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Abstract

Plants synthesise a diverse range of secondary metabolites that have a
wide range of functions from pigmentation to plant defence. Oxidosqualene
cyclases (OSCs) catalyse the first committed step in triterpenoid secondary
metabolite synthesis and cyclise 2,3-oxidosqualene to a number of cyclic
products. This work describes the characterisation of B-amyrin synthase from the
diploid oat Avena strigosa (AsbAS1). AsbAS1 catalyses the first committed step
in synthesis of Avenacin A-1, an antimicrobial triterpene glycoside that confers
broad spectrum disease resistance. To date, functional analysis of plant OSCs has
been studied via site-directed mutagenesis in yeast and inhibitor studies. This
work describes the first set of OSC mutants isolated through a forward screen for
loss of function.

A homology model of AsbAS1 was dgenerated based on structural
information from human lanosterol synthase (hOSC). Each step of the cyclisation
process was explored in detail and AsbAS1 was found to have conserved catalytic
residues that are seen in all OSCs, as well as two amino acid residues, Trp257
and Phe259, that are implicated in the formation of pentacyclic products. AsbAS1
contains catalytic regions that are unique to monocot triterpene OSCs suggesting
that they have evolved separately to dicot triterpene OSCs.

Seventeen AsbAS1 (sadl) mutants identified from a forward screen for
avenacin deficiency were characterised at the gene, transcript and protein level.
All mutants contained single point mutations in the Sad1 gene which introduced
predicted premature termination of translation codons, splicing errors or amino
acid substitutions into the Sad1 coding sequence. Only two sadl mutants, #358
and #384/#1023, produced full-length AsbAS1 protein and the mutations, both
located in the active site, are likely to affect reaction initiation and D-ring
stabilisation respectively. The location of the substitution mutations implies that
OSCs are very tolerant of mutations in areas of the enzyme that are not critical
for function and only mutations that seriously affect enzyme expression or
function result in premature termination of metabolic pathways.

To date, no triterpene OSCs have been purified on a large scale from
heterologous expression. AsbAS1 was cloned and heterologously expressed in
Pichia pastoris. An in vitro assay was developed to screen for functional
transformants and a purification strategy using metal affinity chromatography

and gel filtration enabled partial purification of tagged AsbAS1.



Chapter 1 - Introduction

1.1 Cereals and disease resistance

1.1.1 The Gramineae: a family of the plant kingdom

The family Gramineae, also known as Poaceae, is part of the kingdom
Plantae and is found in the subclass Liliopsida (monocots) of the flowering plants.
Members of the Gramineae family, around 10,000 species, are commonly referred
to as grasses and are found across all parts of the world in every kind of habitat.
This widespread occurrence of grasses is due to their ability to adapt to a range of
soil types and climates, to compete successfully with other plant types and to
survive high levels of predation (1). The grasses that are grown for human
consumption are known as cereals. In 2005 cereals provided 46% of the total
worldwide calorie consumption and most of the worldwide carbohydrate either
directly via cereal grain from crops such as wheat, rice, maize, barley, oats,
sorghum and millet, or indirectly through animal feed. Many parts of the world
rely on cereals as their major food source, for example, rice in Asia and millet in
Africa. The three most common cereals produced throughout the world are maize
(Zea mays), wheat (Triticum aestivum) and rice (Oryza sativa) and together they

account for 86% of all grain production worldwide (2-4).

1.1.2 Susceptibility of cereals to pathogenic fungi

Like all other plants, cereals are susceptible to colonisation by pathogenic
fungi. For example, Rhynchosporium secalis causes leaf scald, Tapesia yallundae
causes eyespot and Claviceps purpurea causes ergot. The fungus
Gaeumannomyces graminis var. tritici, commonly known as the Take-all fungus,
causes one of the most serious diseases of cereals and mainly affects wheat and
barley (5). Take-all is a large problem in the United Kingdom and currently the
only option for control of the disease is crop rotation, as chemical treatments are
unreliable and there is no good source of genetic resistance to Take-all in
cultivated wheat. In the United Kingdom it is estimated that over half of the
wheat crop is affected and suffers losses of 5-20%, with up to 50% loss if the
disease is severe. The estimated loss to farmers is £60 million a year (6). The
plant can be infected throughout its growth and development but infection is
usually most severe in the third or fourth successive cereal crop (7). The fungus

begins its infection from inoculums in the soil and then spreads along the root via
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Figure 1.1: Colonisation of cereals by the Take-all fungus

A. Shows the path of Take-all infection as the fungus spreads through cereal plants. The fungus
enters the plant through the cortical cells of the roots. It travels upwards through the plant until it
reaches the crown and from there it spreads up the main stems and tillers. Image adapted from
http://www.ipm.ucdavis.edu. B. The effect of Take-all on wheat roots. Compared to healthy roots
(above), diseased roots (below) have black lesions. Images taken from Bateman et al. (2006) (6).

runner hyphae. It then enters the cortical cells of the root, stem and tillers of the
plant, blocks the vascular system which cuts off the supply of nutrients and water
causing death. Phenotypes of the disease include stunted growth, fewer tillers,
premature ear formation, bleached ears, blackened brittle roots and empty
spikelets (7-8).

Whilst most cereals are susceptible to Take-all, oats (Avena spp.) have
developed extreme resistance. Oats are susceptible to the var. avenae strain of
the fungus, but this strain is rare (6). Biochemical characterisation has shown
oats to contain secondary metabolites called saponins which have potent
antimicrobial activity and have been implicated with a role in plant defence.
Avenacin deficient mutants of oat are susceptible to infection by G. graminis var.
tritici providing evidence to support a role for these compounds in disease

resistance (9-10).

1.1.3 Resistance mechanisms in plants

Despite fungi having developed many methods to invade and propagate
within cereals and other plants, plants have evolved many unique strategies to
evade and defend these attacks. Unlike animals, plants cannot move to escape
so they have developed defence mechanisms. These defences can be split into

two categories, preformed and induced. Preformed defences are the first line of
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attack against pathogens, but if these defences fail then the plant can activate
induced defence mechanisms in order to survive (11).

Preformed defences are both structural and chemical. The first barrier the
fungus must overcome is the wax layer present on the leaf surface which
together with leaf hairs prevent the formation of water droplets that are essential
for fungal spore germination (11). The layers below the cuticle are formed of
fatty acids and cellulose woven into a high tensile fabric making entry into the
plant very difficult (12). The waxy cuticle protects against airborne spores, but
spores can also enter the plant via the soil. As the root tips elongate they are
vulnerable to pathogen attack, so are guarded by root border cells which secrete
anthocyanins and antimicrobial antibiotics to repel pathogens (11). Plants also
have a wide range of preformed antimicrobial compounds known as
phytoanticipins. Phytoanticipins are low molecular weight, antimicrobial
compounds that are present in plants before invasion by microorganisms or are
produced after infection solely from pre-existing constituents (13-14).
Phytoanticipin distribution is usually tissue specific and these compounds are
often found in the outer cell layers of healthy plants, sequestered in vacuoles or
organelles. Protective compounds of this kind include avenacins and other
saponins, cyanogenic glycosides and phenolic compounds (14).

Induced defences can be activated by the presence of a fungus on an
external plant surface whilst others are only switched on once the fungus has
penetrated the cell wall. Cytoskeletal rearrangements are one of the defences
activated prior to fungal penetration, resulting in a build-up of cytoplasm and
plant microtubules at the site of contact. The inner surface of the cell wall is
reinforced with compounds such as callose, extensin and lignin which form an
insoluble barrier. Peroxidase enzymes also act to strengthen the cell wall. One of
the first responses to be activated once penetration has occurred is the
production of enzymes such as chitinases and glucanases which degrade fungal
cell walls. Another preliminary response is the oxidative burst that results in the
production of hydrogen peroxide which is converted to reactive oxygen species
(ROS) and leads to activation of signalling pathways for systemic defence
responses. Other chemical mediators of defence signalling pathways include
salicylic acid, jasmonic acid, ethylene and nitric oxide. The spread of pathogens
can be blocked by the hypersensitive response in which there is localised death of
plant cells surrounding the site of pathogen entry. This restricts the spread of the
fungus and prevents diffusion of fungal toxins (11-12, 14). Plants have also
evolved resistance (R) genes which provide gene-for-gene resistance against

pathogens with the corresponding avirulence (Avr) genes. This triggers signal
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transduction pathways which activate defence responses such as the
hypersensitivity response, synthesis of antimicrobial proteins and metabolites and
cell wall thickening (15-16). Plants can also induce the production of
antimicrobial compounds known as phytoalexins which are defined as low
molecular weight, antimicrobial compounds that are both synthesised by and
accumulated in plants after exposure to microorganisms (17). These compounds
are synthesised by the isoprenoid and shikimic acid pathways which
predominantly synthesise primary metabolic compounds, but can be diverted to
form secondary metabolites phytoalexins such as terpenoids, phenolics and

nitrogen and sulphur compounds (14).

1.2 Secondary metabolites

1.2.1 Secondary metabolites in plants

As mentioned in the previous section plants can synthesise a number of
chemical compounds, both preformed and induced, and these may provide
protection against attack from fungal pathogens. These chemical compounds
belong to a family known as secondary metabolites. These compounds are not
required for the growth and development of the plant and are not essential for

survival, unlike primary metabolites, hence are termed “secondary”. Although

Figure 1.2: Groups of plant secondary metabolites

Chemical diversity of natural products in plants. A. Saponins - avenacin A-1 (Avena strigosa). B.
Phenolics - resveratol (Vitus viniferis). C. Cyclic hydroxamic acids - DIMBOA (Zea mays). D.
Cyanogenic glycosides - luteone (Lupinus albus). E. Sesquiterpenes - cadinene (Juniperus
oxycedrus). F. Sulphur-containing indole derivatives — camalexin (Arabidopsis thaliana).
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not crucial for plant survival under standard growth conditions, they may confer
selective advantages in return, for example, through protection against disease
and repressing neighbouring plant growth. Many secondary metabolites also
have antimicrobial properties so have been implicated with a role in plant defence
(9, 18-20). This family of compounds is chemically diverse and includes groups
such as saponins, phenolics, cyclic hydroxamic acids, cyanogenic glycosides,
isoflavonoids, sesquiterpenes, sulphur-containing indole derivatives and many
others (Figure 1.2) (19). The medical community has begun to refocus on
natural products as sources of antimicrobial compounds. Antibiotics isolated from
microorganisms are rapidly becoming obsolete due to the appearance of resistant
pathogen strains. Laboratory designed antimicrobials can sometimes be toxic or
have multiple side effects and therefore are not suitable for clinical use; so plant
natural products are now one group of compounds at the forefront of antibiotic
development. Natural products provide a large diverse resource of compounds
that are proven to be effective against bacteria and other pathogens, and by
chemically and enzymatically modifying them, more potent antimicrobials that

can combat resistant strains are being developed (21-22).

