
lines in A. thaliana is shown. In chapter 5, RNASeq analysis of AtIPCS1 t-DNA mutant
and transgenic lines over-expressing AtIPCS1, 2 and 3 are presented which reveal the role
of plant AtIPCS. Conclusions and future work are discussed in chapter 6 and in chapter 7

the methods and materials are covered.
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1.2 Crop production and herbicide resistance

World food production is heavily reliant on the use of herbicides and pesticides to reduce
the detrimental effects of pests and weeds on crop yield. With global population projected
to increase by 2 billion by the year 20502, there comes the need for increased agricultural
production of staple crops which the global community rely on to survive. It is currently
estimated that 12.5% of the global population are undernourished?, this could increase in
the coming years due in part to the unfolding effects of climate change on agricultural
output. It is also projected that by the 2080s agricultural yield in developing countries
will decline by 9% due to high carbon emissions even when the benefit of carbon
fertilization is taken into consideration, and on a global scale this decrease in yield will
be 3%, with yield decrease being greatest in South East Asia and sub-Saharan Africa?

(Figure 1-1).

A study conducted by the World Bank study forecasted 50 million more people could be
at risk of undernourishment because of climate change by the year 2050%; without
mitigating measures to combat climate change the number of malnourished people
globally is set to grow to 321 million within the 2050 decade and by 391 million in the

decade of 2080*, with the most affected areas being developing countries.

Cereal crops are the most common food source for human consumption. According to the
Food and Agricultural Organization of the United Nations (FAO) 2013 report
approximately 2.3 billion tonnes of cereals are currently produced globally*; roughly 1
billion tonnes is destined for food use, 750 million tonnes will be employed as animal
feed, and the remaining 500 million tonnes will be processed for industrial use as seed or
wasted®. The growth rate of world cereal production fell to 1 percent per annum in the
1990s, down from 1.6 percent in the 1980s and almost 3 percent in the 1970s; between

2000 and 2003, growth was almost zero due to low prices and a surplus in stock?.
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Figure 1-1: Global map of agricultural production projected for the years 2046-20552,

The challenge of increasing crop yield globally is further compounded by the decrease in
available arable land; currently 40% of arable land is used to produce staple food which
is expected to decrease to 30% by 2025 in order to provide land for renewable resources,
and to feed companion and farm animals®. Another challenge is combating pesticide
resistance which encompasses all plant protection agents, including but not restricted to
fungicides, insecticides and herbicides. Global usage of pesticides is approximately 2
million tonnes, with 45% of this usage accounting for Europe, 25% in the US and the
other 30% in the rest of the world®. The reliance on plant protection agents, in particular
herbicides, which account for 47.5% of worldwide pesticide consumption®, mirrors the
changes in farming practices from mechanical to chemical solutions for combating weeds.
This has resulted in widespread weed resistance to herbicides with deleterious effects on
crop yield. The control of weeds up until the end of the 20" century was primarily
achieved by physical and mechanical removal of weeds combined with crop rotation’.

The research conducted in World War 1l for biological warfare and research into
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chemicals that could control insects carrying malaria, paved way for the synthetic

chemical industry and modern herbicides®.

Herbicides are classified by activity, chemical family and site of action. The classification
of herbicides by their site of action refers to the target enzyme and the subsequent effects
on biochemical pathways as a result of inhibiting that enzyme. There are currently 21
known sites of action (Table 1) with some sites of action being unknown for certain

herbicides such as Difenzoquat.

The first herbicide discovered was in 1940 by W. G. Templeman. 2,4-
Dichlorophenoxyacetic acid (2,4-D)° a plant hormone, was found to selectively Kill
broad-leaved weeds in the midst of cereal crops'®. This was followed by the discovery and
development of atrazine (Figure 1-2) from the triazine class of herbicides used on broadleaf
weeds amongst maize and sugarcane®. The introduction of the herbicide glyphosate (N-
(phosphonomethyl)glycine) by Monsanto in 1974 under the trade name ‘Roundup’
revolutionized the use of herbicides for farming in America; this herbicide was found to be
non-specific, killing a wide range of weeds including grasses, broadleaf weeds and woody
plants®. The subsequent introduction of glyphosate resistant crops resulted in its widespread
use in both crop and non-crop lands*! for over three decades. Recently, it has been found that
there is widespread glyphosate resistance across America, a consequence of the evolution of
glyphosate resistant weed biotypes found in rigid and Italian ryegrass, marestail, goosegrass,
common ragweed, waterhemp and velvet leaf'!. This glyphosate resistance has been found in
the majority of soybean, cotton and corn farms and has been reported at 69% of 144
waterhemp population sites sampled in Missouri and 64% of 500 in lowa in the year 2011-

2012%,

Glyphosate resistance has affected crop yield and profits and has resulted in the use of

alternative herbicides to Kill resistant biotypes. The cost of using herbicides in the south

15| Page


http://www.weedscience.com/summary/Herbicide.aspx?MOAID=30
http://en.wikipedia.org/wiki/2,4-D

Table 1: Classification of herbicides based on site of action, adapted from Heap 20172

Herbicide group
ALS inhibitors

Photosystem Il inhibitors

ACCase inhibitors

PSI Electron Diverter

Synthetic Auxins

EPSP synthase inhibitors

PSII inhibitor (Ureas and
amides)

Microtubule inhibitors

Lipid Inhibitors
(thiocarbamates)

PPO inhibitors

Carotenoid biosynthesis
(unknown target)
PSII inhibitors (Nitriles)

Long chain fatty acid
inhibitors

Carotenoid biosynthesis
inhibitors
Antimicrotubule mitotic
disrupter

HPPD inhibitors

Glutamine synthase inhibitors

Cellulose inhibitors

Mitosis inhibitors

Cell elongation inhibitors
Nucleic acid inhibitors

Site of action

Inhibits acetolactate synthase the key
enzyme in the biosynthesis of branched
amino acids isoleucine, leucine and valine
Inhibits photosynthesis by binding to the
QB binding site on D1 protein of
photosystem Il complex in the thylakoid
membrane

Inhibits acetyl CoA carboxylase which is
involved in the de novo synthesis of fatty
acids

Herbicides accept electrons from
photosystem Il and are reduced to form
herbicide radicals

Acts similar to endogenous auxins but the
mechanism is not well understood; they
acidify the cell wall by stimulating the
activity of membrane bound ATPase
pumps

Inhibits 5-enolpyruvylshikimate-3-
phosphate synthase resulting in depletion
of aromatic amino acids needed in
biosynthetic pathways involved in growth
Urea and amides inhibits photosynthesis
by binding to the QB binding site on D1
protein of photosystem Il complex in the
thylakoid membrane

Binds to tubulin thereby inhibiting
microtubulin polymerization at the
assembly end

Inhibitors of several plant processes
including biosynthesis of fatty acids,
lipids, proteins, isoprenoids, flavanoids
and gibberellin

Inhibits Protoporphyrinogen oxidase
involved in chlorophyll and heme
biosynthesis

Targets enzymes involved in carotenoid
biosynthesis

Nitriles inhibit photosynthesis by binding
to the QB binding site on D1 protein of
photosystem Il complex in the thylakoid
membrane

Inhibit the synthesis of very long chain
fatty acids (VLCFA)

Inhibition of phytoene desaturase, an
enzyme involved in carotenoid
biosynthesis

Unknown mode of action

Inhibits p-Hydroxyphenylpyruvate
dioxygenase

Inhibits glutamine synthase which
converts ammonia and glutamate to
glutamine.

Inhibits enzymes involved in cell wall
biosynthesis

inhibits cell division, microtubule
organisation and polymerization
Unknown mode of action

Unknown mode of action
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Example of Herbicide
Chlorsulfuron

Atrazine

Sethoxydim

Paraquat

2,4-D

Glyphosate

Chlorotoluron

Trifluralin

Triallate

Oxyfluorfen

Amitrole

Bromoxynil

Butachlor

Diflufenican

Flamprop-methyl
Isoxaflutole

Glufosinate-ammonium

Dichlobenil
Propham
Difenzoquat

Monosodium methanearsonate
(MSMA)
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of America has increased from $50-$75 per hectare to about $370 per hectare as a result

of glyphosate resistance!?.
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Figure 1-2: Chemical structures of first generation herbicides (A) 2,4-Dichlorophenoxyacetic acid (2,4-D)
(B) Atrazine (C) Glyphosate.

Areas farming cotton have been heavily affected resulting in a shift away from growing
cotton with a 60% and 70% decrease in area growing cotton in Tennessee and Arkansas
respectively!2. According to the International Survey of Herbicide-Resistant Weeds
(http://www.weedscience.org), there are currently 430 unique cases of herbicide resistant
weeds globally, with resistance to two or more herbicides found in 235 species (138 dicots
and 97 monocots)®3. It has also been recorded that weeds have evolved resistance to 22
of the 25 known herbicide sites of action and to 154 different herbicides. Herbicide
resistant weeds have been reported in 82 crops in 65 countries®. The Poaceae family have
74 recorded cases of weed resistance with 21 cases reported in the Brassicaceae family to
date. The yield of staple crops are affected by herbicide resistant weed species; wheat is
affected the most with 65 herbicide resistance species, followed by corn, rice and
soybeans which have 58, 50 and 46 herbicide resistant species respectively'®. Globally
there has been a rapid increase in the number of unique resistance cases between the years
1975-2014 and the highest recorded number of herbicide-resistant weeds are recorded in

the US (145), followed by Australia (69), Canada (60), China (37) and France (35)*2.
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The shift in farming methods in developing countries from mechanical removal of weeds
to the use of herbicides means that herbicide resistance is a global problem. Countries
such as China and Brazil now rely heavily on herbicides for weed control and are
reporting a rapid increase in herbicide resistance cases with China currently ranked fourth
in the world with 37 cases and Brazil ranked joint seventh with Germany on 31 cases.
The full extent of herbicide resistance in most parts of Africa and Asia is not yet known,

with no recorded cases in most countries on both continents.

1.2.1 Health and environmental concern of herbicide usage

In addition to herbicide resistance another major cause for concern in the use of herbicides
are the health and environmental effects. The triazine herbicides have been linked to an
increased risk of breast cancer!*, and phenoxy herbicides contaminated with dioxins have
also been linked to mortality of workers exposed to the herbicide from diseases including
neoplasms, soft-tissue sarcoma, and non-Hodgkin's lymphoma®®. Some herbicides have
been found to contaminate groundwater; a study carried out by Thurman and colleagues
in the United States found that several herbicides including atrazine, alachlor and
simazine exceeded the Environmental Protection Agency promulgated maximum

contaminant levels for drinking water®.

The health and environmental concerns of herbicide use combined with the growing cases
of herbicide resistance on a global scale has led to a search for new chemically formulated
herbicides with a specific site of action and minimal impact on the environment, animals
and humans. The advent of research into sphingolipid synthesis has brought about a
possible new site of action involving the non-mammalian enzyme, inositol
phosphorylceramide synthases (IPCS). This enzyme catalyzes the transfer of
phosphoinositol from phosphatidylinositol to the C-1 hydroxyl group of phytoceramide

thereby generating the precursor inositol phosphorylceramide (Figure 1-3), for the
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synthesis of the major sphingolipids in plants, glycosyl inositol phosphoceramides
(GIPC). Exploitation of the divergence in sphingolipid biosynthesis in plants and animals
can be used to create herbicides with minimal risks to mammals; fine-tuning of an IPCS
inhibitor could result in the selective inhibition of monocots over dicots or vice versa,

creating the pretext for the formation of herbicides that specifically kill certain types of

weeds.
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Figure 1-3: IPCS catalyses the transfer of phosphoinositol to phytoceramide thereby generating inositol

phosphoryl ceramide and the by-product diacylglycerol.
1.3 Sphingolipids

Sphingolipids are a class of lipids that are essential components of all eukaryotic cell
membranes and have been found to be crucial for survival across all kingdoms. In
mammals they have been found to be involved in embryogenesis'’, differentiation®s, cell
adhesion?®, and signal transduction®® 2%, The model organism Saccharomyces cerevisiae
has an abundance of sphingolipids comprising about 30% of the phospholipids found in
the plasma membrane and these have been shown to be essential in growth regulation and
cell integrity?>24. This class of lipids were first identified by Johann Tudichum during
research into the effects of cholera on the brain®. The findings of his research published
under the title ‘a treatise on the chemical constitution of the brain’ in 1884 identified
sphingomyelin, cerebroside and sulfatide, which were isolated from fractional
crystallization of ethanolic brain extracts?.
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This class of macromolecules consists of a sugar residue, a fatty acid and an organic base
which Tudichum named “sphingosine' after the Greek sphinx, referring to the enigmatic
structure of sphingolipids. Sphingosine was structurally characterized as 2S,3R,4E-2-
aminooctadec-4-ene-1,3-diol in 1947 by Carter who also proposed the designation of
lipids derived from sphingosines as sphingolipids. The basic unit of a sphingolipid is a
sphingoid  long-chain  base  (LCB), usually sphingosine,  sphinganine
(dihydrosphingosine) or 4-hydroxysphinganine?” and a fatty acid component linked to
carbon-2 of the LCB via an amide bond yielding ceramide, with different groups attached
at the 1-hydroxyl position resulting in different types of complex sphingolipids (Figure
1-4). The presence of a phosphate group at the 1-hydroxy position of ceramide yields
ceramide-1-phosphate, and an O-glycosidically linked glucose or galactose substituent
results in the formation of the compounds: glucosylceramide and galactosylceramide
(cerebroside)?. The higher glycosylated ceramide species, such as sulfatides?® are derived
from galactosylceramide by addition of a sulphate group to the 3-position of the sugar
residue, whilst gangliosides contain a sialic acid (mostly N-acetyl neuraminic acid)

moiety in the carbohydrate head group®.

..........................................................................

/ OH

OR Long chain base moiety

..........................................................................

: NH\”/\/\/\/\/\/\/M -36 |
s F s

atty acid moiety

Figure 1-4: General structure of a sphingolipid which consists of an LCB moiety, a fatty acid moiety and
different groups attached to the LCB component, where R can a variety of head groups such as glucose,

phosphate, phosphocholine, phosphoinositol or the simplest head group H to generate ceramide.

Sphingolipid variation results from differences in the LCB moiety and the groups attached

to the LCB component; this is seen in the variation found in hydroxylation patterns,
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number and stereochemistry of the double bonds, chain length and the branched side

chains.

1.3.1 LCB Variation

In mammals, the LCB moiety is mostly (E)-sphing-4-enine (sphingosine, d18:1%),
whereas in yeast the predominant LCB is 4-hydroxysphinganine (phytosphingosine,
t18:0) formed by desaturation or hydroxylation of sphinganine (d18:0) at C-4%. The
predominance of 18 carbon sphingoid bases (d18:0, d18:1, and t18:0) in most mammalian
sphingolipids is consistent with the preference of mammalian serine palmitoyltransferase
(SPT) for saturated fatty acyl-CoAs composed of 16 carbons atoms in length®!, combined
with the abundance of palmitoyl-CoA%2. Sphingoid bases with chain lengths of 12 to 26
carbons have been reported in human skin®! which belongs to a special class of ceramide

containing o-hydroxy fatty acid°.

Plant sphingoid bases are composed of eight different Cis-sphingoid bases derived from
sphinganine® (Figure 1.5). Cis- or trans-desaturation at C-8 results in the unsaturated
plant LCBs: (E/Z)-sphing-8-enine (d18:18), (4E,8E/Z)-sphinga-4,8-dienine (d18:2*8) and
(8E/Z)-4-4-hydroxy-8-sphingenine (t18:18); d18:1* is absent whilst the major LCBs in
Saccharomyces cerevisea, d18:0 and t18:0 are present in minor proportions®* *°. Other

LCBs are present in plants as minor components®.

Plants are uniquely different from animals and yeast in that the major LCBs t18:1(8E/Z)
and d18:2 (4E/(8E/Z)) are not found in these organisms. The proportion of sphingosine
found in different species appears to segregate along taxonomic lines, with
the Solanacae (tomato and tobacco) having large proportions and the Fabacae (pea and
soybean) an intermediate amount, whilst Brassicaceae (Arabidopsis) have very low to

non-existent levels of sphingosine®’. The major difference between sphingoids found in
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Figure 1-5: The structures and shorthand designation of the different sphingolipids found in plants, fungi
and mammals whereby the LCB can be dihydroxy or trihydroxy; the number before the colon is the number

of carbon atoms present in the compound and the number after the semi colon is the degree of unsaturation.

Adapted from Pata et. al®3.

plants and fungi as compared to mammals is the lack of the C4-C5 double bond which
shows a higher pattern of hydroxylation at C4, usually with a longer acyl chain®®.
Sphingolipid variation in other species is even more complex, with nematodes having
both iso- branched and anteiso-branched (4E,6E-d13:2)% sphingoid bases (Figure 1-6A

and 1-6B) . In Drosophila a sphingoid possessing a conjugated diene has been found*
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(Figure 1-6C), whilst in aquatic organisms, unique sphingoids bearing a cyclopropane

ring have been isolated from marine sponges (Figure1-6D)*" 42,
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Figure 1-6: Structural variation in sphingoid bases in different species: (A, B) Nematode (C) Drosophila

(D) Plakortis simplex. Figure adapted from Pruett et. al*.

1.3.2 Sphingolipid diversity in plants

There are at least 500 (and perhaps thousands of) different molecular species of
sphingolipids in eukaryotes®, and in Arabidopsis alone it has been reported that there are
at least 168 different sphingolipids*® %4, The structural variability found in plants arises
from the diversity of the ceramide backbone and the high proportion of very long chain
fatty acids (VLCFASs) found; whereby the fatty acid component can vary from C14-C26
and be saturated or monounsaturated. The fatty acid component can be an o hydroxylated
VLCFA, which is predominantly found in maize root plasma membranes*. The most
abundant a-hydroxylated FA composed of saturated C1s, C20, C22 and Ca4 long chains, in
contrast there is a sparse population of ®9-monounsaturated FAs composed of Coo-

26 carbon chains?6,

In plants there are four classes of sphingolipids: glycosyl inositol phosphoceramides
(GIPCs), glycosylceramides, ceramides, and free long-chain bases ( Figure 1-7)*. IPC
is a precursor for the synthesis of GIPCs, but in fungi is identified as one of the

predominant sphingolipids, which includes the two mannose-containing derivatives:
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mannosyl inositolphosphorylceramide (MIPC) and mannosyl

diinositolphosphorylceramide (M(IP).C)*.

Sphingosine-1-phosphate

Figure 1-7: Structures of sphingolipids found in plants: Ceramide is the precursor to the more complex
sphingolipids glucosylceramide (GlcCer) and glycosyl inositol phosphorylceramide (GIPC). Sphingosine-
1-phosphate is a phosphorylated free LCB which has bioactive properties.

The deletion of inositol phosphorylceramide (IPC) synthase which synthesizes IPC has
been found to be lethal in Saccharomyces and Aspergillus and therefore essential for
survival*® To date sphingomyelin, which is the major sphingolipid in animal tissues, has

not been detected in plants.

1.3.2.1 Glycosyl inositol phosphoceramides

Glycosyl inositol phosphoceramides (GIPCs) are acidic glycosphingolipids (GSLs) and
are the major sphingolipids in plants, accounting for 64% of total sphingolipids¥. IPC is

the precursor for the synthesis of GIPCs, which consists of a polar head group linked to
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C-1 of an N-acyl long-chain base that is attached to a fatty acid moiety®® (Figure 1-8).
The two GIPC core head groups, phytoglycolipid (PGL) and ceramide phosphate
polysaccharide (CPPS), were identified by Carter et. al, and found to be attached to
different sugars®L. The oligosaccharide chains of PGL consist of glucosamine, hexuronic
acid and inositol linked to mannose. The core head groups, phosphosphingolipid Il and
glycophosphoceramide consist of oligosaccharide chains attached to C-2 and/or to C-6 of
myo-inositol and contain either N-acetylglucosamine or glucosamine and glucuronic acid
with differing amounts of the additional sugars, arabinose, galactose, mannose and

fuctose®? 3 (Table 2).

Figure 1-8: Structure of GIPC with the components: polar head Polar head group
group, long-chain base and fatty acid moiety highlighted. e

Analysis of the LCB moiety of GIPCs located in leaf and endosperm tissue in the Poaceae
family showed that t18:1A8(E/Z) and t18:0 LCBs are predominant*” > with a high
percentage of saturated and o hydroxylated very long fatty acid chains that are C24 or

C25 long®; 2-hydroxylignoceric acid (h24:0) being the most common*®.

The enzyme, inositol phosphorylceramide glucuronosyltransferase (IPUT) from
Arabidopsis when introduced into yeast has been shown to transfer glucuronic acid to
IPC which is the first step in IPC glycosylation pathway to produce GIPCs, with the

silencing of IPUT resulting in the accumulation of IPC (30% increase)®®.
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This class of sphingolipids have been to

interact with the oligosaccharide,

rhamnogalacturonan Il (RG-Il) via boron, suggesting it has a role to play in the

dimerization of RG-11 which maintains the mechanical properties of the cell wall®”.

Table 2: Core head group structure of GIPCs in different plant species. Adapted from Pata et. al

2009%
Family Species Tissue Core head Core head group Additional
group structure sugars
Linaceae Linum Seed PGL Glucosamine- Ara, Gal, Man,
usitatissimum hexuronic acid- Fuc
inositol-P-Man
CPPS Hexuronic acid-
inositol
Poaceae Zea mays Seed PGL Glucosamine- Ara, Gal
hexuronic acid-
inositol-P-Man
CPPS Hexuronic acid-
inositol
Triticum Seed (Inositol-P, -
aestivum GlIcN, Ara,Gal,
Man)
Asteraceae Helianthus Seed (Inositol-P, -
annus GlIcN, Ara,Gal,
Man)
Carthamus Seed CPPS Hexuronic acid- Ara, Gal, Fuc,
tinctorius inositol Man
Solanaceae Nicotiana leaf PSL-I N-acetylglucosamine [Ara3Gal2]
tabacum (a1-4)-glucuoronic [Ara;Galy]
acid (al-2)-myo- [AradGal2]
inositol-1-O-P
PSL-I1 Glucosamine- [ArasGal]
glucuronic acid- [Ara20r3Gal2]
inositol-P
[Ara2Gal2Man]
GPC N- Ara, Gal
acetylglucosamine(al-

4)-glucuronic acid(al-
2)-myo-inositol-1-O-P

Man

Table 2: The names of core head groups and their structures; PGL, phytoglycolipid; CPPS, ceramide
phosphate polysaccharide; Ara, arabinose; Fuc, fucose; Gal, galactose; Man, mannose; CPPS, ceramide
phosphate polysaccharide; GPC, glycophosphoceramide; PGL, phytoglycolipid; PSL, phosphosphingolipid.
Adapted from Pata et. al (2009)3.

In addition, GIPC has been found to be important for normal pollen development, with

iputl mutants found to transmit the alleles through pollen at 1-2% compared to wild
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type®®. GIPCs are not present in mammals but have been found in protozoa, plants, fungi,

and nematodes®®.

A variant of GIPC are the glycosylphosphatidylinositol (GPI)-anchors. GPI-anchors in
plants are linked to C-terminus of a protein via an ethanolamine phosphate linkage and a
conserved oligosaccharide core to an inositol phospholipid moiety®®. Over 200 GPI-
anchored proteins have been predicted to exist in the A. thaliana genome with functions

including signaling, adhesion, response to stress, and cell-wall remodeling®.

1.3.2.2 Glycosylceramides

Glycosylceramide is a ubiquitous sphingolipid found in animals, plants and fungi (but not
S. cerevisiae). Glycosylceramide is often referred to as cerebroside due to its structural
similarity with a compound found in the brain known as galactosylceramide*’. GlcCers
are a component of the plasma membrane and the tonoplast of plant cells, accounting for
about 5-30 mol % of total lipid in the plasma membrane®!-®2 and constitute 34% of total
sphingolipid content in plants®’. Their abundance in the plant plasma and vacuolar
membranes, combined with the ease of extraction and purification, has led to extensive

structural characterization®®.

Composed of a B-glucose or B-mannose head group, GlcCers consist of o hydroxylated
short or long fatty acid chains attached at the C1 position to a hexose sugar®. The exact
nature of GlcCers structure varies for different plant species. GlcCers possessing
VLCFAs are found to be predominant in the Poaceae family with a wide range of LCB
variations; lower percentages of d18, d18:1%‘E, d18:1%%E and d18:14%Z LCBs are
observed in leaf and endosperm tissues, with much higher percentages of LCBs found to

be d18:22EA%E, d18:22E287, t18:123E, t18:1%%E and ¢18:1487°* . In the Brassicaceae
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family, saturated a hydroxylated VLCFAs content in Arabidopsis are found to around

5%, with >80% of GlcCers possessing o hydroxylated short fatty acids®®.

GlcCers identified in Oryza sativa endosperm and seed bran were found to be enriched
with the cis and trans isomers of 8-sphingenine and 4,8-sphingadienine with Cie-
C2o saturated hydroxy! fatty acids®’, contrasted with GlcCers identified in tobacco leaves
which were enriched in trinydroxy long-chain bases (cis (Z) and trans (E) isomers of 4-
hydroxy-8-sphingenine) with very long-chain (Czo- C26) saturated®?. The predominant
fatty acid in both the leave and seed tissue in plants was found to be 2-hydroxypalmitic
acid (h16:0)3* %8, Monoenoic hydroxy fatty acids, such as 2-hydroxynervonic acid (h24:1)
are prevalent in Arabidopsis GlcCers®® and cold hardy cereals. The variation of the fatty
acid moiety in GlcCers has been implicated in chilling tolerances of plants;
glycosylceramides containing a-OH monounsaturated VLCFAs have been detected
mainly in chilling-resistant plants®® and in chilling-sensitive plants, the predominant

GlcCers are a-OH FA'°,

1.3.2.3 Ceramide

Ceramides are the third class of plant sphingolipids and are formed by the N-acylation of
an LCB and a FA. These compounds are bioactive and are known to induce apoptosis in
animals and programmed cell death in plants’. In comparison to GIPCs and
glycosylceramides, plant ceramides are less documented in literature*’; this can be
attributed to their lower abundance in plant membranes making up 4-10% of plant

glycosylceramides content and 1.7% of total sphingolipid content in Arabidopsis®’ 7.

Ceramide content in Arabidopsis is estimated to be 2-7 mol% and in rice leaf stems to be
6% 376, The main FA moieties of plant ceramides are usually a hydroxylated VLCFAs

especially in Poaceae, although high proportions of non-hydroxyl FAs have also been
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found in rice and potato®” . The predominant LCB in plant ceramides are the

trihydroxy-LCBs; the main LCB in Oryza sativa and Arabidopsis thaliana is t18:0%.

1.3.24LCB

The fourth class of plant sphingolipids is the free LCB. LCBs have been shown to be
mediators in cellular responses; a study conducted by Dharmawardhane et al. showed
that free LCBs such as 4-sphingenine (d18:1%E), sphinganine (d18:0) and 4-
hydroxysphinganine (t18:0) modulated redox in oat mesophyll cells’*. These sphingoid
bases are known to be the most active inhibitors of protein kinase C in animal cells, inhibit
electron transport in the transplasmalemma of the mesophyll cells in the dark, and
stimulate redox transport in light™*. Free LCBs such as 4-sphingenine (d18:1%4E) regulate
the vacuolar pyrophosphatase (V-PPase) proton pump in Chenopodium rubrum in order
to maintain vacuolar and cellular acidity”. Work done by Brodersen et al. has shown that
the accumulation of sphingosine in accelerated-cell-deathll Arabidopsis mutant
(acd11), a sphingosine transfer protein, results in cell death characteristic of animal

apoptosis’® with an elevation in ceramide-1-phosphate and phytoceramide levels’”.

Interestingly, the relative proportions of E and Z isomers of 4-hydroxy-8-sphingenines
was found to contribute to freezing tolerance, with higher levels of the Z isomers found

in twelve different species of chilling resistant plants™.

1.4 Sphingolipid biosynthetic pathway

Sphingolipids can be formed via two pathways: the de novo pathway, starting with the
condensation of a serine with an acyl-CoA and the salvage pathway whereby ceramide
and LCBs are released from more complex sphingolipids, followed by channelling of the

metabolites formed into the synthetic pathway?’.
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1.4.1 The de novo pathway

The core biosynthetic pathway of sphingolipid synthesis in plants and animals (Figure 1-
9) is complex, involving five different enzymes and with synthesis occurring in the
endoplasmic reticulum (ER) and the Golgi apparatus. The first four enzymes in the
biosynthetic pathway are located in the ER, whilst enzyme involved in the formation of
complex sphingolipids are located in the Golgi apparatus, with the active site of most
facing the cytoplasm, but some facing the lumen implying significant transbilayer and
interbilayer movement?” involving vesicular and non-vesicular trafficking®. To date the
known mode of transport between the ER and Golgi involves the cytoplasmic ceramide
transport protein (CERT); this protein has a putative domain for catalysing lipid transfer,
which enables it to specifically interact with ceramide in membranes where other complex

sphingolipids are present’®°,

Sphingolipid synthesis in plants and animals begins with the enzyme serine palmitoyl
transferase (SPT), which was first identified in yeast and belonging to a family of
pyridoxal 5’-phosphate-dependent a-oxoamine synthases. SPT converts serine and fatty
acyl CoA into 3-ketosphinganine, CoA and CO.®'. Reduction of 3-ketosphinganine to
dihydrosphingosine is accomplished by 3-ketosphinganine reductase (3KSR) using
nicotinamide adenine dinucleotide phosphate (NADPH). After this reaction, there is a
divergence in the sphingolipid biosynthetic pathway, whereby in mammals acylation of
dihydrosphingosine by dihydroceramide synthase yields dihydroceramide?’, whereas in
plants, dihydrosphingosine is hydroxylated to form phytosphingosine. Formation of
varying acyl chain lengths results from the different substrate preference of

dihydroceramide synthase isoforms.
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Figure 1-9: The biosynthetic pathway for the formation of IPC in plants and sphingomyelin in animals

In mammals it has been found that there are six genes that encode ceramide synthase

known as the longevity-assurance gene (LAG1-6) 828 which are located in the
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endoplasmic reticulum. The ceramide synthase isoforms show specific substrate
preference in terms of the fatty acyl CoAs chain length thereby generating distinct
ceramide acyl chains®. In plants, three ceramide synthase homologues termed LOH
(LAG one homologue) have been identified, and like the mammalian orthologues show
specific substrate preference, with LOH1 and 3 showing substrate specificity for
trihydroxylated LCBs that have 20-26 carbon chains and LOH2 showing substrate
specificity for LCB that are 16 carbon chain long and has a preference for dihydroxylated
LCBs®. In animals insertion of a cis-4,5 double bond is achieved by dihydroceramide
desaturase (DHCD) thereby generating ceramide, which is a precursor of many complex
sphingolipids found in mammals, yeasts and plants®. In animals, ceramide is converted
to sphingomyelin in the Golgi by sphingomyelin synthase (SMS), which involves transfer
of the phosphorylcholine head group from phosphatidylcholine to ceramide yielding

sphingomyelin and diacylglycerol?’.

Also, glucosylceramide synthase (GCS) converts ceramide to glycosylceramide, a
precursor for the formation of complex GSLs; initial addition of glucose to ceramide
occurs in the cytoplasmic side of the cis-Golgi and additional extension of the sugar chain
occurs in the Golgi lumen as the GSLs are transported from the cis to the trans Golgi®®®’.
IPC, which has not been identified in animals, is the precursor for the generation of
GPICs, which are the major sphingolipids in plants, and is generated by the transfer of

phosphoinositol to phytoceramide by IPCS.

1.4.2 Salvage pathway

To date the salvage pathway of sphingolipid synthesis has only been studied in mammals
and is yet to be investigated in plants and yeast. The salvage pathway of long-chain

sphingoid bases leading to the regeneration of sphingolipids has been estimated to
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contribute 50% to 90% of sphingolipid biosynthesis®. The degradation of sphingolipids

occurs in the acidic subcellular compartments; the late endosomes and the lysosomes®.

GSL degradation by exohydrolases results in the release of monosaccharide units from
the end of the oligosaccharide chains thereby generating ceramide®®. Experiments
conducted using astrocytes showed that the major sphingolipid in mammals,
sphingomyelin, is converted to ceramide and phosphocholine by acid sphingomyelinase
(SMase) which can be stimulated in response to oxidative stress and bioactive compounds
such as tumour necrosis factor and y-interferon®® *°, Hydrolysis of ceramide by acid
ceramidase forms sphingosine and free fatty acids in the lysosome?®; once released from
the lysosome, sphingosine can re-enter the de novo pathway for the regeneration of
ceramide and sphingosine-1-phosphate (Figure 1.10), whilst long chain sphingoid bases

are recycled in to the synthetic pathway by ceramide synthases.

Sphingomyelin  Glycosyl sphingolipids

Sphingomyelinase Exohydroxylases
H3C(H,C) 10HZC CH,0OH
30(H20>12 N
Ceramide
Ceramidase
i i ADP + Pi
ATP Sphl.ngosme +hi OH
H3C(H,C) 10H2C\/\*/CHZOH : H3C(H2C)10H2C\/\*/CH20HPO3'
Sphingosine NH3+ Sphingosine 1-phosphate  §phingosine 1-phosphate NH +
phosphatase

Figure 1-10: Schematic of the salvage pathway for the degradation of sphingolipids in animals.

1.5 Programmed cell death in plants

Programmed cell death (PCD) refers to the organised destruction of unwanted, infected

and damaged cells®. This process is a genetically directed mechanism in response to
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pathogen or abiotic stress. In addition it has a role in the maintenance of homeostasis in
normal development such as senescence, vascular system formation and specification of
unisexual floral organs®. The process known as apoptosis in animals, shares
morphological characteristics with plant PCD such as condensation of nuclei,

fragmentation of nuclear DNA, and cell shrinkage®.

In plants, the biosynthesis of sphingolipids has been linked to PCD. As mentioned earlier,
ceramide induces apoptosis/programmed cell death in animals/plants’®. The first
documented evidence of ceramide involvement in PCD was by Liang et al. which showed
that in Arabidopsis the ceramide kinase mutant known as accelerated cell death 5 (acd5)
accumulates lipid substrates similar to those utilized by wild type ceramide kinase, and
exhibited disease like symptoms and apoptotic-like cell death during pathogen attack®.
The mutant protein ceramidase activity was demonstrated in an assay which showed that
the proteins had high specificity for synthetic C6 and C8 ceramides. The accumulation of
ceramide in acd5 mutant cells resulted in apoptotic like features which had regions of
condensed chromatin in the nuclei, possessing large numbers of DNA strand breaks
generated by endonucleolytic cleavage®. The role of ceramide as an inducer of apoptosis
was validated by treatment of wild type protoplasts with C2 ceramide which induced
nuclear fragmentation characteristic of apoptotic cells®. Interestingly, phosphorylated
derivatives of ceramide were able to partially block plant PCD indicating the role of

phosphorylated ceramides in modulating cell death in plants®.

In tobacco (Nicotiana tabacum) , cell death was found to be induced by palmitoleic acid
(16:1), ceramide, and potassium cyanide; exhibiting features associated with PCD,
including cell volume decrease, loss of membrane integrity, DNA damage, nuclear and
plastid disorganization, and chromatin condensation®®. Cell volume decrease was found

to be caused by loss of intracellular K* channels; inhibition of K* channel with blockers
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such as Ba?* and quinine have been found to prevent cell shrinkage and the subsequent

biochemical events leading to PCD%.

Research carried out by Wang et al. identified the Arabidopsis functional homolog of
yeast and protozoan IPCS which enhanced RPW8 hypersensitive-like cell death®. RPW8
IS a resistance gene which confers broad-spectrum resistance to powdery mildew in
Arabidopsis®®. RPW8 triggers the hypersensitive response (HR) to restrict powdery
mildew infection via the salicylic acid—dependent signaling pathway; loss of function of
AtIPCS results in salicylic acid accumulation, RPW8-dependent spontaneous HR-like cell
death (SHL) in leaf tissues, reduction in plant stature®. This study showed that T-DNA
insertional mutants of AtIPCS in plants unchallenged with powdery mildew, had an
observable phenotype of chlorotic lesions and sporadic cell death, thereby revealing the

role of IPCS as a negative regulator of PCD in plants®.

1.6 IPC Synthase

IPCS belongs to a superfamily called the ‘Sphingolipid Synthases’ which includes animal
sphingomyelin synthase (SMS)*’, protozoan IPCS®%, fungal IPCS® and plant IPCS®.
Mutants S. cerevisiae strains defective in IPCS activity were found to accumulate
ceramide which was accompanied by cell death, showing that IPCS is necessary for
survival'®:; expression of a gene encoding AUR1 protein in these mutants was found to
complement for the activity of IPCS®t, Mutations in AUR1 have also been found to confer
resistance to the antifungal IPCS inhibitor Aureobasidin A (AbA)°% 192 showing that

AURL is fungal IPCS.

The protozoan IPCS enzyme was identified in kinetoplastid Leishmania major by Denny
et al. in 2006 after screening the genome database for the two conserved active site motifs

(CGDX3SGHT and HYTXDVX3Y XeFX2YH) shared by lipid phosphate phosphatase,
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SMS and AUR1%, The conserved motifs contain the HHD catalytic triad (underlined and
bold) involved in the proposed double displacement mechanism of IPCS. This protein
was shown to rescue an AUR1 yeast mutant® and subsequent analyses of the genomes of
related kinetoplastids, Trypanosoma brucei and Trypanosoma cruzi genome, revealed

four IPCS orthologues in T. brucei and two in T. cruzi'®,

Plant IPCS was first identified in Arabidopsis thaliana by Wang et al.%® and the three
encoded isoforms AtIPCS1-3 were shown to be AbA resistant AUR1p orthologues
differentially expressed in various tissues'®. Across species, AtIPCS1-3 and LmjIPCS
showed the highest sequence identity (~30 to 45%), especially in the conserved domains,
D3 and D4 1%, A Basic Local Alignment Search Tool (BLAST) search of the Oryza sativa
(rice) genome using the AtIPCS1 protein sequence revealed three orthologues designated

OsIPCS1-3.

1.6.1 IPCS topology

The first proposed model for IPCS topology was by Denny et al. based on based on the
single sequence analysis of LmjIPCS®. This model proposed that IPCS consists of seven
transmembrane helices with the catalytic site facing the lumen of the Golgi apparatus and
lacked the conserved domain D2 present in mammals; in addition, there is an extra helix
between TM3 and TM4 consisting of 11 residues with the inversion of TM1-3 which
preserves the orientation of the active. Another model has been proposed by Bangs et
al.’% pased on the alignment of single sequences from three kinetoplastids species,
suggests the presence of the D2 domain which is conserved in animal SM synthase®’, and
discounts the existence of the extra helix (Figure 1-11). There has been no experimental
evidence for either model, although the latter model is more in keeping with data from

mammalian systems®’
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Figure 1-11: (A)Denny et al. model of L. major consisting of seven transmembrane helices and lacking

D2 domain (B) Bang et al. model consisting of six helices and D2 domain.