1.2.2 Saponins and disease resistance

Saponins are a major family of secondary metabolites and are found in
many plant species. These compounds have surfactant properties and form soap-
like foams in aqueous solution, a characteristic that gave rise to the name
saponin which is derived from the latin word for soap, sapo (23-24). Saponins
consist of glycosylated steroids, steroidal alkaloids and triterpenoids and each are
found in distinct areas of the plant, often as complex mixtures (Figure 1.3). The
basic structure of these molecules consists of an aglycone, consisting of a
triterpenoid 5-ring system, and an oligosaccharide chain at the C-3 position which
is formed of up to five sugar molecules. The aglycone can also be further
modified by glycosylation, acylation or oxidation steps (24-26). The saponin
content in plants can be made up of a complex mixture and is dependent on a
number of different factors - genetic background, tissue type, age, health and
environment of the plant (25, 27). Saponins have many different properties and
have been utilised commercially by the biochemical industry as drugs and
medicines, adjuvants, foaming agents, sweeteners, taste modifiers and cosmetics
(24). As mentioned previously, many saponins have antimicrobial activity so may

protect plants against pathogen attack. A number of studies have shown
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Figure 1.3: Three classes of saponins

Shows example structure from the three classes of saponins that are found in plants. All have a
triterpenoid ring system that is modified by glycosylation, acylation, and oxidation steps. A.
Triterpenoid saponins — Avenacin A-1 (from the roots of Avena strigosa). B. Glycosylated steroidal
saponins - Gracillin (from the rhizomes of Costus speciosus). C. Steroidal alkaloid saponins - a-
Tomatine (stems, leaves and unripe fruit of Solanum lycopersicum).

saponins to be biologically active against a range of plant, animal and human
pathogens. Recent examples include four saponins from the roots of Cephalaria
ambrosioides (28), two saponins from the roots of Scrophularia ningpoensis (29)
and two saponins from extracts of Tribulus terrestris (30).

One example of a saponin that has been characterised and shown to have
antimicrobial activity is avenacin A-1 from oat roots. Oats are immune to attack
by the fungus Gaeumannomyces graminis var. tritici and this was thought to be
due to the presence of the saponin avenacin in its roots. One species of oats,
Avena longiglumis lacks avenacin and was found to be susceptible to infection by
the G. graminis, suggesting that presence of avenacin was the determining factor
in fungal resistance (20). Further evidence came from both gene-knockouts
experiments in fungi and genetic analysis of oat mutants with increased
susceptibility to disease (18, 31). Oats, although immune to the var. tritici strain
of the fungus Gaeumannomyces graminis, are susceptible to the var. avenae
strain. This strain is able to infect oats due to the presence of the enzyme
avenacinase which detoxifies avenacin by removing the two glucose molecules
from the oligosaccharide chain attached to C-3 of the aglycone. Fungal gene-
knockout mutants that lacked the avenacinase enzyme lost pathogenicity on oats
but were still pathogenic to wheat - which does not synthesise saponins (31).
The second line of evidence came from chemical mutagenesis experiments carried

out in the diploid oat Avena strigosa. Out of the ten independent mutants
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isolated, eight lacked avenacins and the remaining two had reduced avenacin
levels. When challenged with the G. graminis var. tritici fungus, all ten showed
disease symptoms with the eight mutants lacking avenacins being more
susceptible than the two with reduced avenacin levels (18). Together these two

experiments provided a clear link between saponins and disease resistance.

1.2.3 Avenacins: Structure and function

The avenacins, avenacin A-1, B-1, A-2 and B-2 are a family of four
structurally related triterpenoid saponins that are found in oat roots. Avenacin A-
1 is the most abundant, comprising 70% of the total avenacin content in young
oat roots (32). The structure of the four avenacins is very similar with each
consisting of a pentacyclic aglycone which is modified by B-1,2- and B-1,4-linked
D-glucose molecules attached via L-arabinose to the aglycone at the C-3 carbon.
Avenacins A-1 and B-1 have a fluorescent N-methyl anthranilate group attached
to the aglycone via an ester bond to C-21 whereas avenacins A-2 and B-2 have a
benzoic acid in the corresponding position which conversely emits little or no
fluorescence. In addition to the esterified groups avenacins A-1 and A-2 also
have a hydroxide group at C-23 (24, 33) (Figure 1.4). Avenacins are localised in
the epidermal cells of young oat root tips, so are in an ideal position to provide

protection against soil borne pathogens (20).

| Avenacin A-1 R!=0OH R2 = NHMe
RZ Avenacin A-2 R!=0H R2=H
Avenacin B-1 R!=H R2= NHMe
Avenacin B-2 R!=H RZ2 = H

Figure 1.4: Structure of avenacin

Shows the common structural features of the four avenacins found in oat. All four avenacins have a
pentacyclic aglycone modified at a number of positions by oxidation, glycosylation and acylation. All
have an oligosaccharide sugar chain attached to the aglycone at C-3 and addition of an esterified
group at C-21. The identity of the esterified group at C-21 (R2) and the group attached to C-23 (R1)
varies between each of the avenacins and is shown in the table above.

Avenacins confer their antifungal properties by forming complexes with
sterols in fungal membranes. The aglycone portion of the avenacin molecule
inserts into the membrane where it binds a cholesterol molecule. This triggers
the formation of a transmembrane pore via aggregation of the sugar moieties on

avenacin which initiates lipid bilayer rearrangements causing loss of membrane
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integrity and death of the fungus. This process relies on the presence of a
oligosaccharide chain attached to the aglycone at C-3 and removal of even a
single sugar from this chain results in a large reduction in avenacin bioactivity
(34). In order to protect themselves from the permeabilising affects of these
molecules, oats store avenacins in vacuoles (35). Vacuole membranes of
avenacin containing cells may have substituted sterols or a low sterol content to
prevent the host cell from permeabilising its own membranes (24). This
compartmentalisation of avenacin to protect the cell from the toxic effects of the
molecule is also seen for other toxic secondary metabolites produced in other
plants (36-37).

1.3 Pathway to avenacin production

1.3.1 Primary and secondary metabolism in plants

Metabolism in plants is a complex process involving many enzymes. Solar
energy captured in chloroplasts is used for a wide range of metabolic processes to
ensure the survival of the plant. Together the complex reactions create metabolic
pathways in which the precursor is converted to the product through a series of
intermediates known as metabolites (38). Plants synthesise a huge range of
metabolites and one of the largest families is the isoprenoids (or terpenoids)
consisting of over 30,000 members (39-40). This family is split into two classes
of compounds: primary and secondary metabolites. Primary metabolites include
hormones (gibberellins and brassinosteroids), photosynthetic pigments
(carotenoids), membrane components (sterols) and electron carriers
(chlorophylls), and are vital for the functioning of essential plant systems (41).
Secondary metabolites, although not vital for plant survival, have functions such
as insect attractants (essential oils and flower colours), antimicrobial compounds
(phytoanticipins and phytoalexins) and defences against herbivores (antifeedants)
(41).

1.3.2 Sterol and triterpene synthesis: a branchpoint between primary and

secondary metabolism

The isoprenoid family is classified according to the number of isoprene
units in their structure, with one isoprene unit consisting of five carbon atoms and
eight hydrogen atoms. The major groups within the isoprenoid family are the
monoterpenes (C;o — two isoprene units), sesquiterpenes (C;s - three isoprene
units), diterpenes (C,o - four isoprene units) and triterpenes (C4o - five isoprene

units) (42). Isoprenoid precursors in plants are synthesised by condensation of
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isopentenyl diphosphate (IPP) with its isomer dimethylallyl diphosphate (DMAPP)
and these two molecules can be synthesised via two different pathways: the
mevalonate pathway in the cytosol which synthesises 2,3-oxidosqualene for
sesquiterpene, triterpene and sterol formation (41, 43); and the 1-deoxy-D-
xylulose-5-phosphate (DXP) pathway in the plastid which synthesises 2,3-
oxidosqualene for monoterpene, diterpene, chlorophyll and carotenoid formation
(44).

For triterpene and sterol biosynthesis IPP (Cs) is added in a head-to-tail
fashion with DMAPP (Cs) to form geranyl diphosphate (GPP) (C,0). Further
condensation of GPP with IPP forms the larger prenyl diphosphate, farnesyl
diphosphate (FPP) (C;s5) which then dimerises to form squalene (Csq) (41, 45).
The enzyme squalene epoxidase adds an oxygen across the first carbon-carbon
double bond of squalene to form the epoxide, 2,3-oxidosqualene (Figure 1.5)
(46). It is at this stage that the sterol and triterpene biosynthetic pathways
diverge, with the former producing membrane sterols and hormones (primary
metabolites) and the latter producing a diverse range of triterpenes (secondary
metabolites). This divergence represents the branchpoint between primary and
secondary metabolism and cyclisation of 2,3-oxidosqualene to distinct products is
catalysed by the oxidosqualene cyclases (OSCs) (23). OSC catalysis converts a
linear molecule of 2,3-oxidosqualene to a polycyclic product.

Cyclisation of 2,3-oxidosqualene by the sterol OSCs, lanosterol synthase
and cycloartenol synthase, result in production of the tetracyclic sterol precursors
lanosterol and cycloartenol respectively (Figure 1.6). Lanosterol is the precursor
to the membrane sterols cholesterol and ergosterol, in animals and fungi
respectively; cycloartenol is the precursor to a number of phytosterols in plants,
for example sitosterol, sigmasterol and campesterol. With this apparently clear
distinction between animal, fungal and plant sterol precursors, it was previously
thought that lanosterol synthases were restricted to animals and fungi and
cycloartenol synthases to plants, but recent evidence has shown that functional
lanosterol synthases also exist in plants and have arisen by convergent evolution
from cycloartenol synthase (47-48). The role that lanosterol plays in plant
metabolism is currently not understood but the presence of a lanosterol synthase,
in addition to a cycloartenol synthase that already provides a route to membrane
sterols indicates that it may have an alternative role in plants, possibly in defence

responses (47-48).
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Figure 1.5: Synthesis of 2,3-oxidosqualene via the mevalonate pathway

Pathway to 2,3-oxidosqualene, the sterol and triterpene precursor, via the mevalonate pathway.
Mevalonate (MVA) is converted to isopentenyl diphosphate (IPP) which reacts with its isomer
dimethylallyl diphosphate (DMAPP) to form geranyl diphosphate (GPP). GPP reacts with another IPP
molecule to form farnesyl diphosphate (FPP) which dimerises to form squalene. Addition of an
epoxide group across a carbon-carbon double bond forms 2,3-oxidosqualene which can then be
cyclised to form sterol or triterpene precursors.