1.6.2 Catalytic mechanism

The double displacement model is based on lipid phosphate phosphatase (LPP) hydrolysis
of lipid phosphates. The domains designated D3 and D4 are similar to the C2 and C3
domains of LPPs; both enzymes have a catalytic triad consisting of two histidine residues
and an aspartate residue®’. Hence it has been proposed that IPCS catalysis follows a
similar mechanism to the LLPs which involve the activation of one of the histidine by
aspartate via a charge-relay system resulting in the deprotonation of the histidine, the
formation of an inositol phosphoryl histidine intermediate and the release of diacyl

glycerol (DAG)®.

Heiddler and Radding proposed an IPCS mechanism based on the catalytic model of lipid
phosphatases, whereby ceramide Ci-hydroxyl nucleophilicity is increased through
hydrogen bonding with the histidine in D3, and the inositol phosphoryl histidine
intermediate is protected from hydrolysis by the increased hydrophobicity of the catalytic
site®®. This sets up the conditions required for the nucleophilic attack on the inositol
phosphoryl histidine intermediate by the Ci-hydroxyl of ceramide leading to the transfer

of inositol phosphate to the C; of ceramide. Heiddler and Radding also postulate that the
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role of domains D1 and D2 might be able to bind and stabilize ceramide, for a favourable
positioning of the Ci-hydroxyl which facilitates the transfer of inositol phosphate at the

surface of the membrane %.

The catalytic phosphoinositol transfer has been proposed based on a catalytic mechanism
of LPP activity by Sigal et al., which involves the HHD catalytic triad, arginine, lysine,
serine and glycine residues that stabilize the transition state!®®. Across different
organisms, the LPP family of phosphatase have been found to consist of three conserved
motifs in which one motif has the nucleophilic histidine in close proximity to an arginine
residue’®’. This arginine residue has been proposed to be Arg262 in LmjIPCS and found
to be a conserved residue in all the identified orthologues of IPCsin L. major,
Trypanosoma brucei, and Trypanosoma cruzi (Tritryp) genomes®®. The amino acid
residue Arg262 is hypothesised to be involved in the stabilisation of the transition state,
with the protonation of the arginine group speculated to be affected by the protonation of
the amino group of inhibitory sphingosines, resulting in inefficient stabilisation of the

transition state and inhibition of IPCS activity'®%.

(A)

Figure 1-12: (A) Proposed mechanism of action of phosphoryl transferases (B) Proposed mechanism of action
of LmjIPCS, adapted from Sigal et al.
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1.7 Targeting IPCS

As mentioned earlier, sphingolipids play an essential role in maintaining the integrity of
the plasma membrane and are also involved in a plethora of biological pathways including
signal transduction, cellular differentiation, and embryogenesis, as a result they are
important for survival in organisms. The divergence in the sphingolipid biosynthetic
pathway in animals, plants, fungi and protozoa post ceramide can be exploited in the

development of herbicides, antifungal, and antiprotozoal drugs. (Figure 1-14).
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Figure 1-14: Schematic of the sphingolipid biosynthetic pathway: Fungi and higher plants IPCS converts
phytoceramide into inositol phosphoryl ceramide, whilst Kinetoplastids and mammals SMS converts
ceramide to sphingomyelin (B) Inhibition of IPCS results in a decrease in mitogenic diacylglycerol, an
accumulation of pro-apoptotic phytoceramide and a decrease in IPC, the precursor of the major plant
sphingolipid GIPC.
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Figure 1-15: Inhibition of IPCS results in a decrease in mitogenic diacylglycerol, an accumulation of pro-

apoptotic phytoceramide and a decrease in IPC, the precursor of the major plant sphingolipid GIPC.

The absence of sphingomyelin synthase in plants and the difference in enzyme substrate,
i.e. phytoceramide and phosphatidylinositol for plant IPCS and ceramide and
phosphatidylcholine for SMS, create the opportunity for the development of herbicides
that specifically target plant enzyme with minimal toxicity to animals. Work done by Bi
et al. showed that the loss of ceramide kinase results in ceramide accumulation and the
formation of necrotic lesions associated with PCD, indicating that the accumulation of
ceramide could trigger PCD!. Similarly, inhibition of IPCS should result in the
accumulation of the pro-apoptotic phytoceramide, and a decrease in the turnover of the

mitogenic compound diacylglycerol*'® (Figure 1-15) thereby initiating PCD.
1.7.1 Anti-protozoal and anti-fungal applications

The most common human diseases caused by kinetoplastids protozoa include human
African trypanosomiasis (HAT), caused by Trypanosoma brucei; Chagas disease caused
by infection with Trypanosoma cruzi, and leishmaniasis caused by Leishmania
species!'t. Half a billion people are at risk of contracting these diseases, and it is estimated
that more than 20 million people are infected with the pathogens that cause them, with
more than 100,000 deaths recorded per year!'!. Current treatment for these diseases

involves the use of drugs which are toxic with variable efficacy, difficult administration
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and lengthy periods of treatment!'?. Research is currently being carried out to develop
drugs against these diseases by the design of IPCS inhibitors.

The focus on IPCS inhibition has also been directed towards the development of anti-
fungal drugs targeting phytopathogenic fungi which cause diseases in plants, animals and

humans!3,

Saprophytic fungi from the Aspergillus genus are found worldwide in soil, food products,
and decomposing matter''*, However, the two species Aspergillus flavus and Aspergillus
parasiticus are found to produce potent toxins (aflatoxins) on certain crops including
oilseeds, corn, cottonseed and peanuts, which have been linked to death in humans and
animals; in humans, inhaled aflatoxin B1 can cause inflammation and irreversible

pulmonary interstitial fibrosis®®.

Four species, A. fumigatus, A. flavus, A. terreus and A. niger, are found to be the causative
agents of fatal opportunistic infections such as invasive pulmonary aspergillosis!®®.
Agricultural workers in developing countries whose eyes are injured with subsequent
contamination by organic matter develop corneal infections by Aspergillus species®.
Other phytopathgenic fungi species are part of the genus: Fusariu, Alternaria,
Curvularia, Cladosporium and Alternaria; these produce toxins that affect humans and

plant and create economic losses in agriculture and medicine.

There are a limited number of antifungals currently available for the treatment of life-
threatening fungal infections'!’. These antifungal agents show some limitations, such as
the significant nephrotoxicity of amphotericin B'® and emerging resistance to the
azoles'’®. The development of new antifungal agents is needed in medicine and
agriculture, so the inhibition of essential fungal IPCS, which differs from the mammalian

SMS, is a promising approach.

41 |Page



1.7.2 Herbicide application

A close look at herbicide weed resistance worldwide revealed that Lolium rigidum
remains the world’s most herbicide-resistant weed, with resistance to 11 sites of action
and 95% of populations resistant to at least two herbicide modes of action (especially
ACCase and ALS inhibition)!?. L. rigidum affects 12 countries!!, especially southern
Australia, and is found in crop fields growing wheat, barley, and oilseed rape. Other
weeds that have a huge effect on agronomically important crops worldwide are the
drought tolerant weed Amaranthus palmeri which affects cotton yields in north America,
the weed Avena fatua which competes with wheat'?!, and Echinochloa crus-galli a

noxious weed affecting a wide variety of crops including wheat, rice, and potatoes'?? .

Selectivity of herbicides for weeds over crops have been achieved in most cases because
of differences in herbicide uptake, translocation and degradation. These differences have
been found in some cases to be a result of structural differences between monocot and
dicot plants. The classification of plants based on the monocot/dicot system is based on
anatomical and developmental differences encompassing germination, root systems, leaf,
stem, and vascular bundle architecture. The names are derived from the number of
embryonic leaves found in the seed which is termed the cotyledon; monocots have one
and dicots have two cotyledons. Difference in the germination process of seeds between
the two classes refers to the location of the cotyledon below or above ground during plant
development; monocots have the cotyledon below the ground whilst dicots have the
cotyledon brought above the ground due to the elongation of hypocotyl?. A detailed
look at the structural differences show that monocots have a fibrous root system which is
shallow in depth compared to the tap root system found in dicots which possess lateral
roots that branch out into tertiary roots, providing depth in growth?*, In addition, the

vascular architecture of the stem in dicots is arranged in the shape of a ring and the veins
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of the leaves are reticulate!®, whilst in monocots the vascular bundles of the stem are

highly complex!? and the leaves have veins that are parallel in arrangement.

Discovering new herbicide modes of action is essential in the management of herbicide
resistance worldwide. The study of IPCS as a new herbicide is promising because of the
divergence in the latter stages of the sphingolipid biosynthesis in animals and plants,
combined with the lack of IPCS in animals which would allow for the design of
inhibitors/herbicides that should have no detrimental effect on animals and humans. The
classification of plants based on the dicotyledon and monocotyledon system can be
exploited to create IPCS inhibitors that would differentially inhibit monocotyledon weeds
over dicotyledon crops or dicotyledon weeds over monocotyledon plants. For example it
is well known that auxinic herbicides kill dicot weeds without killing acres of monocot

crops such as corn, wheat, and barley*?’,

1.7.3 Inhibitors of IPCS

To date there are five known potent inhibitors of fungal IPCS (Figure 1-16): AbA%?,
khafrefungin®?®, rustimicin'?®, pleofungin A and haplofungin A | with I1Cso values of

0.2 nM, 7nM, 20 nM, 40 uM and 1.5 pM against Saccharomyces cerevisiae.

The T. brucei IPCS which synthesises sphingomyelin and inositol phosphoryl ceramide
is inhibited by AbA with an 1Cso of 0.42 nM*32_ In contrast the L. major IPCS enzyme is
relatively insensitive to AbA. T. cruzi IPC has been shown to be insensitive to rustmicin
and Aba'%, although IPC formation was indicated to be inhibited by AbA suggesting the
compound is active against a different enzyme in the sphingolipid biosynthetic

pathway*3,

Differential selectivity between dicotyledon species has been observed between

Arabidopsis and Phaseolus. All Arabidopsis IPCS are AbA insensitive!®®, whereas in
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Phaseolus vulgaris, AbA and rustmicin are found to be potent inhibitors of IPCS
exhibiting 1Cso values of 0.4-0.8 and 1620 nM respectively'®. The screening of a library
of compounds against L. major IPCS revealed a class of inhibitors which possess a
structural motif consisting of an electronegatively-substituted biaryl unit separated from

a structural amine by an alkyl chain**, such as clemastine (Figure 1-17).
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Figure 1-16: The structures of potent inhibitors of IPCS.
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Figure 1-17: Structure of clemastine.
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1.8 Project aims

The aim of this project was to identify and characterize IPCS orthologues from the
agronomically important cereal crop, rice (Oryza sativa), and competing weeds, field
poppy (Papaver rhoeas), a major persistent weed of cereal crops. However, due to lack
of access to a weed genome to search for IPCS in Papaver rhoeas genome, Arabidopsis
thaliana has been utilised as a model dicot weed in place of Papaver rhoeas. Mutant S.
cerevisiae strains expressing functional plant IPCSs were formatted into an assay for the
high throughput screening for plant IPCS inhibitors, that show selectivity for the monocot
crop over the dicot weed (and vice versa). In tandem, transgenic lines of Arabidopsis with
varying expression of IPCS were created and RNASeq carried out to identify
genes/biological pathways that were altered in response to changes in IPCS expression;

this gave an insight into the global function of IPCS in plants.
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CHAPTER 2

CONSTRUCTION OF PLANT IPCS COMPLEMENTED YEAST STRAINS AND
ASSAY VALIDATION
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2.1 Chapter synopsis

In this chapter, bioinformatics analysis of the plant IPCS was carried out. Phylogenetic
analyses of IPCS revealed a divide in clustering between monocots and dicots. Conserved
domains previously identified in animal sphingomyelin synthases and protozoan IPCSs
were also identified among the plant IPCSs. Analyses of the promoter region of the three
IPCS isoforms in Arabidopsis thaliana (AtIPCS1-3) and Oryza sativa (OsIPCS1-3) were
carried out to identify binding sites of transcription factors. The three IPCS isoforms in
A. thaliana and O. sativa were cloned into an expression vector in Saccharomyces
cerevisiae and their activities characterized. These yeast strains were formatted into an

assay and the assay conditions were validated to screen for inhibitors of plant IPCSs.
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2.2 Bioinformatics analysis of plant IPCS

Identification of inhibitors that show differential selectivity for AtIPCSs over OsIPCSs
(vice versa) is possible if there are structural differences between the orthologues which
arise from differences in the amino acid sequence. To find out these differences, structural
analysis of AtIPCS1-3 and OsIPCS1-3 was carried out.

The identification of functional IPCS orthologues in Oryza sativa was achieved by a
BLAST search of phytozyme database using the coding sequence of AtIPCS1 which
yielded three homologues. Analyses of the coding sequence for the three isoforms found
in Arabidopsis thaliana and Oryza sativa, showed a difference in the number and length
of exons and introns (Figure 2-1). AtIPCS1 possesses 11 exons and 10 introns, whilst
AtIPCS2 has 12 exons and 11 introns and AtIPCS3 possesses 11 exons and 10 introns.
The analogous orthologues in O. sativa are approximately two times longer and are

composed of 12 exons and 11 introns.

AMIPCE]  —— ——— — — — — — = - —
AMIPCE]  —— ———— — — — — — — — — —

APCS? i i i — i — e — i — i — i — i — ————— o —

OsIPCS1 - - e —

0:IPCS2 — — WP ——

OsIPCS3 — — U S —

3
\ . A . \ .

) iy ) E™) ) B
Legend:

CDS s upstream/ dovmstream = Intron

Figure 2-1: Schematic representation of exon and intron organisation of IPCS in O. sativa and A. thaliana;
black line and yellow boxes indicates introns and exon respectively, with the blue boxes representing the
5’ and 3’ UTRs.

From work done by Mina et al. looking at the differential expression of the three
homologues of IPCS in A. thaliana, it is known that the second orthologue of IPCS is the
most highly expressed by a log 2-fold difference per pg RNA extracted®. It is highly
expressed in stem, flower and siliques and to an even greater extent (one log fold increase
per pg of RNA extracted) in roots, cauline leaf, and rosette leaf?, pointing to a key role in

these tissues.
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2.2.1 Phylogenetic analysis

With IPCS2 begin the most highly expressed isoform in A. thaliana, a phylogenetic
analyses of the evolutionary distance of this particular isoform in different plant species,
protozoa and fungi was carried out to gain an insight into how closely related the
orthologues were to each other. Unsurprisingly, the result shows that the plant IPCS are
clustered together and are independent of the protozoan and fungi IPCS (Figure 2-2).
Interestingly, the clustering of IPCS2 in plants predominantly shows a divide between
monocots and dicots, which is promising in the aim to identify inhibitors that show

differential selectivity for either dicots over monocots or monocots over dicots.

An examination of the phylogenetic relationship between the three isoforms in A. thaliana
and O. sativa show that IPCS1 and IPCS2 in both plants are more closely related
compared to each other than IPCS3. Access was given by Bayer Crop Science to the
genome of the noxius weed Echinochloa crus-galli, known to cost billions of dollars of
losses to rice production, but the sequence was not complete and attempts to reconstruct
the sequence by primer walking failed. However, analyses were carried out to see how
closely related it is to the IPCS found in O. sativa and A. thaliana (Figure 2-3). From the
phylogenetic tree it was clear that the E. crus-galli IPCS is distantly related and form a
cluster separate from AtIPCS1-3, OsIPCS1 and 2. Interestingly, OsIPCS3 is placed on a
separate evolutionary branch from OsIPCS1 and 2, which indicates that it is very different
from these two isoforms and is shown to be more closely related to EChPCS1. The reason
for this is not immediately clear from differences in the amino acid sequence between
OsIPCS1, 2 and 3. However, the evolutionary distance between O. sativa isoforms and
EchIPCS1 is particularly promising, as it indicated that in the search for new herbicide
mode of action, selective IPCS inhibitors targeting E. crus-galli over O. sativa IPCS could
potentially be developed.
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Figure 2-2: Phylogenetic tree generated from the amino acid sequence of IPCS from plant, protozoa and
fungi. The evolutionary distances were calculated using the neighbourhood joining method and analysed in
MEGAT7; drawn to scale with branch lengths in the same units as those of the evolutionary distances used to

construct the phylogenetic tree in units of the number of amino acid substitution per site.

Arabidopsis thaliana IPCS1

Arabidopsis thaliana IPCS2
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Oryza sativa IPCS2
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Figure 2-3: Phylogenetic tree constructed using IPCS amino acid sequence from A. thaliana, O. sativa and E.
crus-galli. The evolutionary distances were calculated using the neighbourhood joining method and analysed
in MEGAY; drawn to scale, with branch lengths in the same units as those of the evolutionary distances used
to construct the phylogenetic tree. The unit of measurement quantifies the number of amino acid substitutions
per site.
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2.2.2 Prediction of transmembrane topology

Using the transmembrane hidden Markov model® (TMHMH) server, the number,
location of the transmembrane regions and protein topology were identified for
OsIPCS1-3, AtPCS1-3 and EchIPCS. It was found that AtIPCS1, AtIPCS2, AtIPCS3 and
OsIPCS3 were predicted to have five transmembrane regions as opposed to six, because
the probability of the first transmembrane region was below 0.5 so was not significant
enough to use as a reliable indication of its presence (Figure 2-4). EchIPCS was predicted
to have three transmembrane regions because of the low probability of the other three
transmembrane regions (data not shown). However, OsIPCS1 and OsIPCS2 were both
predicted to have six transmembrane regions with a probability of the prediction being
between 0.8 and 1 (Figure 2-3). The defined transmembrane regions are also in agreement
with the predicted transmembrane region and topology carried out using predictprotein®
server, with an inside-inside orientation of the N and C terminal which is in agreement

with Bang’s model and the lumenal topology of the active site in the Golgi®.

From the structural analysis, it seems that there is a structural difference between the plant
IPCS from A. thaliana, O. sativa and E. crus- gali, with AtIPCS1-3 and OsIPCS3
predicted to have five transmembranes and an extracellular domain, whilst OsIPCS1 and
2 have six transmembrane regions. The differences in the structural predictions
particularly in regard to AtIPCS2 and OsIPCS2 arise due to the presence of hydrophobic
resides such as phenylalanine (Phe®) and tyrosine (Tyr?? and Tyr®) at the N-terminus of
AtIPCS2 in place of valine (Val'® and Val??) and leucine (Leu®®) at the N-terminus of
OsIPCS2. Additional variation in amino acid sequence at the N-terminus include the
presence of serine (Ser®), cysteine (Cys'’) and asparagine Asn® (AtIPCS?2) in place of
alanine (Ala%), tyrosine (Tyr'”) and lysine (Lys®®) respectively (OsIPCS2). These

differences affect topology prediction using TMHHM because the prediction is based on
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the positive-inside rule with positively charged residues positioned in the cytosol and
hydrophobic residues located in the transmembrane region. For AtIPCS2 the existence of
hydrophobic residues makes it difficult for the THMMH programme to ascribe the
location of the N-terminus and subsequently affects the topology prediction of the first
transmembrane. Topology prediction using MEMSATS3 a program that relies on a neural
network to determine the location of amino acid residues in a protein structure®. Utilising
MEMSATS3, EchIPCS, AtIPCS2 and OsIPCS2 (data not shown) were predicted to be six
transmembrane spanning proteins, however, with no experimental evidence of IPCS
structure available at the moment, there is no way of knowing if the variation in amino
acid sequence results in a difference in structure between the orthologues. If the structural
differences predicted by TMHMM are correct, then the possibility of the identification of

selective inhibitors is much more likely.