The triterpene OSC family has many more members than the sterol OSC
family, therefore cyclisation of 2,3-oxidosqualene by the triterpene OSCs
produces a wide range of cyclic products (Figure 1.6). The two major groups of
triterpene OSCs identified to date are the B-amyrin synthases and lupeol
synthases and these synthesise the pentacyclic products B-amyrin and lupeol
respectively. These enzymes are found throughout a wide range of monocot and
dicot plants and are precursors for a number of secondary metabolites, for

example, avenacin - Avena strigosa (49); soyasaponin I - Lupinus angustifolius
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Figure 1.6: Cyclisation of 2,3-oxidosqualene to sterols and triterpenes

2,3-oxidosqualene is situated at the branch point between primary and secondary metabolism. For
primary metabolism it is cyclised by the sterol oxidosqualene cyclases (OSCs) to lanosterol in animals
and fungi and cycloartenol in plants. Lanosterol has been found in some plants, but it is not thought
to participate in primary metabolism (47). Lanosterol and cycloartenol are then modified by a number
of enzymes to form membrane sterols. For secondary metabolism, 2,3-oxidosqualene is cyclised by
the triterpene OSCs to a wide range of cyclic products. Just a small humber of the cyclic products that
have been identified in plants are shown and the enzyme that catalyses each reaction is named as the
synthase of the product formed, for example, lupeol is synthesised by lupeol synthase. Products
labelled with an asterisk are those that have only been observed in Arabidopsis thaliana.

(50); and bourneioside A - Lonicera bournei (51). Compared to the sterol OSCs,
product specificity for triterpene OSCs is not as strict. Many synthesise multiple
triterpene products, usually one or two major triterpene products and a number
of minor products (52-56). With the recent advances in whole genome
sequencing and genome mining, a number of new triterpene OSCs have been
identified, mainly in Arabidopsis thaliana, that have novel cyclic products. Some,
like thalianol synthase (Arabidopsis thaliana) (57) are specific enzymes, but the

majority are multifunctional and produce a wide range of cyclic products.
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Examples include baccharis oxide synthase (Stevia rebaudiana), and from
Arabidopsis thaliana, baurol synthase (58), marneral synthase (59) and arabidiol
synthase (60). As more whole genome sequences for plants become available, it
is likely that many more new triterpene skeletons will be discovered.

After 2,3-oxidosqualene cyclisation the triterpene backbone undergoes a
series of modification steps which can include oxidation, alkylation, glycosylation,
and acylation. Elaboration of the triterpene skeleton to produce the final product
can take a large number of steps and the pathways enzymes involved are largely
uncharacterised. One well characterised pathway is the synthesis of avenacin in
Avena strigosa. The first step in avenacin synthesis is cyclisation of 2,3-
oxidosqualene by B-amyrin synthase. The B-amyrin skeleton is then modified by
hydroxylation by at least one cytochrome p450 (61), addition of sugars at C-3 by
glucosyltransferases, and addition of an N-methyl anthranilate group by a
combination of three enzymes, a glycosyltransferase, methyltransferase and a

serine carboxypeptidase-like acyltransferase (62).

1.3.3 Applications of characterising secondary metabolic pathways

The mechanism of 2,3-oxidosqualene cyclisation into sterol and triterpene
precursors and their subsequent modification to primary and secondary
metabolites has been a source of huge interest to both biochemists and the field
of industry. However the complexity of the pathway and the many enzymes that
are involved have made this a difficult challenge. Currently many research
programmes are trying to identify the genes involved in triterpene biosynthesis,
however DNA sequence information alone can make it hard to construct complex
pathways (19). The elucidation of the avenacin pathway was aided by the
generation of a collection of avenacin-deficient mutants and the clustering of the
pathway genes in the oat genome (63). Genes for metabolic pathways are often
found in clusters in bacterial and fungal genomes but clustering of biosynthetic
genes in plants is rare, so elucidation of biosynthetic pathway genes is not as
simple (64). To date, only a handful of plant biosynthetic gene clusters have
been characterised, but with the continual advances in genetics, identification of
biosynthetic pathways is becoming easier (65-67).

As the avenacin pathway appears to be unique to oats, an improved
understanding of this complex pathway and transference of pathway genes from
oat into other major cereal crops such as wheat, barley, maize and rice could
improve disease resistance substantially (63). Many crop plants have been
subjected to many years of selective breeding and have therefore lost large

numbers of natural products that still exist in their wild counterparts, so gene
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transfer to provide disease resistance would appear to be a solution (68). As well
as being utilised in plants for disease resistance, triterpenes are also used by
pharmaceutical companies as lead compounds for antifungal and cholesteremic
drugs, so knowledge of the biosynthetic pathways could greatly enhance progress
in this field (69). However, whilst transferring pathway genes to other crops may
seem like a simple solution and has been achieved for single resistance genes
(70-73), transferring multiple pathway genes between plant species represents a
substantial technical challenge. The production of antimicrobial compounds relies
on the coordinated involvement of many unrelated genes, so large numbers of
genes would have to be transferred to ensure effective antimicrobial activity.
How the pathways are regulated is also important, and to date this area is not
well understood. There is also the problem of pathogens developing resistance
for the introduced antimicrobial compound (19). Despite these potential
stumbling blocks, elucidation of the pathway would be a major step forward in

understanding the way in which plants fight disease.

1.3.4 Elucidating biosynthetic pathways in plants

Despite the technological advantages that will come from elucidation of
individual steps in metabolic pathways, with the exception of the first cyclisation
step, the remainder of saponin biosynthetic pathways remain uncharacterised at
the molecular level. The first step in saponin and triterpenoid biosynthesis is
cyclisation of 2,3-oxidosqualene which is catalysed by triterpene OSCs. These
enzymes synthesise the triterpene skeleton which is modified at various positions
by subsequent enzymes in the pathway. A large number of triterpene OSCs have
been cloned from a wide range of plant species and this will be discussed in a
later section.

The gap in knowledge comes at the latter stages of triterpenoid synthesis.
A large number of triterpenoids have been isolated from plants and their
structures have been determined by mass spectroscopy and NMR, which has
allowed speculation about the enzymes that are involved in modifying the
triterpene backbone. However very few of these enzymes have been cloned and
characterised from plants in comparison to enzymes involved in fungal and
bacterial biosynthetic pathways. Elucidation of pathways in fungi and bacteria
has been aided by the genes for metabolic pathways being clustered in the
genome, a phenomenon that is rarely seen in plants. The spread of metabolic
pathway genes throughout the plant genome makes elucidation of pathways

more challenging. Despite this, advances have been made identification of non-
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clustered genes involved in saponin biosynthesis in Medicago truncatula, Glycine
max and Saponaria vaccaria.

Characterisation of the saponins found in Medicago truncatula found that
2,3-oxidosqualene was cyclised to B-amyrin which was further modified by
cytochrome P450s to generate five triterpenoid backbones that formed the core
of the 37 saponins identified in M. truncatula. Clustering analysis of transcript
and metabolic profiles identified a candidate P450 for modification of B-amyrin
and two glucosyltransferases which had activity against the five triterpenoid
backbones (74-75). Other enzymes that have been cloned and characterised
include a P450 hydroxylase that modifies a B-amyrin backbone in Glycine max
(76), and a glucosyltransferase that modifies a carboxylic acid B-amyrin

derivative in Saponaria vaccaria (77).

1.3.5 Identification of genes involved in avenacin biosynthesis in oats

As mentioned previously, clustering of biosynthetic genes in the genome
has greatly aided the elucidation of metabolic pathways. Work carried out by the
Osbourn group at the John Innes Centre, Norwich has been focussed on the
elucidation of the pathway to avenacin in oats. As discussed previously in section
1.2.2, the triterpenoid saponin avenacin found in oat roots was thought to confer
resistance to the fungus Gaeumannomyces graminis var. tritici (32). To
investigate this hypothesis, avenacin-deficient mutants were generated in the
diploid oat species Avena strigosa by mutagenising seeds with sodium azide. The
fluorescent phenotype of avenacin presence was then used to screen the
mutagenised oats for avenacin-deficient plants followed by TLC and HPLC analysis
of root extracts to quantify avenacin levels in each of the mutants. Ten avenacin
deficient mutants, termed sad mutants (saponin-deficient), were identified from
the first screen. Eight of them had no avenacin or trace amounts of avenacin
present and the remaining two had reduced avenacin levels (Figure 1.7A). Test
crosses with the wild-type suggested that the mutations were recessive alleles of
single genes and analysis of the F, progeny found that the ten mutants fell into at
least four complementation groups, named Sadi to Sad4. When inoculated with
the pathogen G. graminis to which wild type oats are known to be resistant, all
ten sad mutants developed lesions on their roots whereas the wild-type showed
no visible signs of infection (Figure 1.7B). The ten mutants were also susceptible
to other fungal pathogens such as, Fusarium culmorum and Fusarium avenaceum

which provided a clear link between saponin deficiency and compromised disease
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Figure 1.7: Evidence for antimicrobial activity of avenacin A-1
A. TLC analysis of partially purified methanolic root extracts from wild-type (S75) and the ten
independent oat mutants using a chromogenic reagent to detect the four avenacins found in oat roots.
Preparations enriched for each of the four avenacins are shown on the right. Wild-type extract shows
clear presence of avenacin, mutant nos. 791 and 9 have reduced avenacin levels and the remaining
eight mutants have no detectable avenacin present. B. Oat roots inoculated with Gaeumannomyces
graminis var. tritici. Wild-type (S75) roots show no infection. Mutant no. 791 (reduced avenacin
levels) has some black lesions on the roots whereas mutant no. 1027 (no avenacin) has more severe
disease symptoms. Figure adapted from Papadopoulou et al. (1999) (18)
resistance in oats (18). Subsequent analysis of an extended collection of 92 oat
mutants with reduced root fluorescence revealed an additional four loci (sad6 to
sad9) that were involved in avenacin biosynthesis (61).