Using the structural prediction of OsIPCS1 and 2 which is in agreement with Bang’s
model’, and the identified conserved domains identified in yeast®, and human
sphingomyelin synthase’, the transmembrane regions, domains, and catalytic triad (His,
His and Asp) were identified from the multiple sequence alignment of plant IPCSs amino

acid coding sequence (Figure 2-4).

From the alignment, the plant IPCSs are shown to be have highly conserved regions at
the amino acid level in the transmembrane regions and domains, however, it is clear that
at the N-terminal, there is variation at the amino acid level with fewer amino acids
observed to be identical but do share similar chemical properties. This difference could
account for the observed difference in the structural prediction. EchIPCS does not align
with the other IPCSs, and the catalytic triad is unidentified upon alignment, which is
probably more likely to be due to the sequence being incomplete, than to a real structural

difference at the active site.
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Figure 2-3: TMHMM posterior probabilities for (A) OsIPCS2 and (B) AtIPCS2 showing the six
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Figure 2-4: Alignment of AtIPCS1-3, OsIPCS1-3 and EchIPCS with transmembrane regions and

conserved domains highlighted; catalytic residues are also highlighted in red.
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2.2.3 ldentification of cis-elements and transcription factors
upstream of AtIPCS promoter

To get an insight into the biological processes that IPCS might be involved in, an
investigation of the promoter region was carried out to identify cis-regulatory elements
to which transcription factors can bind, eliciting a response in plants. The IPCS promotor
region (1000 bp upstream of transcription initiation) was examined using PlantPAN2 to
identify motifs and transcription factors involved in the response to biotic and abiotic
stress (Figure 2-5). A number of WRKY transcriptional factors binding sites were
identified in the promoter region of AtIPCS1-3, and of particular interest was WRKY4
which is involved in plant pathogen response, having a negative effect on plant response
to biotrophic pathogens, and a positive effect on plant resistance to necrotrophic
pathogens®. Also identified were WRKY 18 and WRKY60, which are known to enhance
plant sensitivity to abscisic acid in relation to root development, whilst also enhancing

sensitivity to salt and osmotic stress®.

The binding site of the cis-regulatory elements LS5ATPR1 and LS7ATPR1 were
identified and are well characterized positive salicylic acid-inducible elements recognized
by TGA factors'® (Figure 2-5). Binding sites for TGA factors are frequently found in
promoters of stress-regulated plant genes!!; TGA2 and TGA3 interaction with LS7 is
enhanced by binding with non-expresser of pathogenesis related genes protein (NPR1)*2
13 a defence response gene associated with the induction of systematic acquired resistance

in plant defence response to pathogen'*.

The same analysis was carried out for OsIPCS1-3 and no WRKY transcriptional factor
binding sites were found, but the search did yield different basic region leucine zipper
binding sites with unknown targets. Expansion of the region upstream the transcription

start site to 1500 bp and subsequent analyses using the PlantCARE database, generated
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several motifs which are shared between A. thaliana and O. sativa IPCSs; cis acting

elements involved in stress and pathogen response were identified, as were cis-regulatory

elements inducible in response to the hormones abscisic acid and gibberellin (Table 2-1)

indicating that the modulation of plant IPCSs expression is involved in plant response to

abiotic and biotic stress.

TTTTCTTTTGAGC TCACAGGAAGC GGAGAGCAAGGCTAGAAAAC AGTTCAAAGGAT TATTCGACAAGAGACCGGGGLAGATAACCGAAGTTGGTTCAGAA

AAAAGAAAACTCGAGTGTCCTTCGCCTCTCGTTCCGATCTTTTGTCAAG CCTAATAAGCTGT TCTCTGGOCCCCTCTATTGGC TTCAACCAAGTCTT

ATAAGAGAGGAGTCTAAAACTATAGAAGAAGTAGATGAGACAAAGGATAATGATGATGATGAAAC ACTGGAAGAAGAAGGAGC TACGACAGTGAGCACGG

TATTCTCTCCTCAGAT T TTGATATCI TC T TCATCTACTC TGTTTCCTAT TACTACTACTACTTTGTGACCTTCTTCTTCCTCGATGCTGTCACTCGTGCC

AAAGGAAGAGGAAATGGTC GGAGAAAGCCTGGCCGTTTCTGAAGAACGTGATGC TCCAAATC GGAATCCAGCTTGGTGT TGT TCTGATAGGGATTTTGAT

TTTCCTTCTCCTTTACCAGCCTCTT TCGGACCGGCAAAGACTTCTTGCACTACGAGGTTTAGCCTTAGGTCGAACCACAAC AAGACTATCCCTAAAACTA

TTTCCAGTTTGTGAGCGUCAAATT TACATGAGAGAGATATGAATGAATAAAC AAACC AACGGCACTGTAGACTCAGAAAATATAAAAC TAATGGATTAAA

AAAGGTCAAACACTCGCGGT TTAAATGTACTCTCTCTATACTTACTTAT T TGT T TGGT TGCCGTGACATCTGAGTC TATATTTTGATTACCTAATTT

CGTTAAGCTTAATGTATTTTTGTTTGGTTTAGT T TATGAAAGTAGT TGCTCAAAGATGGAATTATTTGCACCACTACACGATCCTCTCTTGCTTCCTCAA

GCAATTCGAATTACATAAAAACAANCCAAATCAANTAC CATCAACGAGTTTCTACCTTAATAAACGTGGTGATGTGC TAGGAGAGAACGAAGGAGTT

GTGATTGGTGTTTGTTTGT T TCATTCAAATICTACGAGATGATGACAAGAAAGAAGATGT TAATGTAGAACATGACTTAATTGTATAATCTCCCAAAATT

CACTAACCACAAACAAAC AAAGTAAGT TTAAGATGCTCTACTACTGTTC CTTCTACEATTACATCT TGTACTGAATTAACATATTAGAGGGTTTTAA

TATTCATTAGTCATCT T TTTATCCTATAGGTAATAGGAT TATCCTACTGTATAGATTGT TIGTAATGATTAGTGTTAGGT TTT TGTTGAAAAACAGTATCT

ATAAGTAATCAGTAGAAAAATAGGATATCCATTATCCTAATAGGATGACATATCTAACAACATTACTAATCACAATCCAAAAACAACTTTTTGTCATAGA

ACTTTICTATTTITTCTACTTTTAGTATAAGATGT TTTGGGAAAACGAATTATTTTACAAAGAAAATGT TTTGTACATATGCAAAATATGTATATAAATA

TGAAMAGATAAAAAAGATGAAAATCATATTCTACAAAACCCTTTTGCTTAATAAAATGT TTCT T T TACAAAACATGTATACGTTTTATACATATATTTAT

TGCTTTAACGAAT ATGTTGTAGGAAATGTGTGATTATATAAATCAACTTTAGATAACACAGAGTAATTAATCCCACCCACCAATCATCCACTCGGET

ACGAAATTGCT TAAAATACAACATCCTTTACACACTAATATATT TAGT TGAAATCTATTGTGTCTCAT TAATTAGGGTGGGTGGT TAGTAGGTGAGCCGA

GAATAAAATGTCGCCACTTT TAAAAAC AAAAAGAAAGAT TAAACCGTTT TCTCCGTGTGGAACTCGCGTTTTATCGTACACCCAAAACGTTGCTTAAATT

CTTATTTTACAGCGGTGAAAATTTTTGTT CTTTCTAATTTGGCAAAAGAGGCACACCTTGAGCGCAAAATAGCATGTGGGTTTTGCAACGAATTTAA

GATTTTGCAAAACGCTGATTTTGCTTCTTATCGGAGAT T TTTT TGGGGGCAACGGAGAAATTTGTTTTAGGGCTT GCTTATCATCGTCGTCTCAGAT

CTAAMACGTTTTGCGACTAAMACGAAGAATAGCCTCTAAAAAAACCCCCGTTGCCTC AAACAAMATCCCGAAAMACGAATAGTAGCAGCAGAGTCTA
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Figure 2-5: Transcription factor binding motif sequence located 1000bp upstream of the

transcription start site; the transcription factor binding sites highlighted are conserved in

AtIPCS1-3; shown above is the promoter region of AtIPCS1; table of motifs can be found in

Appendix A.

It is clear from the analyses that the IPCS from A. thaliana and O. sativa share the same

transcriptional binding elements, and at the amino acid level the sequence is highly

conserved. OsIPCS1 shares 70% sequence identity and 81% similarity to AtIPCS1;

AtIPCS1sequence identity and similarity was between 69-70% and 79-80% for OsIPCS
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2 and 3 respectively. Sequence identity between OsIPCS1 and OsIPCS2 is 82% and the
sequence similarity is 89%; for OsIPCS3 the sequence identity and similarity to OsIPCS1
Is 70% and 84% respectively. The sequences identify between AtIPCS1 and AtIPCS2 is
86% and the similarity is 93%, whilst AtIPCS3 shares a lower sequence identity with

AtIPCS1 of 69% and a sequence similarity of 82%.

Mutagenesis studies of fungal IPC (AUR1p) have shown that a single amino acid
mutation is enough to alter the sensitivity of the enzyme to Aureobasidin A (AbA).
Mutation of Leu-137 to phenylalanine and His-157 to tyrosine in the AUR1 gene sequence
resulted in AbA resistance in S. cerevisiae®®. This is corroborated by a similar study
carried out by Okado et al. which revealed the ability of AURL to become insensitive to
ADbA upon the mutation of Phe-158 to a tyrosine®. In addition, a mutation changing
glycine-240 to a cysteine residue in the AUR1 homologue in Schizosaccharomyces
pombe has been found to be responsible for the acquisition of AbA resistance in both
fungal species!” 8. Likewise, the corresponding residue 275 in the aurA gene of
Aspergillus nidulans, a homolog of yeast AURL has been found to confer a high level of
ADA resistance!®. These studies show that IPCS sensitivity to an inhibitor can be altered
by a single change of an amino acid residue and stimulates the consideration of an
inhibitor being selective for different orthologues of IPCS in the same plant, which could
open up the possibility of creating a cocktail of herbicides that targets two out of the three
orthologues, thereby reducing the likelihood of herbicide resistance. The possibility of
selective inhibition between the very closely related IPCS isoforms is possible, and has
been shown to be the case by the selective inhibition of MAP Kinase p38a over p38p,

which share a sequence identity of 75% at the amino acid level®°.

In the next section, work carried out to express AtIPCS1-3 and OsIPCS1-3 and

characterise the activity of plant IPCS in a S. cerevisiae mutant line is presented, with the
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aim of utilising the transgenic yeast lines in a high throughput screen for inhibitors. This

will enable the identification of compounds which show differential selectivity for either

IPCS from A. thaliana or O. sativa.

Table 2-1: Identification of conserved cis-elements located upstream of the transcription

start site of AtIPCS1-3 and OsIPCS1-3

Motif name
ABRE

Box W1

MBS

TCA element
Circadian
(CBS)

ARE

P-Box

TC-rich repeats

RY-element

HSE

Sequence function

Cis-acting element involved in abscisic acid responsiveness
Fungal elicitor responsive element

MY B binding site involved in drought-inducibility

Cis-acti_ng regulatory element involved in salicylic acid
responsiveness

Cis-acting regulatory element involved in circadian control
Cis-acting regulatory element essential for anaerobic induction
Gibberellin responsive element

Cis-acting element involved in defence and stress responsiveness

Cis-acting regulatory element involved in seed-specific regulation

Heat responsive elements

2.3 Cloning and expression of plant IPCS to complement a mutant

yeast strain

To analyse the multi-transmembrane plant IPCS and format a high throughput screening

(HTS) assay, the coding sequences were cloned into suitable expression vectors to

complement a yeast mutant as described below.
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Saccharomyces cerevisiae pdr genes encode extrusion pumps responsible for pleiotropic
drug resistance?!. Fungi invoke resistance by the up-regulation of these genes to facilitate
the efflux of cytotoxic drugs, thus leading to decreased drug accumulation and diminished
concentrations?. In order to maximize the possibility of identifying IPCS inhibitors, it

was necessary to prepare a suitable S. cerevisiae strain lacking these efflux pumps.

A mutant yeast strain lacking fungal IPCS, AUR1
(MATa his3Alleu2AQura3A0 aurl::HIS3) and four genes conferring drug
hypersensitivity  (pdrid::KanMX4,  pdr34::KanMX4,  pdrl6A::KanMX4  and
pdrl74::KanMX4) were created by Prof. Michael Stark (University of Dundee). This
strain can survive by the introduction of the pRS316-AUR1 plasmid, (Prof. Michael
Stark), resulting in the expression AURL under a URA3 selectable marker. This yeast

strain (the parental line) can be maintained on media lacking histidine and uracil.

For the cloning of AtIPCS1-3, OsIPCS1-3 into the pESC-LEU expression vector at
multiple cloning site 2, primers were designed for each IPCS insert and amplified by
proofreading PCR from the pRS426MET plasmid. Subsequently, infusion® cloning was
carried out, followed by transformation in D-H5a E. coli to isolate high yields of the
purified plasmid. These plasmids were then used to transform the parental yeast strain

using the lithium acetate/single carrier DNA/polyethylene glycol method?3 24,

To obtain the yeast strains containing only the pESC-LEU vector with the IPCS of
interest, and lacking pRS316-AUR1, the mutant strains were grown on media containing
5-fluoroorotic acid (5-FOA). 5-FOA is an extremely useful reagent for the selection of
ura” cells amid a population of ura® cells; this selection is effective in studies where loss
of URA3 is desired®®. URA3 encodes for orotidine-5'-monophosphate decarboxylase
(ODcase), an enzyme responsible for catalysing the last step in the de novo synthesis of
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pyrimidines by the decarboxylation of orotidine monophosphate to generate uridine
monophosphate?®. In cells maintaining the pRS316-AUR1 URA3 plasmid, ODcase is
expressed and converts 5-FOA to fluorouracil (Figure 2-6), a toxic analogue of uracil,
resulting in cell death. This allows selection of yeast strain lacking this plasmid, a process

termed ‘plasmid shuffle’ (Figure 2-7)%,

(0]

0
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ODcase F
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| ~

0

N o

N 0
H H
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Figure 2-6: Conversion of 5-fluoroorotic acid to fluorouracil is used to select against yeast harbouring
the AURL1 plasmid under the URA3 marker.

Yeast cells without either the pRS316-AUR1 URA3 plasmid or an introduced plasmid
encoding a complementing enzyme, have no IPCS, and so cannot synthesise essential
sphingolipids. The plant IPCSs cloned into the pESC-LEU vector are under the influence
of the GAL1 promoter, therefore yeast dependent on IPCS expression from these vectors

can only grow in media/agar containing galactose (SGR-H-L).

GAL1 XIPCS

|
\LEU2 ‘ |
Chromosomal deletion AURT ™~ GAL1 XIPCS AURT
= ® <:>
Q LEU2 URA3Z
URA3
H 5-FOA
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5-Fluoroorotic acid

ﬁL AUR1 l

GAL1 XIPCS
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Figure 2-7: Plasmid shuffle; transformation with pESC-LEU plant IPCS plasmid and elimination of
pRS426-AURL1 plasmid in yeast.
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AtIPCS1-3 and OsIPCS1-3 complemented yeast strains were taken through two rounds
of 5FOA selection. Using PCR, yeast colonies that grew on SGR-H-L+FOA agar were
verified for the presence of the pESC-LEU IPCS plasmid and the absence of the pRS316
AUR1 plasmid; these colonies were then used in subsequent experiments. It was noted
that OsIPCS3 complemented strains had few colonies following FOA selection and

required an extended period of incubation at 30°C (10 days) for colony formation.

2.3.1 Complementation Assay

All six complemented strains were grown on SGR-H-L agar and on glucose agar without
histidine and leucine (SD-H-L) agar respectively. As expected, all the strains grew only
on SGR-H-L due to the IPCS being under the influence of the galactose promoter (Figure
2-8). This indicated that the encoded plant enzymes complemented for the absence of the
yeast AUR1p. The parental strain can grow in glucose and galactose because AUR1,

which is in the pRS316 plasmid is not under the influence of the GAL1 promoter.

Lk
CsIPCE ]

O[PCE3 O5IFC52

Figure 2-8: Complementation Assay - SGR-H-L plate (left) shows that all yeast strains grew but in SD-
H-L plate (right) none of the strains grew because all plant IPCSs are under the influence of the GAL1

promoter.
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2.3.2 Diffusion Assay

A diffusion assay is a simple and low-cost technique that has been previously used to
characterise the selectivity and sensitivity of AUR1p to AbAZ: 27 Diffusion assays
involve embedding the yeast strain in the required media with 0.8% agarose. The inhibitor
Is then applied to the surface and diffuses through the agarose; a zone of clearance around
the point of application is formed, where the yeasts are unable to grow. The zone of

clearance is dictated by how active the compound is against the yeast strains.

As mentioned previously, AbA is a cyclic peptide that is a well-known inhibitor of fungal
AUR1 and is toxic against various Leishmania species?®. However, the concentration of
ADbA needed to inhibit the growth of yeast strains harbouring LmjIPCS was found to be
100 puM, which is so high that the yeast strains can be considered as insensitive to the
compound?’. The sensitivity to AbA of all six yeast strains rescued with the respective
plant IPCSs, AtIPCS1-3 and OsIPCS1-3 were tested in a diffusion assay as was the
sphingolipid biosynthesis inhibitor myriocin?®. Myriocin inhibits the enzyme SPT
thereby inhibiting sphingolipid formation and hence, membrane formation, therefore
myriocin should inhibit all strains of yeast in this experiment. The sensitivity of the
complemented, pdr/aurl mutant strain to AbA and myriocin was tested, with the vehicle

dimethyl sulphoxide (DMSO) as the negative control (Figure 2-9).

All plant IPCS complemented yeast strains showed a zone of clearance for myriocin (1
mM), and, interestingly, all but OsIPCS3 showed insensitivity to AbA at a concentration
of 100 uM (Figure 2-9) implying differential selectivity of the compound for OsIPCS3.
The same assay carried out for LmjIPCS and AUR1 showed contrary to results from
Denny et el. 2006, yeast strains complemented with LmjIPCS being insensitive to AbA

at 100 uM (Figure 2-10) which indicated differential selectivity between protozoan and
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fungal IPCS. However, it is possible that insensitivity of LmjIPCS complemented yeast
at 100 uM might be due to a higher number of cell used in the assay. Based on the findings
of Denny et al., LmjIPCS and OsIPCS3 are sensitive to AbA at 100 pM which indicates
that they share a structural similarity. Analysis of the amino acid sequence shows that two
IPCs share a percentage identity of 25% which is quite low and alignment of the two

sequences revealed no identifiably conserved region.

Myriocin AbaA  DMS Myriocin Aba A  DMSO Myriocii Aba A DMSO

| - AtlPCs AtIPCS AtIPCS

AtIPCS OsIPCS

Figure 2-9: Diffusion assay plates for (top, left to right) AtIPCS31-3 and (bottom, left to right) OsIPCS1-
3 mutant yeast strains embedded in SGR-H-L + 0.8% agarose media. 1 mM Myriocin and 100 uM AbA
in DMSO and the negative control DMSO, were pipetted in 1 ul, 2 pl and 3 pl aliquots onto the plates
and left to grow at 30°C for 5 days.

To confirm the loss of pRS426 AUR1 and the gain of pESC-LEU IPCS, specific
oligonucleotide primers were designed to amplify a region of about 300bp of each plant
IPCS and 500bp from AUR1 by PCR. Two yeast colony PCR reactions were carried out

for each yeast strain; one with the plant IPCS and the other with the AUR1 primers. The

71| Page



results demonstrated that each complemented strain contained the expected AtIPCS or
OsIPCS orthologue in the absence of AURL (Figure 2-11A and Figure 211B); confirming
that the yeast strains lacked AUR1 and were expressing the respective plant IPCS

isoforms.

Myriocin Aba A DMSO Myriocin Aba A DMSO

tmjircs | L ScAUR1

Figure 2-10: Diffusion assay plates for (left to right) LmjIPCS and SCAUR1 mutant yeast strains
embedded in SGR-H-L + 0.8% agarose media. 1 mM Myriocin, 100 uM Ab A in DMSO, and the
negative control DMSO, were pipetted in 1 ul, 2 pl and 3 pl aliquots onto the plates and left to grow at
30°C for 5 days.

2.3.3 Verification of AtIPCS and OsIPCS3 activity

Following verification of the successful complementation of the plant IPCS yeast strain,
microsomal preparation was undertaken to isolate microsomes containing AtIPCS1-3,
OsIPCS1-3 and AURL. To measure the activity of IPCS, the turnover of NBD-C6-
ceramide into the fluorescent product NBD-C6-IPC (Figure 2-12) was quantified by
fluorescence scanning following high-performance thin layer chromatography (HPTLC)
fractionation. NBD-Ce-ceramide has an Rt value of 0.96 and NBD-Ce-IPC has an Rt value
of 0.57%. This results to a clear resolution between the substrate and the product bands

on the TLC plate, allowing for the quantification of IPC turnover.

72| Page



The activity of AtIPCS1-3 and OsIPCS1-3 were tested in the presence and absence of the
known fungal IPCS inhibitor AbA at a concentration of 5 uM. The result demonstrated
that AtIPCS1-3 and OsIPCS1-2 were insensitive to AbA, whilst OsIPCS3 was sensitive
to the inhibitor (Figure 2-13 and 2-14) in agreement with the diffusion assay data (Figure
2-9). The results for AtIPCS1-3 and AURL1 are as expected; work previously done by
Mina et al. had shown that the three A. thaliana IPCS isoforms are insensitive to Aba’
and earlier work by Heidler et al, as mention in chapter 1 demonstrated that AUR1 is

sensitive to the inhibitor®®.

(A) DNA  AURL Atl  Atl* AR AR2* A3 At3*
ladder

500bp

(B) DNA
ladder Os1  Osl*  0Os2 0s2*  0Os3 Os3*

500bp

Figure 2-11: Transformed yeast colony PCR for (A) AURL and AtIPCS1-3 (B) OsIPCS1-3 with

specific primers for AUR1 (*) and each insert.

IPC Synthase

=

DAG

NBD-C¢-Ceramide NBD-Cg-Inositol Phosphorylceramide (1PC)

Figure 2-12: Conversion of NBD-Cs-ceramide to NBD-Ce-IPC.

To facilitate further analysis, the enzyme activity for each IPCS of interest was deduced

using an NBD-Ce-ceramide standard curve. It was assumed that the fluorescence of the
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substrate NBD-ceramide is equal to the fluorescence of NBD-IPC, which allowed for the
quantification of IPC turnover in a reaction and was subsequently used to deduce the
concentration of active IPCS in the microsome mixture. Active IPCS concentration was
quantified in ‘Unit/pl’, where one Unit is defined as the amount of enzyme required to

catalyse the formation of 1 picomol of product in 1 minute3!.

-AbA +AbA -AbA +AbA -AbA +AbA

NBD-Cé6-
Cer

NBD-
C6-IPCS

Origin

AtIPCS1  AtIPCS1 AtIPCS2 AtIPCS2 AtIPCS3 AtIPCS3
Figure 2-13: HPTLC assay AtIPCS1-3 in the absence and presence of AbA

-AbA  +AbA -AbA  +AbA  -AbA +AbA -AbA  +AbA

NBD-C6-
Cer

NBD-
Cé6-IPCS

Origin

AUR1 AUR1 OsIPCS1 OsIPCS1 OsIPCS2 OsIPCS2  OsIPCS3 OsIPCS3

Figure 2-14: HPTLC assay OsIPCS1-3 in the absence and presence of AbA with the inhibition of
OsIPCS3 highlighted in the red box showing the lack of IPC turnover in the presence of the compound.

To establish the 1Cso of AbA against AURL and OsIPCS3, it was necessary to quantify
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the enzyme activity; the activity of the OsIPCS3 and AUR1 samples were deduced to be
5.32 Unit/pl and 14.68 Unit/ul respectively (Table 2-2). By quantifying the enzyme
activity, it was possible to ensure that the enzyme concentration of OsIPCS3 and AUR1
used in the assay was the same.

Table 2-2: IPCS activity for AUR1, AtIPCS1-3 and OsIPCS1-3 quantified

Microsomes Fluorescence at 473nm  pmol pmol/min (Unit)  Unit/ul
AUR1 96150 11000 183.3 14.68
AtIPCS1 18123 1400 23.3 1.88
AtIPCS2 38985 3200 53.3 4.28
AtIPCS3 6902 480 8.0 0.64
OsIPCS1 16934 1240 20.7 1.64
OsIPCS2 16057 1200 20.0 1.6
OsIPCS3 46541 4000 66.7 5.32

Equivalent active enzyme concentration of AUR1 and OsIPCS3 was assayed in the
presence of AbA at concentrations ranging from 0.05-5 nM. The ICso of AUR1 was found
to be 0.6 nM compared to the literature value of 0.89 nM?® and the 1Cso of OsIPCS3 was
found to be 2.62 nM. The ICso values obtained show that there is a more than 2-fold
difference in sensitivity to AbA between AURL1 and OsIPCS3; AURL is much more

sensitive to Aureobasidin A than OsIPCS3 (Figure 2-15).

To ensure that all complemented strains were still fully dependent on the specific plant
IPCSs, another colony PCR experiment was carried out five months later and it was found
that all yeast strains had retained their specific IPCS apart from yeast strains
complemented with OsIPCS3 (Figure 2-16) which showed the presence of the fungal
IPCS signifying reversion to dependence on the fungal orthologue. There is currently no
known mechanism for how this type of gene reversion occurs but work done by Schiestel

et al.? show that reversion of a deleted gene results from the excision of plasmid
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harbouring the dominant marker (usually HIS3) which replaces the target gene and

integrated into the genome.

(A)
® 100 -

Average 1P(
wrngver (%)

-1.5 -1.0 0.5 0.0 0.5 1.0
Log[AbA] (nM)

(B)

® 100 -

n
o
1

Average IPC turnover (%)

-1.5 -1.0 0.5 0.0 0.5 1.0
Log[Aba] (nM)

Figure 2-15: ICso graph showing the percentage turnover of IPC upon addition of different concentration

of AbA for (A) AURL (B) OsIPCS3.
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For successful integration into the genome, the plasmid usually has ends flanked with
areas homologous to the target gene; when reversion occurs, this is because these ends
are retained upon excision of the plasmid, which is repaired by sister chromatid
conversion, resulting in the reconstruction of the wildtype gene that is fully functional. In
this case, although OsIPCS3 is expressed in the yeast strains, the deleted AUR1 gene in

the genome has undergone reversion, resulting in the expression of the fungal IPCS.

Size (bp)

AUR1 Os1* Osl Os2* 0s2 Os3* Os3

1000

1000
750

500

250

Figure 2-16: Agarose gel (0.8%) showing bands amplified for OsIPCS1-3 with respective specific
primers and AUR1 primers as control (* denotes PCR carried out with AUR1 primers); OsIPCS3 shows
a product for OsIPCS3 and AUR1 primers.

2.4 Assay development

Following the verification of AtIPCS1-3 and OsIPCS1-2 yeast complemented strains, an
assay to test compounds against the different yeast strains was developed and formatted
in a 96 well plate. To set the assay parameters for HTS, the growth of all yeast strains
with the IPCS of interest was monitored by optical density (ODeoo) at different starting
concentrations, over 72 hours at 24-hour intervals. From the results, it was clear that yeast

growth plateaus after 48 hours. At the highest starting concentration in some cases, there
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was a decrease in the ODeoo, presumably, due to cell death as nutrients become a limiting

factor.
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Figure 2-17: Graphs showing the relationship between ODggo starting cell concentrations and AUR1,

AtIPCS1-3, OsIPCS1 and 2 cell concentrations measured after 24 (blue line) and 48 hours (orange line)

growth respectively (starting ODggo from highest to lowest corresponds to dilutions of 0, 1:3, 1:6,1:9, 1:12

and 1:16 respectively).

For an assay (e.g. HTS) the conditions must ensure a direct linear correlation between

ODesoo read out and cell number over a defined time period. This creates well defined
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assay parameters whereby the efficacy of a compound can be directly measured by
monitoring yeast growth. Similar assay parameters have been applied for the testing of
antimicrobial peptides against Leishmania®. As the results show, a consistent linear
correlation was observed at 24 hours for 1:9 (ODsgo= 0.018) and 1:12 (ODes00=0.006)
dilutions (Figure 2-17). To increase the signal to noise ratio, the assay starting cell

concentration was set at an ODeoo = 0.018 corresponding to a 1:9 dilution.

HTS usually involve the screening of compounds once or twice for the identification of
hit compounds and requires that the assay has high sensitivity and accuracy. Due to the
perturbations introduced in the assay resulting from human and instrumental error, assay
measurements can contain high degrees of variation which need to be considered. For the
identification of ‘real’ hits, it is necessary that variations are low which can be measured

by standard deviation from the mean and by the coefficient of variation®.

The Z’-factor®* is a quantitative assessment of the quality of the assay that can be
calculated using the standard deviation and the mean of the positive and negative control
(Equation 1.1). An ideal assay would have a Z’ factor value equal to 1, whilst an ‘excellent

assay’ has a Z’ factor value < 1 and > 0.5.

Z-factor = 1- (3(op + on)/ (Jup - 4n)) [Equation 1.1]

o is the standard deviation and p is the mean of the positive (p) and negative (n) control

To test the suitability of the assay in identifying hit compounds, Z’ factor values were
calculated for AtIPCS1-3 and AUR1 (Table 2-3). DMSO was used as the negative control
and cycloheximide (1 mM), a known inhibitor of cytoplasmic protein synthesis in yeast
and other eukaryotes® was used as the positive control in the assay. The assay was set up

in 96 well plates, incubated with shaking over 24 hours and yeast cell viability quantified
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by measuring cell density at ODsgoo.

A trial of the assay’s reproducibility and hit identification was carried out by testing 15
compounds against AtIPCS1 complemented yeast strain. The 15 compounds included
Aba, clemastine analogues®, khafrefungin analogues and the known sphingolipid
biosynthesis inhibitor, myriocin. Results obtained from the assay were reproducible and
identified myriocin, khafrefungin and the khafrefungin analogues: W2345 and ND8 as
hits (Figure 2-18, structures of compounds tested are in Appendix D). Interestingly, the
khafrefungin analogue, W2345, has been shown to have no activity against S. cerevisiae
(work done by Kentaro Hanada, unpublished), indicating differential selectivity for the
plant IPCS over fungal IPCS. However, the khafrefungin analogues are not attractive as
inhibitors of IPCS because these compounds are not easily synthesised and required
several synthetic steps to produce the final product. In this study, the aim is to find small
molecule inhibitors that can be easily modified for use as herbicides, so the selectivity of

the khafrefungin analogue, W2345, although interesting was not pursued further.

Table 2-3: Calculated Z’ factor value to validate assay

DMSO ODeoo Cycloheximide ODso Z'

average average factor
AtIPCS1 1.54 0.07 0.9
AtIPCS2 1.47 0.15 0.7
AtIPCS3 1.46 0.14 0.6
AUR1 1.26 0.21 0.6

Having established that the assay was suitable for the identification of hit compounds,

yeast strains were grown to log phase (ODeoo = 0.5-0.7) and frozen to screen the 11,440
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compound library for inhibitors of plant IPCSs which was carried out at Bayer Crop

Sciences, Frankfurt Germany.
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Figure 2-18: Percentage cell viability of AtIPCS1 complemented yeast cells upon addition of test

compounds and incubation for 24 hours; each compound was tested in triplicate at 10 pM.

2.5 Conclusion

Cloning of OsIPCS1-3 and AtIPCS1-3 was achieved and complementation of plant IPCS
yeast strains was successful for all but OsIPCS3. It was shown that plant IPCS unlike
fungal IPCS, were insensitive to Aba. The yeast strains were formatted into an assay
which requires quantifying the growth of the yeast strains by measuring ODseoo after a 24
hours incubation period. The assay conditions were validated for the screening of
compounds by quantifying the Z’ factor value of an assay with DMSO as negative control
and cycloheximide as positive control. Initial screening of a compound library consisting
of clemastine analogues, and known inhibitors of sphingolipid biosynthesis, were tested
on AtIPCS1 complemented yeast strains. Myriocin and khafrefungin were identified as
hits, and more importantly the assay showed that the AtIPCS1 complemented yeast strains
were insensitive to Aba, which supports the biochemical assay results of plant IPCSs
being insensitive to the compound. Other identified hits were the khafrefungin analogues,

W2345 and ND8. The activity of W2345 against AtIPCS1 complemented yeast indicates
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differential selectivity for plant IPCS over fungal IPCS, which was a promising indication
of the ability of the assay to identify hits which show differential selectivity. Following
the validation of assay conditions, the screening of a library of bioactive compounds

against the plant IPCSs and AUR1 was carried out; this is presented in the next chapter.
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CHAPTER 3

SCREENING FOR INHIBITORS OF PLANT IPCS
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3.1 Chapter synopsis

In this chapter, the screening strategies utilized to identify herbicidal leads or chemical
probes are outlined, and results from the screening of a compound library of 11,440
bioactive compounds are presented. Following the identification of hits in the primary
screen, assay conditions for the secondary biochemical screen was carrried out. Variants
of phosphatidyl inositol were tested to see which gave maximal activity in terms of plant
IPCS turnover. In addition various substrate concentration were tested to ensure the
identification of hits was not hindered by saturation of the enzyme with substrate. From
the secondary screen 15 compounds were found to show differential selectivity for plant
IPCS over AURL. In addition, compounds were identified that exhibited differential
selectivity for AtIPCS2 over OsIPCS2. The top two compounds, showing the most
activity against plants IPCS were tested in vivo and found to have herbicidal effects that

point to the biological pathway targeted, affecting root development and involving PCD.
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3.2 Approaches to screening for inhibitors

In agrochemical discovery, two approaches are employed: a phenotypic chemical screen
or a target-based chemical screen. In a phenotypic based screen also termed a forward
chemical screen, chemicals are tested on plants in a microplate format, and bioactive
compounds discovered by identifying an alteration in phenotype upon application of the
compound?. Following this, compounds are selected and tested against plausible targets
(phenotype can give an idea of mode of action) in an assay or a biochemical purification
strategy is employed to identify targets. The second approach which is a reverse chemical
screen (target-based chemical screen), involves the testing of a compound library against
a specific target, with the identified hits then tested in vivo to see if the compound remains

active which is deduced by a phenotypic alteration in planta®.

The forward chemical screening approach has been utilized in numerous studies for the
identification of bioactive compounds. For example, the screening of a library of
compounds against A. thaliana seedlings, identified hits that either enhanced or inhibited
gravitropic response, ascertained by the presence or absence of root reorientation. From
the hits identified, compounds were discovered that also affected the endomembrane
system, discovered by observation of aberrant vacuoles displaying a vesiculated
morphology”. This phenotypic screening strategy to identify inhibitors or enhancers of
plant development has also been used to identify auxin analogues that enhance hypocotyl
growth® and the compound hyperphyllin which enhances leaf formation and shoot
meristem enlargement®. Chung-lin et al. identified compounds that interfered with A.
thaliana response to ethylene by screening for the suppression of triple response
phenotypic read out in response to ethylene’. Hits were subsequently validated as
inhibitors of 1-aminocyclopropane-1-carboxylic acid synthase. The discovery of a class

of sulfanilamide compounds able to protect wheat crops from the fungal pathogen,
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Fusarium graminearum, was also facilitated by an in vivo screen for the attenuation of

dark lesion-like spots resulting from fungal infection®.

Following the identification of a compound that has a particular effect of interest on the
plant, the compounds are usually then either tested in cellular or enzymatic assays against
a series of possible targets in order to facilitate the identification of the compound’s mode
of action. The identification of small molecule inhibitors can be coupled with omics tools,
by utilizing reverse genetics and next generation sequencing to identify changes in the
transcriptome or metabolome which may have a corresponding phenotype; this approach
to the identification of bioactive compounds and their targets is termed chemical

genomics®.

In this study, a combination of both phenotypic and target-based chemical screening has
been utilised for the identification of IPCS inhibitors. A compound library of 11,440
compounds, which have exhibited herbicidal or fungicidal activity in in vivo screens were

tested against plant IPCS.

3.3 Hypothetical effects of an IPCS inhibitor

To understand the possible impacts of IPCS inhibition, a review of the ramifications of
sphingolipid biosynthesis dysfunction is necessary. Various studies have linked the
sphingolipid biosynthetic pathway to programmed cell death (PCD) in plants. Initial work
carried out by Saucedo- Garcia and colleagues showed that inhibition of phytoceramide
synthase in plants treated with fumosin B results in PCD phenotypes at a cellular level,
including interiorized and rounded chloroplasts, the disintegration of thylakoids vesicles
and DNA fragmentation®. This cell death phenotype was found to be attenuated by pre-

treatment of plants with myriocin which targets serine palmitoyl transferase (SPT); the

inhibition of SPT results in a decrease in 3-ketosphinganine which affects the synthesis
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of other compounds downstream in the biosynthetic pathway. This results in a decrease
in phytosphingosine, a substrate for phytoceramide synthase, which is inhibited by
fumosin B (Figure 3-2). This indicated that the accumulation of the dihydroxylated long

chain bases in the form of phytosphingosine is responsible for PCD in plants.

Phenotypic chemical screen Target-based chemical screen

Phenotypic screen resulting Activity screen resulting
in the identification of in the identification of

bioactive compound protein inhibitor

1234567 891011121314151617181920

100

Activity
B [=)] [o:]
(=) o o

[
o

0

Compounds tested
Target identification
Phenotypic analysis

Figure 3-2: Schematic showing the two approaches for hit identification (A) Phenotypic chemical screen
which involves in vivo testing to identify bioactive compounds which can then be screened against a number
of targets to find the compound’s target (B) Target-based screening which involves testing a compound
library against a specific target to identify compounds that show activity against the target; the identified

compound is subsequently tested in vivo to see if it results in any phenotypic alterations in planta.
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This finding was corroborated was corroborated by Shi et al. who showed that treatment
of A. thaliana with the sphingoid bases, dihydrosphingosine, phytosphingosine and
sphingosine, resulted in cell death, which was preceded by the generation of reactive

oxygen intermediates that are linked to PCD in response in abiotic stressC.