Further genetic analysis showed genetic linkage between the Sadi locus
and five of the six sad loci previously defined by mutation (18, 63). Sad2, 6, 7
and 8 were 0 cM from the Sad1 locus, with the Sad3 locus was less closely linked
at 3.6 cM from the Sad1 locus. Together these genes form a cluster around the
Sad1l locus (63). Subsequent detailed analysis of a bacterial artificial
chromosome (BAC) contig that spanned the Sadl locus and surrounding genes
revealed that the Sadl and SadZ2 loci were 70 kb apart and the Sadl and Sad”

loci were 62 kb apart (Figure 1.8) (61-62). It is known that Sadi, 2, 3 and 7 are

. Sad7 Sadl Sad2
1.7 Kb 61.6 Kb 7.35 Kb 69.5 Kb 3.1 Kb

Figure 1.8: Clustering of genes required for avenacin synthesis in the oat genome

Extension of the bacterial artificial chromosome (BAC) contig upstream and downstream of the Sad1
gene revealed loci for Sad2 and Sad”7, both of which are involved in the avenacin biosynthetic
pathway. Sad2 is located 69.5Kb upstream of the Sad1 gene and Sad~ is located 61.6Kb downstream
of the Sad1 gene. There are no open reading frames found in the regions between any of the loci.
Figure adapted from Mugford et al. 2009 (62).
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required for the synthesis of avenacin. The enzymes that they encode are
distinct and these genes are not tandem duplications (63). Gene clusters of
genes that share sequence relatedness are common in plants, for example,
leucine rich receptor kinase genes required for specific disease resistance.
Clusters which consist of unrelated genes acting in the same biosynthetic
pathway, such as the Sad gene cluster in oats, are uncommon, but recently a
number of functional gene clusters for metabolic pathways have been discovered.
These are the cyclic hydroxamic acid (DIBOA) pathway in maize (66, 78-79), the
triterpene thalianol pathway in Arabidopsis (65) and the diterpenoid momilactone
and phytocassane pathways in rice (80-81). As many of the genes found in
eukaryotic metabolic pathways are generally unlinked, questions have been
raised as to how these gene clusters originated and persisted in the genome.
There are many advantages of clustering of genes belonging to a metabolic
pathway, for example, by facilitating regulation and coordinated expression of the
pathway genes; and promoting the inheritance of genes that confer a selective
advantage to the plant. Furthermore, disruption of the cluster may lead not only
to loss of the advantageous effect of the pathway but also in accumulation of
deleterious intermediates which are detrimental to plant survival (82). How these
clusters have assembled in plants is currently not well understood, but is thought
to have occurred through gene duplication, acquisition of new function, and
genome reorganization rather than horizontal gene transfer from microbes (64-
65).

Currently three of the genes in the avenacin biosynthetic cluster have
been cloned and characterised, Sad1l, Sad2 and Sad’7; and the Sad3 and Sad4
loci have also been partly characterised (35, 49, 61-62). This has allowed
elucidation of the individual steps of the avenacin pathway and facilitated the

search for gene clusters in cereals and other plants.

1.3.5.1 Sad1l - B-amyrin synthase (AsbAS1)

The first gene from the oat pathway to be characterised was the gene for
B-amyrin synthase. Evidence showed that p-amyrin and avenacins are
synthesised in the root tip and B-amyrin synthase activity was also observed
there (26, 83). Two cDNA libraries were constructed from the root tips of Avena
strigosa and sequence analysis identified two putative OSC sequences. One had
high homology to cycloartenol synthases from other plants so was presumed to
be the Avena strigosa cycloartenol synthase (AsCAS), but the other sequence was
clearly distinct from AsCAS (55% homology) so was postulated to be the Avena

strigosa B-amyrin synthase (AsbAS1) (49). The putative B-amyrin synthase
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cDNA sequence was cloned into the yeast expression vector pYES2 and
transformed into the yeast strain GIL77 which accumulates 2,3-oxidosqualene
due to a lack of lanosterol synthase (84). HPLC analysis of the yeast cells
expressing the putative AsbAS1 cDNA accumulated B-amyrin thus confirming that
the cDNA encoded B-amyrin synthase. Amino acid sequence analysis showed
that AsbAS1 is distinct from other B-amyrin synthases and demonstrated closer
homology to lanosterol synthases from animals and fungi than to other plant
cyclases. AsbAS1 was a novel enzyme and therefore defined in a new class of B-
amyrin synthases (49).

Further analysis found AsbAS1 to be synonymous with the Sadi1 locus.
Radiochemical feeding experiments on the original ten sad mutants identified two

mutants (#109 and #610) that represented mutant alleles at a locus termed

A
<— 2,3-oxidosqualene
1061 )k #109 (sad1)
il | NPT
S75 (WT)
e e D T e e —
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Figure 1.9: Characterisation of the Sad1 locus

A. Identification and characterisation of sadl mutants by GC analysis of root extracts from the wild-
type S75 and mutant #109. Mutant #109 accumulates 2,3-oxidosqualene which was identified using
MS data. The vertical bar indicates relative mass abundance. Figure adapted from Qi et al. (2006)
(61). B. Northern blot analysis of RNA from roots of different cereals using oat cycloartenol synthase
(CS) and oat B-amyrin synthase (BAS) probes. RNA levels were monitored using methylene blue dye
(MB). Lane 1, A. strigosa S75; lane 2, A. longiglumis; lane 3, A. strigosa accession no. CI1994; lane
4, A. strigosa accession no. CI13815; lane 5, Triticum aestivum (cultivar Riband); lane 6, Hordeum
vulgare (cultivar Golden Promise); lane 7, Oryza sativa (accession M12); and lane 8, Zea mays
(accession P10). Figure adapted from Haralampidis et al. (2001) (49).
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Sadl. Both of these mutants accumulated 2,3-oxidosqualene and lacked -
amyrin and also had no detectable B-amyrin activity, which indicated that that
they were likely to contain mutations in the B-amyrin synthase gene itself or a
gene involved in regulation of its expression (Figure 1.9A). Sequencing of the B-
amyrin synthase gene in both of the mutants found single point mutations which
resulted in premature termination of translation codons being predicted. These
results together with single nucleotide polymorphism (SNP) analysis, which
showed that the sadl phenotype cosegregated absolutely with the mutations in
the AsbAS1 gene, provided convincing evidence that Sad1 locus encoded AsbAS1
(49, 83).

More detailed analysis of the Sad1 locus found that Sadi1 mapped to a part
of the oat genome named Oisu441 which is found on linkage group AswC (85).
This region of the oat genome has overall synteny with chromosome six in the
rice genome, however high homology sequences corresponding to Sadil or
Oisu441 are not observed. Northern blot analysis of RNA from cereal root
extracts confirmed that Sadl transcripts are only present in oats whereas
cycloartenol synthase expression was found in all cereals tested (Figure 1.9B).
Together, this data showed that the B-amyrin synthase gene is found in a region

of the oat genome which is not conserved in other cereals (49).

1.3.5.2 Sad2 - cytochrome p450 sterol demethylase (AsCYP51H10)

In 2006, the second enzyme in the avenacin pathway was cloned from the
oat cDNA library and found to be a cytochrome P450 monooxygenase. The gene
was identified by extension of the BAC contig surrounding the Sadi gene and
found to be homologous with cytochrome P450 monooxygenases, specifically
obtusifoliol 14a-demethylase, and was named AsCYP51H10 according to
cytochrome P450 nomenclature. Sequence analysis placed AsCYP51H10 in the
avenacin gene cluster, 66,828 base pairs downstream of Sadl with no open
reading frames (ORFs) between the two genes. Cytochrome P450s have been
implicated in avenacin biosynthesis and as AsCYP51H10 expression was only
found in oat roots, in a similar to pattern to Sadil expression, this suggested a
role in avenacin biosynthesis (Figure 1.10A) (61).

Further analysis found AsCYP51H10 to be synonymous with the Sad2
locus. The AsCYP51H10 gene in each of the ten original sad mutants was

sequenced to ascertain whether it corresponded to any of the loci defined by



Chapter 1 - Introduction

A Sense Antisense Sense Antisense

Bh n
AsbAS1 (Sadi1) AsCYP51H10 (Sad2)
B
S75(WT)
A A AN N
B-amyrin

#791 (sad2)
106]:
J #1027 (sad2)

20.00 21.00 22.00 23.00 24.00 25.00 26.00 27.00 28.00 29.00 30.00
Retention time (min)

Asn112

AsCYP51G1 AsCYP51H10 (Sad2)

Figure 1.10: Characterisation of the Sad2 locus

A. In situ mRNA analysis of Sadl and Sad2 transcripts in the root tips of A. strigosa. Avenacin
synthesis is restricted to the epidermal cell layer of the root tip and AsCYP51H10 expression is
restricted to this location indicating that it is involved in avenacin synthesis. B. Identification and
characterisation of sad2 mutants by GC analysis of root extracts from the wild-type S75 and mutant
#791 and #1027. Mutant #791 and #1027 both accumulate B-amyrin which was identified using MS
data. The vertical bar indicates relative mass abundance. C. Modelling of the active site cavity of the
oat sterol 14a-demethylase (left) and AsCYP51H10 (right). AsCYP51H10 has a larger active site cavity
than other sterol demethylases indicating acquisition of a different function. All figures adapted from
Qi et al. (2006) (61).
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mutation. Single point mutations were found in the coding region in two mutants
(#791 and #1027) that represented mutant alleles at the Sad2 locus. Previous
radiochemical feeding experiments and GC-MS analysis had shown both of these
mutants accumulated B-amyrin indicative of a block in the pathway after the
AsbAS1 enzyme (Figure 1.10B). Screening of the extended mutant collection
revealed six additional sad2 mutants which accumulated B-amyrin and also had
single point mutations in the AsCYP51H10 gene. This evidence confirmed that
AsCYP51H10 corresponded to the Sad2 locus.

Sad2 is a member of the CYP51 sterol demethylase family, an ancient and
highly conserved family thought only to be involved in sterol synthesis. Members
of this family from bacteria, protozoa, fungi, animals and plants share 34
conserved amino acid residues, however AsCYP51H10 shares only 28 of these
conserved residues with the remaining six residues being divergent. These six
residues are found in conserved substrate recognition sites or regions important
for enzyme structure and/or function. Active site comparisons show the active
site of AsCYP51H10 to be much larger than other demethylases and this, together
with the sequence information indicates that AsCYP51H10 has acquired a different
function from the other enzymes in the CYP51 class (Figure 1.10C). Phylogenetic
analysis also indicates that the CYP51H family to which AsCYP51H10 belongs has
evolved from the conserved CYP51G family which is responsible for plant sterol
biosynthesis (61). This evidence parallels the evolution of the Sadl gene which is
predicted to have arisen from a primary sterol cycloartenol synthase-like gene
ancestor (63). These results show a connection between primary and secondary
metabolism in plants as both Sadl and Sad2 have been linked with two
independent steps in the primary sterol pathway. This indicates that enzymes
involved in secondary metabolic pathways are likely to have been recruited from
ancestral primary metabolic enzymes (61). The specific function of AsCYP51H10
is currently under investigation in the Osbourn lab and it is known that the
enzyme is involved in at least one hydroxylation step to modify the B-amyrin
product following AsbAS1 catalysis. However there are a number of oxidation
steps that modify the B-amyrin ring structure and it is unknown how many of
these steps are catalysed by AsCYP51H10 (86).

1.3.5.3 Sad 7 - Serine carboxypeptidase-like acyltransferase (AsSCPL1)

In 2009, the third enzyme in the avenacin pathway was cloned and

characterised. Two out of the ten original sad mutants (#376 and #616)
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Figure 1.11: Characterisation of the Sad7 locus

A. Structure of avenacin A-1 and des-acyl avenacin. All four avenacins are esterified with N-methyl
anthranilate at the C-21 position of the aglycone. Des-acyl avenacins lack this esterified group and
accumulate in sad” mutants. Bi). RNA gel blot analysis of Sadil, Sad2 and SCPL1 transcripts in
different oat tissues: root (R), shoots (S), leaves (L), flowers (F). RNA loading was monitored with
methylene blue dye (MB). ii). In situ mRNA analysis of Sad1 (left) and SCPL1 (right) transcripts in the
root tips of A. strigosa. In both i) and ii) SCPL1 shows an identical expression pattern to Sadl and
Sad?2 indicating that it is involved in avenacin synthesis. C. Identification and characterisation of sad2
mutants by LC-MS analysis of root extracts from the wild-type S75 and mutant #376. The wild-type
accumulates avenacins whereas mutant #376 lacks avenacins and accumulates des-acyl avenacins.
All figures adapted from Mugford et al. (2009) (62).
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were found to accumulate des-acyl avenacins (avenacin lacking the N-methyl
anthranilate group at C-21). This indicated that they were deficient in acylation,
and so represented independent mutant alleles at a locus termed Sad” and
possibly lacked a functional acyltransferase (Figure 1.11A) (18, 63). Genetic
analysis had shown the Sad” locus cosegregated with the Sadl and Sad2 loci
(63), therefore the BAC contig that spanned the Sadi and Sad2 region was
extended. A third gene was discovered 62 kb upstream of the Sadl gene and
was found to encode a serine carboxypeptidase-like acyltransferase (AsSCPL1).
Gel blot and in situ localisation analysis showed that the expression of AsSCPL1
was restricted to the epidermal cells of the root tip which is an identical pattern to
the other two members of the avenacin biosynthetic pathway, AsbAS1 and
AsCYP51H10 (Figure 1.11B). Sequencing of the AsSCPL1 gene in mutant nos.
376 and 616 revealed single point mutations that were predicted to result in
amino acid substitutions. Another sad” mutant (#19) was identified from the
extended mutant collection that also accumulated des-acyl avenacins and that
had a single point mutation in the AsSCPL1 gene (Figure 1.11C). Together these
data provide strong evidence that AsSCPL1 was encoded by the Sad” locus and
that it was likely to be involved in avenacin acylation (62).

The Sad7 gene encodes a 493 amino acid protein which has an N-terminal
signal peptide, possibly for targeting to the vacuole where avenacins are known
to accumulate (35). Removal of the signal peptide results in a 51.4 kDa protein
which is formed of a large and small subunit, 29 kDa and 19 kDa respectively,
joined by a linker region. To produce a functional protein product, the full-length
protein is predicted to undergo cleavage in a two step process to remove the
linker region and form a heterodimer from the large and small subunits. Analysis
of AsSCPL1 protein levels in the three sad7 mutants using an AsSCPL1 antibody
show that no protein is present in mutant #616 and #19 whereas mutant #376
has reduced protein levels. The location of the mutation in mutant no. 376 was in
a loop region in the active site so may affect protein activity, and the location of
the mutations in mutant #616 and #19 are both in B-sheets which form part of
the secondary structure of the protein so are likely to cause misfolded protein
resulting in protein degradation (62).

Functional characterisation of the three sad” mutants found that all three
accumulated N-methyl anthraniloyl-O-glucose in the roots compared to the wild-
type which implied that AsSCPL1 uses an O-glucose ester as the acyl donor
substrate. To test this hypothesis, AsSCPL1 was expressed in Nicotiana
benthamiana leaves using a virus-based system and an AsSCPL protein

preparation was incubated with methanolic extracts from the roots of sad”
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mutants (which contain des-acyl avenacins and the glucose ester N-methyl
anthraniloyl-O-glucose, the presumed substrates for AsSCPL1). The reaction
products were analysed by LC-MS and resulted in production of all four avenacins
(A-1, A-2, B-1 and B-2) which indicated that AsSCPL can catalyse the transfer of

both N-methyl anthraniloyl and benzoyl groups onto des-acyl avenacins (62).

1.3.5.4 Sad3 and Sad4 - glucosyltransferases?

In addition to modification of the B-amyrin triterpene skeleton by oxidation
(Sad2) and acylation (Sad”), it is known that B-amyrin is also acted on by
glucosyltransferases which add the branched sugar chain onto C-3 of the
aglycone and also play a part in activation of the acyl group which is added at C-
21 by AsSCPL1 (18, 87). Glycosylation at C-3 of the aglycone occurs late in the
pathway and is critical for the antifungal activity of avenacin, as removal of even
a single sugar results in loss of potency (88). Mutants at two of the loci identified
in the mutant screen, Sad3 and Sad4, accumulate monodeglucosyl avenacin A-1
which lacks the B-1,4-linked D-glucose, indicating that both of these loci are
involved in glucose addition possibly by encoding glucosyltransferases (GTs) or
regulating their expression (Figure 1.12A) (83). GTs are a large enzyme family
that catalyse the transfer of sugars to a wide variety of acceptor molecules.
There are 77 GT families of which GT Family 1 is the largest and is mainly
responsible for transferring sugar molecules onto low molecular weight molecules
such as avenacin A-1 (89). Therefore it is likely that the GTs responsible for
glycosylation of the aglycone are members of Family 1 GTs. Analysis of the
expressed sequence tag (EST) library constructed from oat root tips revealed 27
sequences with similarity to Family 1 GTs. A number of these candidate cDNA
sequences have been cloned for heterologous expression in bacteria and it is
hoped that functional analysis of these enzymes to determine their donor and
acceptor profiles will enable the discovery of GTs that are involved in avenacin
synthesis (90).

Further characterisation of sad3 and sad4 mutants revealed that as well as
being deficient in avenacin synthesis, they also have stunted roots and reduced
numbers of root hairs. Further analysis using propidium iodide staining,
calcofluor staining and electron microscopy revealed that membrane trafficking
had been disrupted in root epidermal cells. Calcofluor staining showed that
accumulation of callose and other primary cell wall components disrupted the

epidermal cell layer resulting in root hair deficiency (Figure 1.12B). To ascertain
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Figure 1.12: Characterisation of the Sad3 and Sad4 loci

A. Structure of avenacin A-1. sad3 and sad4 mutants accumulate monodeglucosyl avenacin A-1
which lacks the B-1,4-linked D-glucose at the position indicated by a black line. B. Calcofluor
staining of oat meristematic root cross sections of wild type S75, sad3 and sad4 mutants. Calcofluor
staining aggregates (arrows) are seen in both sad3 and sad4 mutants. C, cortex; E, epidermis. Bars
= 50um. C. Root phenotypes of 4-day old seedlings of sad1/sadl sad4/sad4 double mutants. sad4
mutants in a wild type Sadl background have a mutant root morphology whereas in a sadl mutant
background (where the avenacin pathway is blocked) normal root morphology is seen. Similar results
were seen for sad3 mutants. All figures adapted from Mylona et al. (2008) (35).

whether these root defects were a direct result of sad3 and sad4 mutations or as
a result of additional mutations, both of the sad3 and sad4 mutations were

introduced into a wild-type, heterozygous and homozygous Sadl backgrounds.
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In the wild-type background, root defects are still observed, but in a homozygous
sadl mutant (where the avenacin pathway is blocked) root defects are
suppressed (Figure 1.12C). This implies that monodeglucosyl avenacin A-1,
which accumulates in sad3 and sad4 mutants, causes the observed root defects.
The results also indicated that Sad3, which is found in the avenacin gene cluster,
has a specific role in avenacin synthesis whereas Sad4, which is unlinked, has a

much broader function (35).

1.4 Oxidosqualene cyclases in plants, animals and fungi

Even though the avenacin pathway is restricted to oats, the initial step of
2,3-oxidosqualene cyclisation into lanosterol, cycloartenol, B-amyrin, lupeol and
other sterol and triterpene precursors is observed in all plants. Studying other
triterpenoid synthase pathways has given great insights into the enzymes
involved in triterpenoid production. By studying homologous genes in other plant
species, information relating to evolution of the pathways; enzyme structure and
mechanism; product specificity and pathway regulation has enabled further
understanding of triterpenoid synthesis and the origins of these fascinating and

complex pathways.

1.4.1 Cloning of oxidosqualene cyclases involved in sterol production

The first sterol OSC to be cloned from any organism was lanosterol
synthase from Candida albicans by complementation of a Saccharomyces
cerevisiae OSC mutant (erg”7) which lacked lanosterol synthase activity (91-92).
As lanosterol synthase is crucial for membrane sterol synthesis (ergosterol in
fungi), erg7 mutants were unable to grow without exogenous ergosterol.
Complementation of the ERG”7 gene by the lanosterol synthase sequence in C.
albicans confirmed that ERG7 encoded a lanosterol synthase (91). PCR cloning
using degenerate primers complementary to homologous regions from other
cloned OSCs and complementation of the erg7 mutant has been used for cloning
of seven lanosterol synthases from the fungi Schizosaccharomyces pombe (93),
Saccharomyces cerevisiae (94), Pneumocystis carinii (95) and Cephalosporium
caerulens (96); the parasitic protozoa Trypanosoma cruzi (95); animals Homo
sapiens (97-98) and Rattus norvegicus (99); and the bacterium Methylococcus
capsulatus (100). Whole genome sequencing of a number of animals and fungi
has resulted in identification of a number of putative lanosterol synthase
sequences which are all targets for future cloning and functional characterisation.