Gene silencing of the second subunit of SPT (LCB2) in Nicotiana benthamiana was
shown to result in an approximate 50% reduction in LCB2 transcript, and induced cell
death, with a decrease in levels of phytosphingosine and an increase in the levels of
dihydro-sphingosine and sphingosine, which were also associated with elevated SA
levels and constitutive expression of the gene pathogenesis-related protein 1 (PR1)
expressiont!, both markers of PCD. The elevation in dihydro-sphingosine levels upon
deletion of the first SPT subunit (LCB1) is corroborated by work done by Chen et al.'? in
Arabidopsis, and indicates control of the levels of the proapoptotic compound,
phytoceramide, by downregulation of LCB C4 hydroxylase resulting in the build-up of
dihydroshpingosine, and the subsequence reduction in phytosphingosine and
phytoceramide generated; both are bioactive compounds known to trigger PCD. The
elevation of sphingosine levels is also as a result of keeping phytoceramide levels down,

by breaking down phytoceramide to phytosphingosine, which is achieved by ceramidase.

Disruption of phytoceramide synthesis in Arabidopsis by mutation of one of
phytoceramide synthase genes, LOH1, results in spontaneous cell death, concomitant
with a 160-fold increase in PR1 transcription'®. Similarly, RNAI suppression of LCB-C4
hydroxylase resulted in the formation of necrotic lesions and constitutive PR1
expression*, Mutation of ceramide kinase, ACD5, in Arabidopsis resulted in the
accumulation of phytoceramide, with constitutive PR1 expression, the accumulation of

free SA and conjugate SA, and necrotic lesions®®; markers associated with PCD in plants.
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Figure 3-2: Inhibition of phytoceramide synthase | by fumosin Bl results in an increase of
phytosphingosine with plants displaying PCD phenotypes® which are attenuated by the inhibition of
SPT by myriocin, leading to a decrease in 3-ketosphinganine and phytosphingosine.

The findings of the studies outlined above, show that there is a consistent link between
the disruption of sphingolipid synthesis, the buildup of intermediates in the biosynthetic

pathway and the initiation of PCD. This biosynthetic pathway is clearly tightly regulated

and inextricably linked to biological pathways/signaling involved in plant survival.

A homozygous knockout of IPCS2 in Arabidopsis was found to lead to elevated levels of
SA and phytoceramide, HR-like lesion formation on leaves associated with PCD, and a
reduction in plant stature'®. A working hypothesis for the iinhibition of plant IPCS
involves an offset in the balance between the pro-apoptotic compound, phytoceramide
(substrate of plant IPCS) and the mitogenic compound, diacylglycerol (by-product), with
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inhibition resulting in an accumulation of the former, with a concomitant decrease in the
latter'”. In addition, it would result in the decrease of the product inositol
phosporylceramide (IPC), which is attached to a number of oligosaccharides to generate
GIPC, a major class of sphingolipids in plants that make up a quarter of the total lipids in

the plasma membrane!®.

GIPCs have been found to be essential for normal growth and reproduction in
Arabidopsis; homozygous knockout mutants of IPC glucuronosyltransferase 1 (IPUT1)
are non-viable. To study the developmental effects of reduced GIPCs in Arabidopsis, a
pollen specific rescue construct was used to select for homozygous knockout lines of iput,
and these were found to display phenotypes of severe reduction in growth, increased
levels of SA and lesions characteristic of PCD'. From these studies, it can be
hypothesised that the inhibition of IPCS would result in a decrease in the sphingolipid
precursor, IPC resulting in a decrease in GIPC which is essential for plant development.
In addition, the build-up of the bioactive compound phytoceramide would initiate PCD,

making IPCS a promising herbicidal target.

3.4 Primary screening

To identify putative inhibitors of IPCS, the focused library consisting of 11,440 bioactive
compounds was screened against AtIPCS2, OsIPCS2 and AURL1 formatted into the yeast-
based assay described in Chapter 2. The IPCS2 isoform was selected for screening due to
its well characterised role in plant defense and PCD® 2 and the fact that it is the most
highly expressed orthologue being log 2-fold greater than both IPCS1 and IPCS3 in
A.thaliana®. Screening was also carried out against the AUR1 complemented yeast strain
as a control to filter out compounds that are generically cytotoxic to yeast cells rather than

on target.
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In the pharmaceutical industry the Lipinski rule of 5 is used as a gold standard for the
selection of compounds that have orally-active drug like features®2. The physico-chemical
rules require that the compound has a molecular weight < 500, clogP <5, no more than 5
H-bond donors and 10 H-bond acceptors. In the agrochemcical industry there is a need
to have compounds that not only trigger cell death at a biochemical level but also have
the right physico-chemical properties to penetrate the waxy cuticle and cell membranes
of plants. Analyses of commercial herbicides and pesticides carried out by Tice, revealed
that most have a molecular weight between 300-400 with an average of 329 for herbicides
and 324 for insecticides®. In addition, the clogP values of herbicides were in the range
1.2-2.4 with an average of 1.7, which means that most herbicides are hydrophobic in
nature which is necessary for the compounds to enter the cells and reach their target.
According to Briggs rule of three, for a compound to show activity when sprayed on
plants, it must have a molecular weight of 300+£100, clogP=3+3, melting point < 300°C
and no more than 3 H-donors®*. Based on these parameters, 50% of the compounds
selected for screening had a molecular weight between 300-400 (Figure 3-3A), with 45%

possessing a clogP of 3-5 (Figure 3-3B).

In the primary screen against AtIPCS2, OsIPCS2 and AUR1, due to the configuration of
the compound plates, the positive and negative control were repeatedly tested in the first
row and alternated in terms of placement in these wells. At this stage, the library of
compounds was tested in duplicate at 10 uM with the inhibition of yeast growth measured

after 24 hours.
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Figure 3-3: (A) Molecular weight and (B) clogP distribution of the library compounds screened.
To ensure reproducibility and reduce well to well variation, the plates were sealed with
transparent breathable membranes which eliminated the ‘edge efffect’?® seen in assays
incubated over long periods of time. For quality control, each plate in the yeast cell assay
was required to have a calculated Z’ factor of > 0.5 in order for the assay results to be
deemed as valid (Figure 3-4). Compounds exhibiting >80% inhibition (the threshold)
were selected to be taken forward. From the 11,440 compounds screened, 1164

compounds showed > 80% inhibition of AtIPCS2, 986 compounds showed >80%
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inhibition of OSIPCS2, and 854 compounds had >80% activity against AUR1 (Figure 3-
5). The false positive hit rate was 2.6%, and these compounds were excluded leaving a

final hit rate of 1.5%.

0.6 [ X J

0.5 \ g 4

Z' factor values
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Figure 3-4: Z’ factor of plates screened; cut off of 0.5 (red line) for a robust assay. Three plates fell
below this value but were found to replicate the data in the n=2 screen and were accepted for further
analyses.
To progress to secondary screening the compounds also had to show > 50% differential
selectivity for the plant IPCS over the yeast AUR1 orthologue. From the approximately
1000 compounds that showed selectivity, 126 met the criteria above, 40 compounds

showed selectivity for AUR1 over the plant IPCS (Figure 3-6) which would be of interest

to study for use as antifungals in future work.

Of the 126 plant selective compounds, 4 were compounds were of particular interest as
they were known to be pro-apoptotic, and as discussed above, AtIPCS2 is associated with
PCD. One of these compounds showed inhibition of both AtIPCS2 and OsIPCS2 in the
yeast-based assay, whilst the other three exhibited selective inhibition of OsIPCS2. Using
the same assay platform, dose response experiments (50 UM to 68 nM) were carried out
in duplicate for the AtIPCS2 and OsIPCS2 hit compounds; 89 of the 105 AtIPCS2
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inhibitors, and 35 of the 39 OsIPCS2 hits had I1Cso values < 10 uM (Figure 3-7 A-C). The

four pro-apoptotic compound hits are highlighted in red in Figure 3-6B and C.
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87
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\/
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Figure 3-6: (A) A screening pyramid showing the number of compounds selected to progress to each stage
of the screening campaign (B) Venn diagram of the 166 hits showing the differential selectivity for
AtICS2, OsIPCS2 and AURL.

Interestingly one of the pro-apoptotic compounds showed activity against both AtIPCS2
and OsIPCS2 (6/12b; Figure 3-8A and B) whilst the other 3 hit only OsIPCS2. However,
a closer inspection of the primary screen results shows that these compounds also targeted
AtIPCS2 but fell below the inhibition threshold of >80% required for the compounds to
be considered hits. Of the 4 pro-apoptotic compounds identified as hits, 3 share acommon
core and exhibit low pM activity in the assay; compound 6/12b is a dihydropyridazinone,
compound 6/8c is an isothiazole carboxamide, and compounds 6/12a and 62/10d are
dihydrotriazinones (Figure 3-7). For the biochemical screen, all 126 hits were carried

forward in order to prevent the loss of active compounds.

Structures redacted

6/12b — ICso = 3.1uM 6/8c — 1Cs0 = 35.8uM 6/12a—1Cso=2.3uM  62/10d — ICso = 4.5uM
6/12b — ICs0= 6.8uM

Figure 3-7: Core structures of the four apoptotic inducer compounds with 1Csp values — highlighted in red are
compounds which showed activity against OsIPCS2 and in blue those showing activity against AtIPCS2 in the

yeast-based primary assay.
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Figure 3-8: (A) ICso values for compounds tested against AtIPCS2. Each value is representative of the mean of two independent biological replicates.
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Figure 3-8: (B) 1Cso values for compounds tested against AtIPCS2, with known PCD inducer in red. Each value is representative of the mean with standard error

calculated for two independent biological replicates.
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3.5 Secondary screening

A 96-well plate assay to screen for inhibitors of IPCS had already been developed within
our group?®. This assay allows for the separation of the fluorescent product IPC from the
fluorescent substrate NBD-ceramide/NBD-phytoceramide using ion exchange
chromatography. Assay parameters for secondary screening were first established to
determine the initial velocity of the reaction so that the optimal concentrations of
substrates could be chosen to ensure that the enzyme is not saturated, and the reaction not
limited by substrate concentrations. The linear range was used in the enzyme assay to

allow accurate quantitation.

Following yeast microsome preparation as described, the activity of AtIPCS2 and
OsIPCS2 in the presence and absence of exogenous phosphatidylinositol (PI, soy or
bovine) was quantified. The result shows that there is a 330% increase in AtIPCS2 activity
following the addition of exogenous soy PI. Bovine PI results in an increase of activity
by about 200%, therefore unsurprisingly the Arabidopsis enzyme has a preference for the

plant P1. However, OsIPCS2 lacks such a marked difference in activity in the presence
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Figure 3-9: AtIPCS2 and OsIPCS2 activity assayed in the presence and absence of exogenous Pl
variants (1 mM) and NBD ceramide (4 uM). Each value is representative of the mean with standard
error calculated for three independent biological replicates.
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and absence of exogenous PI1 from either source (Figure 3-9). The reasons for this are

unclear, it is possible that rice preferentially utilises a different Pl species.

In addition, to establish if the concentration of NBD-ceramide was limiting due to the
much lower activity of OsIPCS2 microsomes, NBD-ceramide concentration was
increased 3-fold to 12 uM. This lead to an increase in assayed OsIPCS2 activity (Figure
3-10), particularly the response to soy Pl (2-fold compared to -PI), indicating that NBD-
ceramide concentration had been limiting. In plants phytoceramide rather than ceramide
is used as a natural substrate. To test if this is a preferred substrate, AtIPCS2 and OsIPCS2
were assayed with 4uM NBD-phytoceramide in the presence and absence of Pl (soy and
bovine). In the presence of NBD-phytoceramide, AtIPCS2 activity was similar when
assayed with NBD-ceramide, although for reasons unknown, the enzyme now

demonstrated a slight preference for bovine PI (Figure 3-11).
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Figure 3-10: OsIPCS2 activity increased upon a 3-fold increase in NBD-ceramide to 12 yuM and
became more responsive to soy Pl (1 mM). Each value is representative of the mean and the standard

error calculated for three independent biological replicates.
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Figure 3-11: AtIPCS2 and OsIPCS?2 activity assayed with NBD-phytoceramide (4 uM) in the presence and
absence of exogenous Pl (1 mM). As with the increased concentration of NBD-ceramide, the activity
OsIPCS2 is increased when using NBD-phytoceramide (4 M), and more responsive to soy PI. Each value

is representative of the mean and standard error calculated for three independent biological replicates.

In contrast, the activity of OsIPCS2 increased markedly (Figure 3-10) showing that
phytoceramide is a better substrate for IPCS synthesis in plants. These data established
that the optimum substrates were NBD-phytoceramide and soy PI; these were then

utilised in all subsequent experiments.

To determine the enzyme concentration required for the assay to achieve a high
background to noise ratio, different amounts of AtIPCS2 (Figure 3-12) were tested in the
96-well plate assay. Following incubation for 60 minutes, the product was quantified, and
it was clear that an increase in enzyme concentration resulted in a likewise increase in

IPC turnover.

For OsIPCS2, increased quantities of microsomes were assayed to compensate for the
relatively low activity, and a likewise increase in IPC turnover was observed which was

associated with increasing enzyme concentration (Figure 3-13).
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Figure 3-12: AtIPCS2 concentration against IPC turnover. Each value is representative of the mean and

standard error calculated for three independent biological replicates.

On the basis of these results (Figure 3-12 and 3-13), it was decided that 0.44 Unit/ul of
AtIPCS2 and 0.07 Unit/pl of OsIPCS2 would be utilised in the secondary screen. In
addition to producing a good level of signal, this also meant that the limited amount of

microsomes available for screening would be sufficient.
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Figure 3-13: OsIPCS2 concentration against IPC turnover. Each value is representative of the mean and

standard error calculated for three independent biological replicates.

Subsequently, various concentrations of soy PI (with NBD-phytoceramide at 4 uM) were

tested to determine the amount necessary to achieve a high signal without jeopardising
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the activity of the enzyme. AtIPCS2 activity peaks at 100 uM PI, and at higher
concentrations there was a considerable decrease in activity (Figure 3-14). The observed
decrease in AtIPCS2 activity resembled that seen for the Leishmania orthologue,
LmjlPCS, which was established as being due to surface dilution kinetics?’. In
comparison, the activity profile for OsIPCS2 shows a peak in activity at 200 uM, after

which there is a decrease in enzyme turnover (Figure 3-15).
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Figure 3-14: Soy PI concentration against AtIPCS2 IPC turnover. Each value is representative of the

mean and standard error calculated for three independent biological replicates.
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Figure 3-15: Soy PI concentration against OsIPCS2 IPC turnover. Each value is representative of the

mean and standard error calculated for three independent biological replicates.
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Based on these findings it was decided that 100 uM P1 should be assayed against varying
concentrations of NBD-phytoceramide to identify the optimum amount of NBD-

phytoceramide for the assay (Figure 3-16).
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Figure 3-16: NBD-phytoceramide concentration against (A) AtIPCS2 (B) OsIPCS2 IPC turnover. Each

value is representative of the mean and standard error calculated for three independent biological replicates.

From this experiment carried out it was determined that 15 uM NBD-phytoceramide was
the optimal concentration of NBD-phytoceramide, giving a high signal and being in the
linear range. Therefore, the assay conditions were: 0.44 Unit/pl of AtIPCS2 or 0.07
Unit/ul of OsIPCS2 100 uM soy Pl and 15 uM NBD-phytoceramide, incubated at 30 °C

for 60 minutes.

With AURL1 used as a control in the screening it was necessary to check that the set of
conditions defined for assaying AtIPCS2 and OsIPCS2 were suitable for this enzyme.
Using the predetermined conditions (100 uM soy Pl and 15 uM NBD-phytoceramide)
the AURL reaction needed to be incubated for a maximum of 40 rather than 60 minutes

to achieve a linear range (Figure 3-17).

With the assay parameters validated, screening commenced with 10 uM of each of the
126 compounds tested in duplicate. A threshold of > 30% percentage inhibition was set

to identify hits to progress to dose response testing for 1Csg determination.
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Figure 3-17: Incubation time against AUR1 reaction rate with 100 uM Pl and 15 uM NBD-phytoceramide.
Each value is representative of the mean and standard error calculated for three independent biological

replicates.

Of the 126 compounds screened, 16 compounds were identified as hits; 14 were hits
against AtIPCS2 and 6 against OsIPCS2, 5 of these inhibited both enzymes. Dose
response analyses was carried out for these compounds in triplicate against AtlICS2,
OsIPCS2 and AURL1 to determine the ICso for each hit against the 3 enzymes. Of the 16
compounds tested only 2 showed activity against AUR1 at the highest concentration only
(100 uM): compound 2 and 4. There was no activity at lower concentrations. In contrast,

all compounds showed an inhibitory effect against the plant IPCSs.

Of the 4 compounds with an ICso < 10 uM, 2 are phenylamidines (Compound 1 and 2)
and the other 2 compounds are triazinone (Compound 3 and 4). These 4 compounds all
showed selective inhibition of AtIPCS2 over OsIPCS2 in the yeast-based assay, with I1Cso
values ranging from 3-5 pM for AtIPCS2 compared to 15-31 uM for OsIPCS2. The other
three pro-apoptotic compounds (Table 3-1, structures highlighted in red) also share the
same triazinone core but had ICso values 15-47 uM for the plant IPCSs and showed

differential selectivity for AtIPCS2 over OsIPCS2.
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Table 3-1: IC50 determination and chemical structures of the 16 compounds identified as hits in the biochemical assay; highlighted in blue are the compounds that exhibited

an ICso value < 10 uM, in red are the pro-apoptotic compounds and in purple is one of the proapoptotic compounds that also had an 1Cs0 < 10 uM against AtIPCS2

Compound | AtIPCS2 | AtIPCS2 R OsIPCS2 OsIPCS2 R square Compound structure
ID 1Cso 1IC5095% | square | ICso (UM) | 1Cs0 95%
(UM) confidence confidence
interval interval
(HM) (UM)
Structure redacted
1 (15/10h) 4.7 35t07.3 0.99 13.9to ??? 13.9 to ??7? 0.77
Structure redacted
2 (113/11h) 4.0 3.3t04.9 0.99 61.9 33.6 to 7?77 0.94
Structure redacted
3 (6/12b) 8.4 5.21022.0 0.94 43.8 undetermined 0.40
Structure redacted
4 (101/7h) 9.8 8.7t011.3 0.99 24.8 21.5t0 ??7? 0.98
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Structure redacted

5 (6/12a) 15.1 11.1t025.2 0.99 ~38.6 undetermined 0.78
Structure redacted

6 (7/4c) 22.5 13.6t098.4 0.97 ~35.3 undetermined 0.91
Structure redacted

7 (62/10d) 30.7 159103109 | 0.98 ~46.6 undetermined 0.83
Structure redacted

8 (101/8b) 53.0 25.1t0 ??7? 0.96 ~44.2 undetermined 0.5
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Structure redacted

9 (121/7h) 44.2 25.9t0 69712 0.96 ~37.6 undetermined 0.91
Structure redacted

10 (120/4a) 56.2 35.51096.8 0.97 | ~54633 | undetermined 0.91
Structure redacted

11 (15/4d) 59.8 22.9t0 ??7? 0.95 ~ 289 undetermined 0.11
Structure redacted

12 (3/59) ~0.0002 | undetermined | 0.14 ~200.7 undetermined 0.31
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Structure redacted

13 (41/4a) 539 | 27.1t0132.1 0.94 undetermined undetermined undetermined

Structure redacted
14 (74/7h) 16.1 11.2t032.6 0.98 69.8 29.61to ??? 0.97

Structure redacted
15 (66/10a) 1456 | undetermined 0.71 undetermined undetermined undetermined

Structure redacted
16 (84/7a) 1251 | 258.1to0 ??? 0.98 ~ 64027 undetermined 0.95
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A literature search reveals that these compounds fall in to two compound classes: 1,2,4
triazin-6-ones (compounds 3-6) and phenylamidines (compounds 1 and 2). The 1,2,4
triazin-6-ones are fungicidal compounds which were filed for patent in 2001 by Dow
Agrosciences?. Variants of this class have exhibited activity against the pathogenic fungi,
L. nodorum, M. grisea, U. maydis and Z. tritici®®>. The phenylamidines are active
pesticides which were first discovered in the 1960s by Bayer for control of plant fungi®,

with variants of these later patented for use as herbicides®.,

Structural analysis of the hits identified show that an aryl group attached to both nitrogens
is necessary for enhanced activity against the plant IPCS; compound 8 which has an
alkyne substituent attached to one of the nitrogens as opposed to an aryl group shows the
lowest activity of the triazinones identified. The presence of thio or ether linker does not
have much of an effect on plant IPCS activity and it seems that the presence of the more
electron withdrawing fluorine attached to both aryl rings as opposed to chlorine and
perhaps the presence of the fluorine at the meta position doubles the activity of the
compound against AtIPCS2 (deduction made by comparing compound 3 and 5). Addition
of a naphthalene substituent attached to sulphur as opposed to an aryl ring also seems to
decrease activity due to sterics. Interestingly, compound 7 showed lowest activity of the
triazinones possessing an aryl group attached to both nitrogens; the drop in activity is
probably due to the change in configuration of all the substituents (structure has been
flipped in compound 7) which shows that for good activity it is essential that the
configuration of the substituents be maintained for a specific interaction between the

electron withdrawing groups and a binding site in AtIPCS2.
3.6 In vivo screening

In vivo testing of the two compounds (compounds 1 and 2) that had 1Csp values below 5

UM was undertaken against 7 days old A. thaliana seedlings. Seedlings grown were first
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grown on agar containing no compound and then transferred to agar containing either
compound 1 or 2. Seedling transferred to agar containing 10 uM of compound 2 had
purple patches associated with anthocyanine biosynthesis in plant response to stress®?,
and no lateral roots compared to seedlings grown on agar containing DMSO (Figure 3-
18A), whilst seedlings grown on agar containing 10 uM of compound 1, showed no
obvious difference compared to wildtype (Figure 3-18B). Seedlings grown on 40 puM of
compound 2 exhibited the same phenotypes of purple patches on leaves and no lateral
root development. However, seedlings grown on 40 uM of compound 1, had chlorotic
phenotype usually associated with PCD* and no lateral root development compared to
controls (Figure 3-18B). These results indicated that both compounds affected root

development.