In plants, cycloartenol synthase converts 2,3-oxidosqualene to

cycloartenol, the major precursor for sterol synthesis. Cloning of cycloartenol
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synthases could not be done simply by complementation of the erg7 S. cerevisiae
mutant as for the lanosterol synthases as yeast does not synthesise cycloartenol
synthase. The erg7 mutant was instead utilised for heterologous expression of
putative cycloartenol synthase cDNA sequences and researchers took advantage
of 2,3-oxidosqualene accumulation in the mutant which could be used by the
expressed gene to generate a novel cyclisation product that was detected by TLC,
HPLC or GC-MS analysis (101). Subsequently the first cycloartenol synthase gene
was cloned from Arabidopsis thaliana and subsequently over 20 cycloartenol
synthases have been isolated from a wide variety of plant species by sequence
homology. To date, cycloartenol synthases have been cloned from dicots (102-
111), monocots (49, 53, 112), a gymnosperm (Abies magnifica) and a fern
(Adiantum capillus-veneris) (113). Functional cycloartenol synthases have also
been cloned from a soil amoeba (Dictyostelium discoideum) (114) and a
myxobacteria (Stigmatella aurantiaca) (115) which show approximately 50%
homology to the plant cycloartenol synthases. This implies that cycloartenol
synthases from bacteria and plants are orthologous and represent a highly
conserved and important class of OSCs that predates the emergence of plants
(116).

Experiments carried out by Gibbons et al. in 1971 provided strong
evidence that the precursor of sterols in plants and other photosynthetic
organisms was cycloartenol, whereas in animals and fungi lanosterol was used
(117). However, studies in Euphorbia identified lanosterol in a non-polar fraction
of the latex that could not be made via conversion of cycloartenol which
suggested that plants may contain a lanosterol synthase (118-120). A candidate
lanosterol synthase protein sequence was found in Arabidopsis thaliana with 64%
identity to the cycloartenol synthase protein sequence. Complementation of a
lanosterol synthase-deficient yeast and functional expression found the candidate
sequence to be a functional lanosterol synthase and functional lanosterol
synthases have since been cloned from Lotus japonicus (121) and Panax ginseng
(120). Phylogenetic analysis has shown lanosterol synthases to be widespread
amongst dicots and to have a different evolutionary origin from animal and fungal

lanosterol synthases (47).

1.4.2 Cloning of oxidosqualene cyclases involved in triterpene production

For primary metabolism most organisms contain one sterol OSC, either a
cycloartenol synthase or a lanosterol synthase, which synthesises a single sterol
precursor, cycloartenol or lanosterol respectively. Production of triterpenes by

secondary metabolism can be catalysed by numerous enzymes in a single plant
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species. Compared to the sterol OSCs, collectively the triterpene OSCs produce
many more cyclic products. Some OSCs are specific, producing a single product,
but many are promiscuous and produce numerous different products which add to
the diversity of secondary metabolites found in plants. Production of triterpenoids
through secondary metabolism is a process that is mostly found in plants but is
also seen in fungi and sea cucumbers (122), the only animals to produce
triterpenoids. Over the last twelve years, a wide variety of triterpene OSCs have
been cloned from a number of plant species and one basidiomycete.

The first plant triterpene OSC to be cloned was a B-amyrin synthase from
the roots of Panax ginseng using homology-based PCR methods (111). A number
of B-amyrin synthases have since been cloned from dicots and represent the
largest group of plant triterpene OSCs (54, 56, 75, 77, 104, 109, 111, 123-128).
B-amyrin synthase from the monocot Avena strigosa (AsbAS1) is the only
triterpene OSC to be cloned from monocots to date and represents a novel class
of B-amyrin synthases (49). Triterpene 0OSCs show far less sequence
conservation than their sterol synthase counterparts (approx. 50% compared to
75%) and the large phylogenetic separation of dicot and monocot sequences
suggests that the two groups evolved B-amyrin synthases separately (63).

The second largest group of triterpene OSCs are the lupeol synthases
which cyclise 2,3-oxidosqualene to the pentacyclic product lupeol. The first lupeol
synthases to produce solely a lupeol product were cloned from Olea europaea and
Taraxacum officinale in 1999 (105). Other lupeol synthases have since been
cloned from Betula platyphylla (104), Glycyrrhiza glabra (129), Lotus japonicus
(109) and Bruguiera gymnorrhiza (56), with the latter forming a new branch of
lupeol synthases. These enzymes are phylogenetically distinct from other OSCs,
but show 74-81% sequence homology to each other (116). There are also two
multifunctional triterpene OSCs which synthesise lupeol as their major product
and these have been cloned from Arabidopsis thaliana (52, 130) and Ricinus
communis (107).

The majority of single product enzymes that have been cloned are either
B-amyrin synthases or lupeol synthase but over 90 different triterpene skeletons
exist in nature so this implies that there are also more triterpene OSCs that have
not yet been discovered. Currently through homology based PCR methods, four
novel triterpene OSCs have been cloned that synthesise pentacyclic or tetracyclic
triterpenes; isomultiflorenol synthase (Luffa cylindrica), cucurbitadienol synthase
(Cucurbita pepo) and dammarenediol-II synthase (Panax ginseng and Centella
asiatica). The remainder of the triterpene OSCs that have been cloned to date

fall into the category of multifunctional triterpene OSCs, in that they synthesise
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more than one triterpene product (53-56, 131-134). The products that they
produce include B-amyrin, a-amyrin, lupeol, taraxasterol, germanicol,
butyrospermol and many others.

The only non-plant triterpene OSC to be cloned to date is clavarinone
cyclase from the basidiomycete Hypholoma sublateritium which catalyses the

conversion of 2,3-oxidosqualene to clavaric acid (135).

1.4.3 Alternative strategies for cloning plant oxidosgualene cyclase genes

Most OSCs to date have either been cloned via functional complementation
or sequence homology and their products identified by TLC, HPLC, GC-MS or
natural product isolation. Systematic analysis of fully sequenced plant genomes
is now being used to identify new enzymes that are involved in natural product
synthesis. The technique requires a whole genome sequence of a particular
organism from which protein-encoding regions are identified and functions are
assigned to each of the regions based on their homology to other genes of known
function (136-138). As more plant genomes become fully sequenced, this will
enable the whole OSC gene family to be uncovered. It also allows more sensitive
probing of plant genomes in order to identify new triterpenoids and by coupling
this process to heterologous expression, may uncover new biosynthetic pathways
and low-abundance natural products (57, 116).

Using this technique in Arabidopsis thaliana facilitated the cloning of a
number of enzymes which generate new triterpenoid products including those
with partially cyclised triterpene skeletons. These enzymes include, a
multifunctional triterpene OSC (139), thalianol synthase (57), marneral synthase
(140), arabidiol synthase (60), camelliol synthase (141), baurol synthase (58)
and B-amyrin synthase (128). Many of these products were thought not to occur
in nature, but recently, low levels of thalianol have been detected in Arabidopsis
roots which matched the expression pattern of thalianol synthase (AtTHAS).
Analysis of the genomic region surrounding the AtTHAS gene uncovered two
cytochrome P450s and an acyltransferase. Both of these enzyme classes have
been implicated in secondary metabolism and mutational analysis revealed that
both P450s modify the thalianol gene product and provided strong evidence for a

novel biosynthetic pathway in Arabidopsis (65).
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1.5 Structure-function relationships in plant OSCs

1.5.1 Conserved features: vast product differences

One of the great mysteries surrounding OSCs is how one substrate can be
converted to so many different products using only a handful of different
enzymes. One might think that these enzymes would be significantly different
from each other, but sequence analysis has shown that they not only have highly
homologous sequences but have also evolved from a common ancestor. They
also share common conserved features that identify them as OSCs.

OSC activity is generally associated with microsomes, and so OSCs were
presumed to be membrane bound, but sequence analysis found no signal
sequences or transmembrane domains. Theories suggested the presence of a
hydrophobic membrane-localising region which provided a different mechanism
for OSCs to attach to the membrane (142). This region has been observed on
both the Alicyclobacillus acidocaldarius squalene cyclase (AaSHC) (143) and the
Homo sapiens lanosterol synthase (hOSC) (144) crystal structures, thereby
confirming that AaSHC and hOSC are monotopic membrane proteins. Both
structures have a hydrophobic surface of approximately 1.742 which is encircled
by a ring of polar residues which form salt bridges with the displaced head groups
of the phospho- and sulpholipids and form the most likely passage for substrate
access to the enzyme active site (143). Mutagenesis and inhibitor binding studies
in a wide variety of species have identified the catalytic motif DCTAE that is found
in all OSCs (145-147). Experiments with Rattus norvegicus lanosterol synthase
and SHC showed that the aspartate in this conserved motif to be the catalytic
residue required for initiation of the cyclisation reaction (146-147).

Another feature that is characteristic of all OSCs and squalene cyclases
(SCs) is the QW motif. It was first identified by Karl Poralla through comparisons
of the AaSHC and Candida albicans lanosterol synthase amino acid sequences.
Upon aligning the sequences he found four to five repetitions of approximately 16
amino acids which formed the consensus motif: (R/K)-(G/A)-X,-3-(F/Y/W)-(L/I/V)-
X3-Q-X,.5-G-X-W. The motif, which is found in B-turns, was named QW due to
the presence of glutamine and tryptophan residues at the end of the motif (148).
The AaSHC crystal structure showed that these two residues stabilise the protein
structure by stacking together and forming hydrogen bonds with the amino end of
the adjacent outer barrel helix and the carbonyl end of the preceding outer barrel
helix. This connects the outer helices of the alpha helical barrel which stabilises
the protein structure (143). AaSHC has eight QW motifs whereas the OSC



Chapter 1 - Introduction

enzymes have fewer motifs with only five but are presumed to have the same
function as seen in the SCs (144).

In addition to the DCTAE catalytic motif and the QW motifs, SCs and both
sterol and triterpene OSCs have a number of residues that are both common and
exclusive to each class of cyclase. These residues play a large role in the
enzymatic cyclisation mechanism and are responsible for product determination in

each of the enzymes.

1.5.2 Solving the structures of triterpenoid cyclases

The question of why sterol and triterpene synthases, which have
considerable sequence homology and conserved features, produce such diverse
products has been at the forefront of secondary metabolite research for many
years. Large advances have already been achieved through the cloning of
enzymes involved in sterol and triterpene synthesis in a wide variety of plant
species. Mutagenesis experiments too, have allowed the elucidation of many of
the important residues required for cyclisation. Whilst this data is invaluable to
deciphering the inner workings of one of the most complex reactions in nature,
they cannot provide the whole story. The ability of these enzymes to synthesise
different products is most likely to be due to subtle differences in amino acid
residues and active site orientations. This information can easily be obtained
from crystal structures and the ability to crystallise enzymes with substrates,
intermediate analogues and products bound would give vital clues into the
enzymatic mechanism.

Membrane proteins represent about one third of the genome but have
traditionally been difficult to crystallise, with less that 1% having known crystal
structures. Expressing eukaryotic membrane proteins in prokaryotes is
problematic due to the different membrane constituencies of the organisms and
the inability of bacterial hosts to post-translationally modify eukaryotic proteins.
Protein purification is also difficult due to the hydrophobic nature of the
membrane spanning regions of these proteins, and usually requires a delicate
balance of detergents to solubilise the proteins. The final challenge lies in
forming viable crystals, as detergents have complex phase behaviour that hinders
the formation of well-ordered crystals (149). As a result, only two structures
exist for triterpene cyclases, the bacterial SC (AaSHC) and the human OSC
(hOSC). No structures currently exist for any of the plant OSCs.