(A)

Figure 3-18: From left to right, 10 days old A. thaliana seedlings transferred to agar containing (A) 10 pL
DMSO, 10 uM and 40 uM compound 2 (B) 40 puL DMSO, 10 uM and 40 uM of compound 1. Image taken

7 days after transfer of seedlings to agar containing the respective compounds.
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Root growth was assessed by marking the root length after 4 days growth on the plates,
then the changes in root length were measured after 3 days. No change in root length was
observed in seedlings grown on 10 uM or 40 uM of compound 2. However, a significant
difference was found between the primary root length of seedling grown on 10 uM of
compound 1, compared to wildtype, with a reduction in root length by 30% (Figure 3-19)
and seedlings grown on 40 uM of compound 1 showing no root development.
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Figure 3-19: Root length measurements of seedlings grown in DMSO and in the presence of 10 uM of

compound 1. Each value is representative of the mean of six replicates.

3.7 Conclusion

The screening campaign to identify inhibitors of the plant IPCS led to the discovery of
the phenylamidine and triazinone class of compounds as selective inhibitors of AtIPCS
over AUR1, with the phenylamidines validated in an in vivo screen against A. thaliana
seedlings. The phenylamidines exhibit low pM activity against AtIPCS2 in vitro causing
chlorotic leaves, stunted development of lateral roots and primary root length in treated
seedlings. These findings are compelling and raise the question of an interplay between
sphingolipid biosynthesis and root development. The differential selectivity of these
compounds for AtIPCS2 over OsIPCS2 and AURL in the yeast-based assay and the
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enzyme assay, also raises the question as to how the compounds are interacting with the
target; there is a high degree of sequence identity between AtIPCS2 and OsIPCS2 (68%),
both sharing well conserved domains, so it would be interesting to explore how these
compounds are able to selectively inhibit one over the other. The differential selectivity
of the inhibitors identified for the dicot (A. thaliana) over the monocot (O. sativa) IPCS
can be utilized to create herbicide formulations that selectively kill dicot weeds without

harming monocot crops.
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CHAPTER 4

VALIDATION OF IPCS TRANSGENIC LINES FOR FUNCTIONAL GENOMIC
ANALYSES
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4.1 Chapter synopsis

In this chapter, the creation and characterisation of Arabidopsis thaliana transgenic lines
over-expressing AtIPCS1-3, and knock-down lines of AtIPCS1-3 are presented.
Transgenic lines of 35s::GFP.AtIPCS1, 35s::GFP.AtIPCS2 and 35s::GFP.AtIPCS3 were
also created for the analysis of protein localisation in Arabidopsis thaliana and Nicotiana
benthamiana. These transgenic lines have been created to probe the changes in the
transcriptome of knock-down/over-expression lines in response to a change in the
expression of each orthologue. Also described in this chapter is the phenotypic screen of
the transgenic lines, which identified an early flowering phenotype indicating a link

between IPCS and vernalisation.
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4.2 RNA interference, over-expression and localisation of AtIPCS1-3
using gateway cloning

Creating multiple expression constructs for the target gene of interest (AtIPCS1-3) using
traditional ligase-mediated cloning is time-consuming and laborious, hence the use of
gateway cloning. Gateway cloning exploits the bacteriophage lambda recombination

system, bypassing the use of ligase-mediated cloning®.

For RNA interference (RNAI) knock-down of a target of interest, double stranded RNA
from an inverted repeat of the target sequence was expressed, resulting in post-
transcriptional gene silencing (PTGS). The classical understanding of RNA. triggered by
the presence of an inverted repeat gene in plants involves transcription of the DNA
sequence resulting in the formation of double stranded RNA (dsRNA). Following this,
cleavage of dsRNA is mediated by the Dicer enzymes producing 21-25 nucleotides long
siRNAs, which were first identified in plant lines harbouring a transgene that induced
PTGS?. RNA.: is carried out by the RNA induced silencing complex (RISC) a protein—
RNA effector complex, that utilizes the complementarity of the sSiRNA sequences to their
target mMRNA, resulting in degradation of the target mMRNA mediated by the Argonaut

proteins®. This leads to silencing or expression knock-down of the target.

Knock-down or silencing of an IPCS gene can be achieved by the introduction of
exogenous miRNAs designed to specifically target one of the three IPCS isoforms. The
system utilized in this study is attractive as an alternative to the use of miRNAs, in that
the siRNA produced from the dsRNA could potentially target the expression of one or
more of the IPCS isoforms because of the high sequence identity shared; making it
possible to observe the cumulative effect of differential expression of each IPCS isoform

on plant development.
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The Gateway ‘destination’ vectors used in this study were designed by Karimi et al.%; the
pK7WG2 vector was used for over-expression, the pK7GWIWG2 (1) for silencing and
the pK7FWG2 for localisation by N-terminal tagging of each IPCS orthologue with green

fluorescent protein (GFP).

Each IPCS orthologue (AtIPCS1-3) was cloned into the over-expression vector
(pPK7WG2), the silencing vector (pK7GWIWG2) and pK7FWG2 for GFP N-terminal
tagging. The clones were verified as described in Materials and Methods. Subsequently,
Agrobacterium tumefaciens (strain GV1301) mediated transformation of wild-type

Arabidopsis (Col0) with the constructs was carried out to generate the TO generation.
4.2.1 AtIPCS1-3 localisation

For preliminary localisation of AtIPCS1-3, the N-terminal GFP-tagged IPCSs constructs
were used to transform Nicotiana benthamiana using agrobacterium strain GV1301 for

transient expression of the protein. The 35s::GFP cytosolic marker was also transiently

expressed as a control.

Figure 4-1. From left to right, expression of 35s::GFP cytosolic marker, 35s::GFP.AtIPCS1,
35s::GFP.AtIPCS2 and 35s::GFP.AtIPCS3 imaged 48 hours after infiltration of Nicotiana benthamiana

with agrobacterium harbouring respective constructs for each isoform.

The first attempts at the transient expression of 35s::GFP.AtIPCS2 and 35s::GFP.AtIPCS3
failed with no fluorescence observed (Figure 4-1). However, 35s::GFP.AtIPCS1 exhibited

high levels of expression (Figure 4-1). A closer look using confocal microscopy revealed
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that the expression pattern was indicative of cytosolic expression (Figure 4-2).

The cytosolic localisation of a multi-transmembrane protein such as AtIPCS1 was
surprising given previous work by Wang et al. which had demonstrated that AtIPCS2 is
localised to the trans Golgi network®. The results from 35s::GFP.AtIPCS1,
35s::GFP.AtIPCS2 and 35s::GFP.AtIPCS3 transient expression suggested that the plant
had pre-empted the expression of GFP tagged IPCS, resulting in free cytosolic GFP
expression for the 35s::GFP.AtIPCS1 construct and no expression for 35s::GFP.AtIPCS2
and 35s::GFP.AtIPCS3 constructs. The function of AtIPCS2 as a negative regulator of
PCD is well characterized®; AtIPCS role in defence response could result in the silencing
of 35s::GFP.AtIPCS expression in planta to pre-empt an incompatible reaction or could

be due to the instability of the fusion protein.

To ensure that the cytosolic expression of 35s::GFP.AtIPCS1 was not as a result of over-
expression due to multiple t-DNA insertions in a cell which is a consequence of high
numbers of bacteria, the optical density of agrobacterium used to infiltrate N.

benthamiana with the localisation constructs was reduced by 1/3.

Figure 4-2: Subcellular localisation of 35s::GFP.AtIPCS1 imaged 48 hours after tobacco
infiltration with agrobacterium harbouring 35s::GFP.AtIPCS1 expression construct.
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This was also beneficial for testing 35s::GFP.AtIPCS1 and 2 to find out if suppression of
expression was a result of the detection of high levels of AtIPCS transcript.
35s::GFP.AtIPCS1, 2 and 3 were co-infiltrated respectively with RFP tagged sialyl
transferase (ST) which is localised to the Golgi®. From the results (Figure 4-3) it was clear
that the expression and localisation of ST RFP to the Golgi was successful, however, no
expression could be seen for 35s::GFP.AtIPCS1-3. With the unsuccessful expression of
35s::GFP.AtIPCS1-3 in N. benthamiana, 35s::GFP.IPCS expression was checked in A.
thaliana transgenic lines. From the T2 generation; RNA was isolated from the 10 day old
seedlings, and following cDNA synthesis, real-time PCR was used to quantify

35s::GFP.AtIPCS1, 2 and 3 expression.

Figure 4-3: left to right, expression of the Golgi marker ST RFP, merged image of GFP tagged AtIPCS1 and
ST RFP, merged image of GFP tagged AtIPCS2 and ST RFP, merged image of GFP tagged AtIPCS3 and ST
RFP. Plasmid DNA of ST RFP and 35s::GFP.AtIPCS1, 35s::GFP.AtIPCS2 and 35s::GFP.AtIPCS3

respectively was introduced into tobacco cells by infiltration with agrobacterium and imaged with a confocal

microscope 72 hours after infiltration.

Analyses were carried out using the comparative cycle threshold (Ct) method which is
based on the fold difference in gene expression between the target and an internal standard
gene’. In this study, the internal standard was PEX4, which encodes a ubiquitin-
conjugating enzyme-like protein involved in transporting proteins targeted to the

peroxisome®.
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Transgenic lines harbouring 35s::GFP.AtIPCS2 and 3 were lost due to a viral infection,
however, 35s::GFP.AtIPCS1 transgenic plants were retrieved, and seeds from this line
were grown and checked for expression of IPCS1 using real-time PCR and gene specific
primers. As expected these transgenic lines had higher expression of AtIPCS1 compared

to ColO (Figure 4-4).

However, under the confocal microscope, only low levels of fluorescence were observed,
surrounded by dark regions that were indicative of dead cells (data not shown). These and
the data above indicated that 35s::GFP.AtIPCS constructs were not suitable for

localisation analyses.
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Figure 4-4: Relative transcript levels of AtIPCS1 in Arabidopsis transgenic lines compared to wild-type: ten-
week -old seedlings were grown on MS agar. Nomenclature of transgenic line is as follows: the first number
identifies the IPCS isoform and the second number in brackets refers to the clonal line. Total RNA prepared
from these seedlings and cDNA synthesised from 2 pg of total RNA, then used for transcript analysis using
SYBR green RT-PCR. Results are an average with standard error calculated for three technical replicates in
each clonal line.

4.2.2 AtIPCS1-3 RNAI transgenic lines

In a similar manner, expression levels in RNAIi AtIPCS1, 2 and 3 Arabidopsis knock-

down lines were also quantified by real time PCR. To circumvent the detection of
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accumulating IPCS mRNA in the cytoplasm destined for degradation, primers were
designed to detect the 3’ untranslated region (UTR) so that only the detection of mMRNA

destined for translation would be quantified.

Quantification of each IPCS isoform was probed with three specific primers pairs for each
isoform to establish how the knock-down of one of the isoform would affect the
expression pattern of the other (Figure 4-5). AtIPCS1 transcript levels were 57 and 77%
relative to ColO for Atl RNAI 5 and 6 transgenic lines respectively. Interestingly AtIPCS1
levels were also reduced in At2 RNAI 3, At2 RNAI 4 and At3 RNAI 2 (45, 85 and 46%
respectively); these also exhibited the expected reduction of AtIPCS2 transcript levels
(61, 86 and 56% respectively). The transgenic lines At2 RNAI 1 and At2 RNAI 7 had
AtIPCS2 transcript levels of 53% and 61% relative to Col0, and At3 RNAI 2 exhibiting

AtIPCS2 levels of 56%.

Quantification of AtIPCS3 transcripts in the transgenic lines, revealed that At2 RNAI 3
and At3 RNAI had significantly less AtIPCS3 transcript compared to Col0 (19 and 45%
respectively). Of all the transgenic lines tested, At2 RNAI 3 showed reduction in the
expression of all three IPCS isoforms. This was of particular interest, for the further

analyses of the global effects of sphingolipid dysfunction.

To understand the modulation of the three IPCS isoform in relation to one another, scatter
graphs showing the transcript levels detected for one isoform plotted against the transcript
levels detected for another isoform in the same transgenic lines were drawn with 85%
reduction in IPCS transcript level set as the cut off value (Figure 4-6A-C). No correlation
was found between AtIPCS1 and AtIPCS2 expression levels, however lines that had
shown a decrease in AtIPCS2 transcripts levels had an observable increase in AtIPCS3

expression (Figure 4-6C — points highlighted in yellow).
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Figure 4-5: Relative transcript levels of AtIPCS1-3 in Arabidopsis transgenic lines compared to wildtype using specific primers designed for each isoform and designed to detect
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Figure 4-6: Percentage transcript levels of AtIPCS1-3 in the transgenic lines relative to Col0 (A) AtIPCS1 vs
AtIPCS3 levels (B) AtIPCS2 vs AtIPCS1 levels (C) AtIPCS3 vs AtIPCS2. Highlighted in red are transgenic
lines that showed significant reduction in transcript level for both IPCS isoforms and highlighted in yellow

are transgenic lines which showed a relationship between the differential expression of AtIPCS2 and AtIPCS3.
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Based on the initial results, three transgenic lines were selected for each isoform of
AtIPCS which showed a reduction in transcript levels: AtIRNAI 5, Atl RNAI 6, Atl
RNAI 7, At2 RNAI 1, At2 RNAI 3, At2 RNAI 7, At3 RNAI, At3 RNAI 2 and At3 RNAI
5. To confirm genetic stability of the reduced transcript levels of IPCS, the transgenic
lines were grown to obtain the T3 generation and the transcript levels of AtIPCS1, 2 and

3 quantified (Figure 4-7).

Quantification of AtIPCS1 showed that the transgenic lines which had previously shown
a decrease in transcripts of 57% and 77% for Atl RNAI 5 and Atl RNAI6 (Figure 4-9)
had increased to 106% and 93% respectively. This indicated that RNAi of AtIPCS1
transcripts was not genetically stable. In contrast, the reduction in AtIPCS2 transcripts
proved to be genetically stable with similar levels observed for the selected transgenic

RNAI and At3 RNAI 5 had 26% and 16% of AtIPCS3 wild-type transcript, compared to
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Figure 4-7: Relative transcript levels of AtIPCS1, 2 and 3 in the selected Arabidopsis transgenic lines
from the T3 generation compared to wildtype. Nomenclature of transgenic line is as follows: the first
number identifies the IPCS isoform and the second number refers to the clonal line. Total RNA was
extracted from ten-day-old seedlings grown on MS agar and cDNA synthesised from 2 ug of total RNA.
Transcript levels were analysed using SYBR green RT-PCR and are the average with standard error

calculated for three technical replicates in each clonal line.
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lines: At2 RNAI 1 (20%), At2 RNAI 3 (69%) and At2 RNAI 7 (45%). Similarly, At3 the
earlier gPCR result which yielded 45% and 78%. Interestingly, all lines, except At3 RNAI

4, showed a reduction in AtIPCS2 mRNA levels, 20-69% of wild-type.

It was observed that there was large variation between the biological duplicate results, in
some part is owed to pipetting errors, but also to the fact that the analysed lines comprise
of pools of different clonal lines consisting of hemizygous, homozygous and wildtype
expression of the different isoforms of AtIPCS. To isolate a stable homozygous line, T3
transgenic clonal lines were collected separately and a progeny test carried out. The
progeny test is based on the knowledge that the transformed TO generation are

heterozygous for the introduced transgene and are kanamycin resistance®.

Following self-pollination of the T1 generation, a mixture of homozygous (kanamycin
resistant), hemizygous (kanamycin resistant) and wildtype (kanamycin sensitive) T2
generation is formed with a segregation ratio of 3:1 for transgenic lines harbouring the
transgene. The same pattern of antibiotic selection also occurs in the T3 generation but
with a segregation ratio of 5:3. If the parent of the T3 generation is homozygous, all seeds
grown on kanamycin plates will survive as all of the progeny of a homozygous parent
would be homozygous and therefore kanamycin sensitive. In contrast parent lines that are

hemizygous will have some progeny that are kanamycin sensitive and not viable.

Of the 60 independent transgenic lines tested, 6 transgenic lines tested positive as
homozygous lines with all seeds grown on kanamycin medium surviving. transgenic lines
had reduced expression for at least one isoform of AtIPCS (Figure 4-8). However, RNAI
effectively reduced transcript levels when targeted against AtIPCS2 and 3; AtIPCS1
RNAI did not lead to a decrease in AtIPCS1 mRNA (Figure 4-8) which suggests that it

has an essential role linked to the early developmental stages in plants.
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Figure 4-8: Relative transcript level of AtIPCS1, 2 and 3 n T3 homozygous Arabidopsis transgenic lines
compared to wildtype using specific primers designed to detect the 3’ UTR in each isoform. Nomenclature
of transgenic line is as follows: the first number identifies the IPCS isoform and the second refers to the
clonal line Total RNA was extracted from ten-day-old seedlings grown on MS agar and cDNA synthesised
from 2 pg of total RNA. Transcript levels were analysed using SYBR green RT-PCR and are the average
with standard error calculated for three technical replicates in each clonal line.