The Alicyclobacillus acidocaldarius squalene cyclase (AaSHC) was the first

of its kind to be cloned from bacteria. It was expressed in Escherichia coli,
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Figure 1.13: Crystal structure of Alicyclobacillus acidocaldarius squalene cyclase (AaSHC)

A. Stereoview of AaSHC with labelled amino (N) and carboxy (C) termini. Structure consists of two
a-helical domains: Domain 1, external helices - royal blue; internal helices - light blue. Domain 2,
external helices - dark pink; internal helices - light pink; B-sheet structure - green; QW motif -
orange; non-polar plateau - yellow. B. Top view of domain 1 - a-helical barrel forms two concentric
rings that are stabilised by QW motifs (orange).

purified by anion-exchange chromatography and gel filtration, and produced
protein crystals that diffracted at 2.9& resolution (150). Analysis of the crystal
structure revealed two domains, domain 1 - an ag-ag barrel consisting of two
concentric rings of helices, and domain 2 - an a- a barrel, with the loops of both
domains forming a B-structure which encloses a 120043 cavity. The QW motifs
are found in almost identical conformations, and the stacked glutamine and
tryptophan side chains connecting several of the outer helices via hydrogen bonds
which stabilise the structure (Figure 1.13). There is a non-polar gated channel
leading from the membrane to the central cavity and this provides the path for
substrate access to the active site (143).

The Homo sapiens lanosterol synthase (hOSC) was cloned in 1995 (97),
and in 2004 was expressed in Pichia pastoris. It was purified using metal-chelate
chromatography and gel filtration and crystals produced by the vapour diffraction
method diffracted to 2.0& resolution (151). Analysis of the crystal structure
revealed a similar structure to the bacterial enzyme: two a-a barrel domains
connected by loops which formed three B-structures. The QW motifs were found
in the same conformation as AaSHC and an additional domain was found at the
amino-terminus in between the two domains and may play a role in stabilising

their orientations (Figure 1.14). The active site cavity is located between the two
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Figure 1.14: Crystal structure of Homo sapiens lanosterol synthase (hOSC)

A. Stereoview of hOSC. Structure consists of two a-helical domains: Domain 1, external helices -
royal blue; internal helices - light blue. Domain 2, external helices — dark pink; internal helices - light
pink; amino-terminal domain - red; B-sheet structure — green; QW motif — orange; non-polar plateau
- yellow; detergent molecules - yellow sticks. B. Top view of domain 1 - a-helical barrel of domain 1
forms two concentric rings that are stabilised by QW motifs (orange).

barrel domains and like AaSHC, a non-polar gated channel leads from the active
site to the membrane. Presence of bound detergent molecules indicate where the
membrane-binding helix of the protein is and show that it is amphipathic, so

inserts into the membrane but does not span it (144).

1.5.3 Insights into enzyme mechanism

The extraordinary way in which essentially linear squalene and 2,3-
oxidosqualene are transformed into complex cyclic triterpenoids has been of huge
interest to the field of science. In recent years there has been much speculation
about the exact nature of these reactions which have been investigated through
studies with artificial substrates, inhibitors and site-directed mutagenesis.
Elucidation of the structures of two cyclases has confirmed many of these
theories and shed further light on both the conserved residues and cyclase
specific residues found in these enzymes. Due to the inability to isolate reaction
intermediates triterpenoid synthesis was originally thought to be a concerted
process in which cyclisation occurred in a single step (152). However, work in
the early eighties showed that cyclisation occurred through a number of rigid
carbocation intermediates and was supported by the isolation of partially cyclised
triterpenoid intermediates from the Mediterranean shrub Pistacia lentiscus (153-
154).
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Structure determination of AaSHC combined with data from mutagenesis
and organic experiments allowed elucidation of the first mechanism for enzymatic
triterpene cyclisation (143, 152, 155-164). In the absence of an OSC crystal
structure, the similarity of the bacterial and human cyclase, although having only
26% identity, allowed a model of hOSC to be determined. This gave further
insight into the cyclisation differences between eukaryotes and prokaryotes at the
atomic level (165). Subsequently the structure of hOSC was solved and
supported the conclusions drawn by the model (144).

The mechanisms for triterpenoid cyclisations between the two enzymes
are very similar, with very few differences that promote the formation of the
different products. They consist of the same basic steps: binding of the substrate
in a folded conformation, reaction initiation by protonation, ring formation,
skeletal rearrangement and reaction termination by deprotonation (Figure 1.15).
Before the reaction begins the substrates are pre-folded to promote cyclisation.
Each ring is pre-folded into a chair conformation with the exception of the B-ring
of 2,3-oxidosqualene which is folded into the energetically unfavourable boat
conformation. The B-ring is forced into this conformation by Lys331 and Tyr98
which push the C;; methyl group below the molecular plane. If cyclisation were
to proceed via the favourable chair-like conformation, steric hindrance with the
Tyr98 would cause deprotonation and premature termination of cyclisation, hence
why the unfavourable boat conformation is formed (144).

Initiation of AaSHC and hOSC catalysis occurs via a conserved aspartate
residue, Asp376 and Asp455 respectively. In AaSHC, by bonding to His541,
Asp376 has increased acidity and therefore increased protonating ability. hOSC
lacks an equivalent activating residue, but as epoxides such as 2,3-oxidosqualene
are more readily protonated than alkenes such as squalene, this is expected.
Instead in hOSC Asp455 is hydrogen bonded to two cysteines (Cys456 and
Cys533) in order to become activated. The activated aspartate protonates the
first carbon-carbon double bond of squalene in AaSHC, and the epoxide group of
2,3-oxidosqualene in hOSC to commence the cyclisation reaction (143-144, 156).

After initiation, ring formation occurs first with formation of the A-, B- and
C-rings which occurs by a similar process in both enzymes. Conserved aromatic
residues promote stabilisation of the Cg, Cio and C;s tertiary cations respectively
via cation-n interactions. Formation of the D-ring signals the branchpoint
between AaSHC and hOSC mechanisms. In AaSHC, the D-ring is formed first as
a 5-membered carbon ring which upon stabilisation by surrounding aromatic

residues is expanded to form a six-membered carbon ring. In hOSC, a five-
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Figure 1.15: Cyclisation mechanism for hOSC and AaSHC

Scheme to show each of the cyclisation steps that convert squalene (AaSHC) and 2,3-oxidosqualene
(hOSC) into the cyclic products hopene and lanosterol respectively. The reaction is initiated by
protonation of the substrate. Cyclisation then takes place via the chair-chair-chair (AaSHC) or chair-
boat-chair (hOSC) conformations. After ring formation is complete, skeletal rearrangements
transform the cyclisation product to the final product cation which is then deprotonated to form either
hopene (AaSHC) or lanosterol (hOSC). Figure adapted from Schulz-Gasch and Stahl (2003) (165).
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membered carbon D-ring is also formed but it is unable to be stabilised so the
cyclisation cascade ends and the tertiary protosteryl cation is formed at C,.
Cyclisation in AaSHC continues to generate a 5-membered carbon E-ring after
which its cyclisation cascade ends. This difference in ring number is due to a
variation in amino acid identity between the two enzymes. SHC contains two
phenylalanine residues, Phe601 and Phe605 which stabilise the D-ring thereby
facilitating the expansion of the D-ring and formation of the E-ring. hOSC only
contains one of these phenylalanine residues (corresponding to Phe601 in AaSHC)
and therefore cannot stabilise the cation formed upon D-ring formation so the
cyclisation cascade is terminated (144, 164).

Skeletal rearrangements then occur to convert the respective cations into
their final products. These rearrangements happen by 1,2-shifts of hydride and
methyl groups which form the hopenyl cation in AaSHC and the lanosterol cation
in hOSC. Finally the reactions are terminated by deprotonation of the final
cations to yield hopene or lanosterol respectively. In AaSHC, this postulated to
occur via a polarised water molecule that is found in a network of water
molecules surrounding Glu45 (164). In hOSC, the proton is abstracted from the
lanosterol cation by Tyr503 which is hydrogen bonded to His232 (144).

It is clear that solving the structures of both SCs and OSCs has given huge
insights into the mechanisms by which these remarkable enzymes turn a single
substrate into a vast variety of products. It is clear that to further understand
the nature of these fascinating reactions, more crystal structures need to be
solved which will provide vital clues as to how the product specificity of each

enzyme is achieved.
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2.1 Introduction

When studying a particular protein, the best tool that can be used to gain
insights into its structure is X-ray crystallography and generation of a crystal
structure. However, there are many obstacles that must be overcome on the way
to generating a high resolution structure. First a pure protein sample in milligram
quantities is needed, followed by the right solution conditions in order to generate
crystals. Finally the crystals need to be of an appropriate quality to diffract and
generate a high resolution image and hours of refinement are needed to generate
the final structure. None of these steps are trivial and sometimes can take years
and be almost impossible to achieve, therefore researchers have had to employ
other quicker methods, for example homology modelling, to study the structures

of their proteins.

2.1.1 Homology modelling of oxidosgualene cyclases

The Homo sapiens lanosterol synthase (hOSC) is one example where
homology modelling was used in the absence of a crystal structure. OSCs were
rapidly becoming targets for antifungal, hypocholesterolemic and phytotoxic
drugs due to their involvement at the early stages of both sterol and triterpene
metabolism. However, due to problems expressing and purifying the enzymes
because of their membrane-bound nature, no X-ray crystal structures had been
solved. The only related structure that was available was the Alicyclobacillus
acidocaldarius squalene cyclase (AaSHC) which is involved in bacterial hopanoid
synthesis, a homolog of eukaryotic sterols (143, 150). Both OSCs and SCs have
closely related sequences and mechanisms so were predicted to have a similar
overall fold. Although the hOSC and AaSHC sequences have only 26% identity
over the whole sequence; in the active site cavity, identity rises to 50% indicating
that an accurate model could be generated. The hOSC model was generated
using the AaSHC crystal structure as a template and the model produced was
verified by testing a number of geometric parameters. The model was then used
to investigate OSC mechanism at a molecular level and the results supported data
that had been gathered from mutagenesis and inhibitor studies (165).
Knowledge about active site size and shape and substrate binding properties
facilitated the design of novel drugs that had a more potent activity (166).
Subsequently, when hOSC was crystallised in 2004 (144), the crystal structure
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confirmed the mechanism hypotheses made from the homology model. This
study shows that homology modelling can provide a detailed and accurate picture

of enzyme structure and function in the absence of a crystal structure.