4.2.3 AtIPCS1-3 overexpression transgenic lines

Quantitation of transgenic lines over expressing AtIPCS1-3 was carried out in the same
manner. It was found that over-expression of AtIPCS1 and AtIPCS3 was highly efficient
with very high levels of transcript detected, hundreds of folds higher than Col0. In
contrast, over-expressing AtIPCS2 had transcript levels only 5-7-fold higher than Col0

(Figure 4-9A-C).

The lower relative over-expression of AtIPCS2 in the transgenic lines, was despite the
fact that this isoform is the most highly expressed in Arabidopsis. These data suggested
that the level of AtIPCS2 expression is tightly regulated, which could indicate that this is
because AtIPCS2 functions as a negative regulator of PCD?, so it is vital for plant survival
that the expression levels are tightly regulated. Therefore, transgenic lines with higher

levels of AtIPCS2 transcripts may not be viable, resulting in a selection pressure for lines
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Figure 4-9: Quantification of AtIPCS1, 2 and 3 transcripts in respective overexpression transgenic lines
Arabidopsis compared to wildtype using specific primers designed to detect each IPCS isoform (A) AtIPCS1
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replicates in each clonal line.
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with lower over-expression levels of AtIPCS2. These data also showed that the over-
expression is target specific, with the transcript levels of the other isoforms found to be

relatively unaffected (Figure 4-9A-C).

4.3 Phenotypic analysis of transgenic lines

Phenotypic analyses of the transgenic lines revealed no obvious phenotype at 10 days,
however one transgenic line At3 RNAIi 4 had seedlings displaying chlorotic leaves

(Figure 4-10). When these were transferred to soil there was no growth.

e

Figure 4-10: Phenotypic analysis of 13 days old at At3 RNAI 4 transgenic lines grown on MS agar; some

seedlings have chlorotic leaves which are highlighted in blue circles.

Work carried out by Boyes et al. outlined the principle growth stages of Col0 from seed
imbibition to senescence including the average period in days for each stage for plate-
based and soil-based phenotypic analysis'®. Phenotypic analysis of the transgenic lines

compared to Col0 showed that RNAI transgenic lines had earlier inflorescence emergence
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Figure 4-11: Phenotypic analyses of transgenic lines at 31 days (A) Col0 (B) Atl RNAI 7 (4) (C) Atl over exp 7 (D) At2 RNAI 1(3) (E) At2 over exp 9 (F) At3 RNAI (2)
(G) At3 over exp 5.
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Figure 4-12: Phenotypic analyses of transgenic lines at 44 days (A and B) Col0 which had flowered with varying degrees in height (C) Atl RNAi 7 (4) (D) Atl over
exp 7 (E) At2 RNAI 1(3) (F) At2 over exp 9 (G) At3 RNAI (2) (F) At3 over exp 5.
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and flowering compared to over expressing transgenic lines and Col0. RNAI transgenic
lines flowering was first captured at 31 days (Figure 4-11) whilst Col0 and the over-
expressors at the same time point still showed no signs of flowering. IPCS overexpressing
lines flowered (40 days) slightly earlier than ColO (44 days) and were found to growing

quicker (Figure 4-12).

This phenotype of early flowering has been shown to be a phenotype of plants grown in
cold condition for extended periods of time and is triggered by a decrease in Flowering
Locus C (FLC) transcript levels!!. This process termed vernalisation, is not an inheritable
trait and requires low temperatures exposure in successive generations to promote
flowering*2. In addition there is an FLC independent vernalisation pathway that promotes
early flowering®?, as does the autonomous pathway, which also controls flowering time
in plants and requires the repression of FLC expression for early flowering®*. The early
flowering observed in RNAI transgenic lines are inheritable, implicating IPCS has a role
to play in accelerating plant flowering time in Arabidopsis.
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Figure 4-13: Tracking the growth of transgenic lines over 52 days; RNAI lines stem emergence (31 days)

was earlier than overexpression transgenic lines and Col0O (44 days).

Another phenotype observed in the RNAI lines were much smaller rosette leaves and

weak stems which needed support to stand upright, compared to Col0 and over-
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expressing lines which had bigger rosette leaves and strong stems that were upright

(Figure 4-12).

In addition, some RNAI transgenic lines showed early onset of senescence at 44 days in
comparison to over expressing transgenic lines and Col0 (Figure 4-12). A comparison of
plant growth showed that the RNAI lines exhibited initial acceleration in flowering
relative to the overexpressing lines and Col0 (Figure 4-13). However, after late
inflorescence emergence the overexpressing lines grew at a quicker rate and surpassed

the RNAi lines in height.

4.4 Transcript quantification of AtIPCS homozygous lines from
European seed bank

In an alternative approach, homozygous tDNA mutants of AtIPCS1-3 were sought from
the European seed bank, but only mutants for AtIPCS2 (N696590) and AtIPCS3
(N674600) were available. Transcript levels of AtIPCS1 and AtIPCS2 were quantified in

the homozygous t-DNA mutant lines (Figure 4-14).
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Figure 4-14: Transcript level of AtIPCS1, 2 and 3 in homozygous t-DNA mutants AtIPCS1 and AtIPCS2.

136 |Page



The AtIPCS1 t-DNA mutant showed a significant reduction in AtIPCS1 transcripts,
however, the AtIPCS2 t-DNA mutant exhibited high levels of AtIPCS2 mRNA. In
AtIPCS2 t-DNA mutants, the insertion was found to be located upstream of the AtIPCS2
promoter, so disruption of expression would be far from certain. Indeed, studies of
multiple t-DNA mutants have shown that insertion in the intron or exon regions are more
effective than insertions occurring in the promoter or regions upstream of the promoter®®.
In comparison, the t-DNA insert for AtIPCS1 was located in the intron sequence. Although
this would have been spliced out, the significant reduction in AtIPCSL1 transcript levels

suggested that transcripts were produced with decreased efficiency.

4.5 Conclusion

AtIPCS1-3 RNAI and over expressing transgenic lines were created and verified by
gPCR. Homozygous lines were verified by progeny testing for RNAI lines. Phenotypic
analyses of the transgenic lines yielded some interesting results, implicating IPCS in plant
development particularly with regards to the robustness of the stem. In addition, IPCS
was found to be implicated in vernalisation as indicated by the early flowering phenotype
in RNAI AtIPCS1-3 knock down transgenic lines, which is genetically stable and
hereditary. The overexpressing lines also exhibited an early flowering phenotype
compared to Col0 but was much later compared to the RNAI transgenic lines, indicating
that reduction in AtIPCS transcripts has a more pronounced effect on the flowering time
of plants. In generally the RNAI lines were unhealthy, with earlier onset of senescence
and withering brown leaves when compared to over-expressers and Col0. These
observations show that IPCS is necessary in plants development. For a deeper
understanding of which biological pathways are affected by a change in IPCS expression,

transcriptomic analyses were carried out, which will be discussed in the next chapter.
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CHAPTER 5

RNASEQ ANALYSES OF TRANSENIC LINES
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5.1 Chapter synopsis

In this Chapter, RNASeq was carried out on transgenic lines overexpressing each isoform
of IPCS in Arabidopsis thaliana. Analyses of the changes in the transcriptome revealed
the role of AtIPCS in plant defence response to biotic and abiotic stress. In addition,
RNASeq analyses were also carried out on an AtIPCS1 t-DNA insertion mutant to
compare changes in the transcriptome with the over-expressor lines, thereby uncovering
the effects of the dose dependent expression of AtIPCS and the global function of IPCS

in plants.

5.2 Analyses of the transcriptome

Following the verification of the transgenic lines (Chapter 4) RNASeq was carried out on
10-day old over-expressor lines and 10 day old AtIPCS1 t-DNA mutant line at principal
growth stage 1.02; the RNAI lines were not utilized for RNASeq due to the limited time
available. Principle component analysis (PCA) was carried out to quantify the variance
between data sets (levels of gene transcription in each plant cell) in different samples

(technical and biological replicates).

A PCA plot was created that captured the variance in the transcription patterns in each
sample, accounting for 73% of the variance identified. From this plot, it was clear to see
that all technical replicates of each biological sample, apart from one AtIPCS2 over-
expressor, At2-over-exp-2, clustered closely together, demonstrating that the
transcriptomic data from the technical replicates, are similar, as expected (Figure 5-1).
The variability in the variance between technical replicates for At2 over-exp-9 cannot be
explained. However, a sample-to-sample heat map showing the similarities and

dissimilarities between samples, reveals that all technical replicates of a given biological
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sample, including At2-over-exp-9 cluster together (Figure 5-2). This showed that the
technical replicates of At2-over-exp-9 are actually quite similar, despite the differences

in variance revealed in the PCA plot.
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Figure 5-1: PCA plot of variance between transcriptome of technical and biological replicates for

AtIPCS1-3 over-expresser and AtIPCS1 t-DNA mutant transgenic lines.
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Figure 5-2: Heat map showing sample to sample distances for technical and biological replicates.

Functional characterisation of OsIPCS1-3 has been carried out, and has revealed that the
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expression of each IPCS isoform is modulated in response to abiotic stress (drought, cold
and salt) to different degrees, with each isoform showing an organ specific expression
patternt. OsIPCS1 and OsIPCS2 were found to be upregulated in response to cold and
drought in the roots and stem, but specifically down-regulated in the leaves in response
to cold. OsIPCS3 expression was found to be upregulated in all tissues, in response to

drought, cold and salt stress.

To date, there has been limited functional characterisation of the three IPCS isoforms in
A. thaliana. Work done by Wang et al, has characterised AtIPCS2 as a negative regulator
of PCD?in plants, but little is known about AtIPCS1 and AtIPCS3. These two homologues
are likely redundant in function, and exhibit tissue-specific differential expression, with
AtIPCS2 found to be highly expressed in all tissues, whilst AtIPCS1 expression is log
fold > 2 lower in expression in all tissues and AtIPCS3 is highly expressed in flowers, and
stems comparable to AtIPCS2 expression levels®. AtIPCS3 shows a logz fold > 3 lower
expression levels than AtIPCS2 in roots, rosette leaves, cauline leaves, and siliques and
is lower in expression in comparison to AtIPCS1 in all tissues apart from in siliques,
flowers and stems®. The differential expression of the three isoforms, could be an
indication of as yet unidentified, tissue specific regulatory roles and modulation of plant

response to stimuli, based on the specific expression pattern of each isoform.

RNASeq of two biological replicates for each IPCS isoform over-expressor lines was
carried out, with Col0 as control. Genes that were identified as upregulated with a logs
fold difference in expression in both biological replicates, compared to Col0, were carried
forward for further analyses. It was found that 275 genes were upregulated in the AtIPCS2
over-expressors, 70 in AtIPCS1 and 19 genes in the AtIPCS3 over-expressors; of these 15
were found to be upregulated in response to the overexpression of all three isoforms

(Figure 5-3A). Regarding the down regulated genes, again AtIPCS2 over expressors
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transgenic lines had the highest number showing a logz fold change > 2 in expression,
with 135 compared to 54 and 59 genes for AtIPCS1 and AtIPCS3 respectively (Figure 5-

3B). Of these, 26 genes were downregulated in all three IPCS isoforms over-expressors.

The acquisition of high-throughput data from genomic and proteomic experiments,
results in labour-intensive analyses to identify the involvement of a set of genes in a
specific pathway. In order to achieve this, pathway analysis (also called enrichment
analysis) is undertaken to identify the underlying biological function of these set of genes;
this is referred to as the gene ontology*. The set of genes enriched under a specific GO
are then compared to a set of genes associated with a specific biological pathway, and p-
values generated by comparing the observed frequency of a GO term with the frequency
expected by chance; GO annotation with a p-value < 0.05 are considered to be enriched®.
Singular enrichment analysis was carried out to categorise the genes identified, into the

relevant biological pathways within which they function.

Figure 5-3: Venn diagrams showing the number of genes that were (A) upregulated (B) down regulated

in the overexpression lines when compared to ColO.
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5.3 Genes downregulated in response to the overexpression of AtIPCS1,
2and 3

Analyses of genes that were downregulated and upregulated in response to the
overexpression of AtIPCS1, 2 and 3 was carried out wusing agriGO
(http://biocinfo.cau.edu.cn/agriGO/analysis.php). Genes downregulated in both AtIPCS1
over expressors (Atl-over-exp-3 and Atl-over-exp-7) revealed a significant enrichment
(p = 1.87e-12) for genes annotated with the GO term GO:0006950 response to stress, with
43.4% (23/53) of the genes associated with this term compared to 6.14% in the
Arabidopsis transcriptome (Table 5-1). Other GO terms with siginificant enrighment
include response to biotic stimulus (13/53) and defence response (13/53), with response
to salicylic acid (7/53) and jasmonic acid stimulus (5/530) also showing enrichment. Of
the 23 genes enriched under resposne to stress, 13 were associated with defence response
and 9 were found to be downregulated by a log. fold > 2 in at least one biological replicate

(highlighed in bold in Table 5-2).

Of particular interest are genes that showed a dose dependent decrease associated with
higher transcript levels of AtIPCS1 in the Atl over-exp-7 transgenic line; these genes
included plant defensin 1.2B, the salicylic acid inducible pathogenesis-related genes, PR1
and PR2, and an ethylene/jasmonate responsive element plant defensin, a well
characterized component of the defence network against pathogens® (Figure 5-2). PR1
and PR2, and the ethylene/jasmonate responsive element plant defensin, showed a 2-fold
decrease in transcript levels in Atl over-exp-7 transgenic lines, compared to Atl over-

exp-3 which over expresses AtIPCS1 at a lower level.

This implied that there is a link between the levels of AtIPCS1 transcript and the
expression of these genes. The roles of PR genes are well established in the plant response

to biotic and abiotic stress; PR2 and PR5 expression level are elevated in response to plant
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Table 5-1: GO enrichment of genes down regulated in response to the constitutive overexpression of AtIPCS1

GO term

G0:0050896
G0:0006950
GO0:0051707
G0:0009607

G0:0006952
GO0:0051704

G0:0009814

GO0:0009751

G0:0045087
G0:0009628

G0:0006955
G0:0002376
G0:0009753

G0:0010033

G0:0042221
G0:0009605
G0:0009266
G0:0009416

GO0:0009314
G0:0009719

G0:0005618
G0:0030312

Description

Response to stimulus
Response to stress
Response to other organism
Response to biotic stimulus

Defence response
Multi-organism process

Defence response, incompatible interaction

Response to salicylic acid stimulus

Innate immune response
Response to abiotic stimulus

Immune response
Immune system process
Response to jasmonic acid stimulus

Response to organic substance

Response to chemical stimulus
Response to external stimulus
Response to temperature stimulus
Response to light stimulus

Response to radiation
Response to endogenous stimulus

Cell wall
External encapsulating structure
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Number in input list
32
23
13
13

13
13

7

12

~ ~

10
12
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Number in Background
4057
2320
599
638

766
776

143

200

347
1471

367
368
215

1342

2085
429
485
596

613
1068

403
407

p-value
3.50E-18
1.50E-14
2.10E-12
4.60E-12

4.30E-11
5.00E-11

1.80E-09

1.70E-08

6.30E-07
7.60E-07

9.10E-07
9.30E-07
1.50E-05

1.60E-05

2.60E-05
0.00035
0.00062
0.0015

0.0017
0.0038

2.30E-05
2.40E-05
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Table 5-2: Genes down requlated by the constitutive overexpression of AtIPCS1, highlighted in red are genes responsive to JA signalling, in blue are genes responsive to SA
signalling, in purple are genes responsive to SA and JA and in bold are genes with logz fold change > 2

Atl-over-exp-3 Atl-over-exp-7

Gene ID Gene annotation Log: fold p-value Logz fold change p-value
change
AT1G31580 ECS1 (CARBOXYPEPTIDASE) -1.6 1.60E-73 -1.1 3.71E-37
AT2G24850 TAT3 (TYROSINE AMINOTRANSFERASE 3) -1.8 6.29E-17 -4.0 1.33E-53
AT2G26020 PLANT DEFENSIN 1.2B -1.9 8.15E-18 -5.0 1.44E-66
AT5G52310 LTI78 (LOW-TEMPERATURE-INDUCED 78) -1.1 6.25E-52 -1.5 5.40E-102
AT2G14610 PR1 (PATHOGENESIS-RELATED GENE 1) -3.4 1.83E-172 -7.3 4.08E-238
AT1G75040 PATHOGENESIS-RELATED GENE 5 -1.4 3.27E-22 -1.7 2.13E-33
AT1G06160 OCTADECANOID-RESPONSIVE ARABIDOPSIS AP2/ERF 59 -1.0 1.14E-10 -14 9.92E-17
AT1G06040 STO (SALT TOLERANCE) -1.1 2.13E-28 -1.5 1.78E-49
AT2G14560 LURP1 (LATE UPREGULATED IN RESPONSE TO HYALOPERON -2.7 5.62E-112 -3.4 1.13E-162
OSPORA PARASITICA)
AT5G10140 FLC (FLOWERING LOCUS C) -1.2 2.18E-09 -1.5 4.16E-14
AT1G19670 CLH1 (CORONATINE-INDUCED PROTEIN 1) -1.7 4.25E-75 -1.8 9.20E-91
AT4G14400 ACD6 (ACCELERATED CELL DEATH 6) -1.7 3.11E-73 -1.5 5.03E-60
AT5G57380 VIN3 (VERNALIZATION INSENSITIVE 3) -1.1 0.002783851 -1.1 0.001246826
AT5G37260 RVE2 (REVEILLE 2) -1.4 2.65E-46 -1.2 1.18E-38
AT3G57260 PATHOGENESIS-RELATED PROTEIN 2 -1.9 1.17E-30 -5.3 4.64E-102
AT3G56400 WRKY?70 -1.0 3.44E-33 -1.8 3.96E-89
AT3G45860 RECEPTOR LIKE PROTEIN-KINASE -1.5 6.64E-09 -2.9 3.18E-24
AT5G44420 ETHYLENE AND JASMONATE RESPONSIVE PLANT DEFENSIN -2.7 1.49E-54 -6.1 2.23E-122
AT4G12490 AZI3, LPID TRANSFER PROTEIN (LTP) -1.3 7.93E-05 -4.6 4.17E-43
AT4G24350 PHOSPHORYLASE FAMILY PROTEIN -1.2 8.48E-38 -1.2 1.08E-41
AT3G25760 AOCL1 (ALLENE OXIDE CYCLASE 1) -1.2 6.06E-40 -1.7 4.85E-72
AT2G40750 WRKY54 -1.3 4.41E-14 -1.2 1.08E-13
AT1G09080 ATP binding BIP3 -1.1 7.65E-06 -2.5 6.79E-21
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infection with the pathogen, Erwinia amylovora’. PR1 expression is elevated in response
to SA®, ethylene and methyl jasmonate®, and all three PR genes are upregulated in
response to drought'®. The down regulation of these PR genes (PR1, PR2 and PR5) in
response to the constitutive overexpression of AtIPCS1 implies that AtIPCSL1 is part of

the plant defence signaling network.

Interestingly, between the two AtIPCS1 over-expressors, a 3-fold difference in transcript
levels of tyrosine amino transferase 3 (TAT3) was observed; this protein has been shown
to increase in expression in 