2.1.2 Site directed mutagenesis of oxidosqualene cyclases

In addition to structural investigations through homology modelling, site
directed mutagenesis has also been used to identify specific amino acid residues
involved in the enzyme mechanism of OSCs. The majority of these experiments
have been done using Saccharomyces cerevisiae lanosterol synthase (ScOSC),
one of the first sterol OSCs to be cloned (94). Site-directed mutagenesis
experiments identified His234 (167), Phe445 (168), Trp232 (169), Tyr707 (170),
Phe699 (171), Tyr510 (172) and Trp443 (173) as catalytically important residues
as mutagenesis led to the accumulation of truncated cyclisation products. As well
as identifying catalytically important residues, mutagenesis experiments have
also identified residues that define one type of OSC from another. Studies in
Arabidopsis thaliana cycloartenol synthase identified a single mutation,
Tyr410Thr, that was sufficient to alter the product identity of the enzyme from
cycloartenol to a mixture of lanosterol, parkeol and 9B-lanosta-7,24-dien-3f3-ol
(174). Subsequent experiments identified five specific mutations which enabled a
cycloartenol synthase to produce lanosterol as its sole product, Tyr410Cys,
Ala469Val, His477Tyr, 11e481Thr and Tyr532His (175). The only mutagenesis
studies to be done in triterpene OSCs were carried out on Panax ginseng [-
amyrin synthase (PNY) and Olea europaea lupeol synthase (OEW). The studies
identified two residues, Tyr261 (PNY) and Trp259 (PNY)/Leu256 (OEW), which
are responsible for producing pentacyclic products and altering the product
identity of the enzyme from B-amyrin to lupeol respectively (176). Both of these
residues play vital roles in pentacyclic triterpene formation, but in the absence of
a crystal structure or homology model for a triterpene synthase the exact role

that they play in the OSC mechanism is unclear.

2.1.3 Molecular dynamics simulations

Whether you determine enzyme structure from an X-ray crystal structure
of a homology model the final structure will be a snapshot view of the enzyme in
a single conformation. If the structure has been crystallised with the substrate,
intermediate or product bound then this can provide additional insights into either
the binding, active site residues or one step in the enzyme mechanism. However

to see how enzyme structure changes throughout the mechanism from the native
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protein to substrate binding, catalysis and finally to product release, another level
of analysis is required. Molecular dynamics (MD) simulates the movements of
atoms and molecules over a fixed period of time using the known laws of physics
and energetics. It can be used to refine structures, simulate the positions of
atoms and molecules in the structure and simulate the movement of the enzyme
over the course of the whole reaction. MD simulations have been used to develop
atom interpretations of experimental results and to test hypotheses for enzyme
mechanism (177). MD has been used in the characterisation of a number of
enzymes, for example, aquaporin 1 and the glycerol uptake facilitator which are
involved in water and glycerol transport respectively (178). MD has also been
used by the pharmaceutical industry to test drug targets such as protein kinases

(179) and to study early events in rhodopsin activation (180).

2.1.4 Aims

Currently no crystal structures or homology models are available for any
triterpene OSC, therefore in order to begin characterisation of Avena strigosa B-
amyrin synthase (AsbAS1) a homology model needs to be generated. Reaction
intermediates of 2,3-oxidosqualene cyclisation by AsbAS1 will be modelled into
the active site using MD simulations which will allow detailed enzymatic
mechanism of AsbAS1 to be explored. The structure of AsbAS1 and its
mechanism will then be compared to hOSC as well as amino acid sequence
comparisons with plant OSCs sequences from a variety of species. This
information will be used to investigate the mechanistic differences between sterol
and triterpene OSCs at a molecular level and lead to further understanding of how
vastly different products are produced by highly homologous enzymes which all
use the same substrate. Key amino acid residues will also be identified, which

can be used as targets for future site-directed mutagenesis experiments.

2.2 Materials and methods

2.2.1 Modelling the structure of AsbAS1

2.2.1.1 Identification of homologous structures

An NCBI-BLAST2 search (181) was carried out using as query the AsbAS1
sequence against the set of proteins that had entries in the RCSB Protein Data
Bank (PDB) (182). Homologs were selected as candidates for homology
modelling according to the quality of the structural data. The validity of each

candidate structure was analysed using the information available in the PDB.
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Parameters that were taken into account were: sequence identity, resolution of
the crystal structure, R-values, bond lengths and angles, number of outliers in the
Ramachandran plot and the level of homology with the AsbAS1 sequence.
Further analysis of the real space R-values were carried out for each residue of
the candidate structures that had an anomalous R-value using the Uppsala
Electron Density Server (EDS) (183). The steric geometry of the candidate
structures was analysed using MolProbity (184). Finally, the oligomeric state of
the structures was analysed using the Protein Quaternary Structure file server
(PQS) (185). Only monomeric structures were carried forward to the next stage
of the modelling process.

Based on this data analysis, the structures having the best homology,
good steric and geometric values, the fewest number of outliers in the
Ramachandran plot, good quality electron density data (i.e. lowest number of
residues with real space R-values above 0.3) and were monomeric were carried

forward to the next stage of the modelling process.

2.2.1.2 Sequence alignment and model generation

A structure-based sequence alignment of the AsbAS1 sequence with the
selected template sequence was generated using FUGUE (186) and the resulting
alignment was viewed using the CORE evaluation on the TCoffee server (187).
Proposed insertion and deletions to the template sequence were visualised in
PyMOL (188) to ascertain whether they could be accommodated into the
candidate structures.

The structure-based sequence alignment was converted into a PIR-format
alignment file and any minor adjustments to the alignment were made manually.
The AsbAS1 model was then built using the automated comparative protein
modelling program MODELLER v9.4 (189).

2.2.1.3 Validation of ASbAS1 model

Before the structural features of the model could be analysed, the validity
of the structure was checked to determine if a reliable model had been produced.
The overall energy of the structure was calculated using the Prosa II web server
(190) and atomic volumes and dihedral angles for each residue in the structure
were calculated using PROVE and PROCHECK respectively (191-192). The
coordinates of the AsbAS1 model and the template structure were submitted to
each of the structure validation servers and the results were compared to

determine how closely the AsbAS1 structure matched the template.
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2.2.2 Sequence and phylogenetic analysis

2.2.2.1 Multiple sequence alignment

An NCBI-BLAST2 search (181) was carried out using as query the AsbAS1
protein sequence against a database containing non-redundant protein sequences
of all known plant proteins. The output was analysed and only full-length OSC
sequences were selected for use in the final sequence alignment. A multiple
sequence alignment was generated using MUSCLE (MUltiple Sequence
Comparison by Log-Expectation) (193) and sequence features were viewed and

annotated using Jalview (194).

2.2.2.2 Phylogenetic analysis

The MUSCLE sequence alignment of the plant OSCs was used for
phylogenetic analysis. MEGA 4.0 software (195) was used to construct a

neighbour-joining phylogeny for assessment of sequence diversity.

2.2.3 Molecular dynamics simulations

2.2.3.1 Generating structures of AsbAS1 reaction intermediates

Starting molecular structures for reaction intermediates were generated
using high resolution crystal structures from the Cambridge Structural Database
(CSD) (196).  Structures for the following intermediates were generated:
dammarenyl cation based on entry DELWAT (197); baccharenyl cation based on
entry XENQOX (198); lupenyl cation based on entry ACHLUP10 (199); oleanyl
cation based on XICPAB (200); and the B-amyrin cation and B-amyrin based on
DABWUZ (201). Each intermediate was docked manually into the active site of
the AsbAS1 model (which was superimposed onto hOSC) by alignment to the
lanosterol molecule found in the crystal structure of hOSC. Force-field
parameters for each of the reaction intermediates were generated using the
PRODRG server (202).

2.2.3.2 Molecular dynamics simulations

The position of each docked intermediate was refined with molecular
dynamics (MD) simulations using GROMACS 3.1 (203) using the force-field
parameters determined for each intermediate. The procedure followed for the
complex of the enzyme with each intermediate was essentially identical. The
AsbAS1 model in complex with an intermediate was solvated in a box of water

molecules, counter ions were added and then underwent 2000 cycles of conjugate
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gradient energy minimisation to relieve strain. Position-restrained MD
(restraining force constant 100 kcal mol*A?) was conducted over 20ps of
simulation using a time-step of 1.5 fsec, followed by position-unrestrained MD
conducted over 100ps of simulation with the same time-step. The final model
structures were generated by energy minimising (2000 cycles, unrestrained) the
structure coordinates obtained by averaging over the final 20ps of the position

unrestrained simulation. The structures were the viewed in PyMOL for analysis.

2.3 Results and Discussion

2.3.1 Modelling the structure of AsbAS1

2.3.1.1 Sequence analysis

Currently, no crystal structure is available for AsbAS1, so the model was
created using crystal structure data from a homologous protein. To serve as a
template structure in homology modelling, any candidate protein required
significant sequence homology to the target sequence and a crystal structure in
the PDB. The AsbAS1 cDNA sequence was translated into a protein sequence and
the reading frame which contained the longest coding sequence was selected. A
preliminary BLAST analysis of this sequence showed that the AsbAS1 sequence
showed 98% homology with B-amyrin synthases from other oat species and
between 71-80% homology with cycloartenol synthases from other plant species
(Appendix 1). However, none of these protein sequences had crystal structures,
so the BLAST search was repeated and restricted to sequences which had crystal
structures in the PDB (Appendix 2). The AsbAS1 sequence showed good
homology with two protein structures in the PDB, the human lanosterol synthase
(PDB ID: 1W6K) (144) and the bacterial squalene-hopene cyclase (PDB ID:
2SQC) (143).

2.3.1.2 Structural analysis and validation of template structures

The two candidate structures were analysed to determine their suitability
to act as a template for the AsbAS1 model. A number of parameters, described
in Table 2.1 were tested using data obtained from crystal structure data
(182) and MolProbity analysis. Sequence identity denotes the percentage of
amino acid residues that are identical between the template and target sequence.
1W6K showed much higher sequence identity to AsbAS1 than 2SQC, and also had
a higher sequence homology - 56% compared with 40% for 2SQC. The 2SQC

structure was solved at a slightly higher resolution than 1W6K, and also displayed
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Table 2.1: Structural analysis of AsbAS1 sequence matches

Table shows a summary of the structural parameters analysed for each of the crystal structures with
sequence matches to AsbAS1. Bond lengths and angle values denote the average standard deviations
of all bonds in the structure from their mean value.

Ramachandran plot
. Resolution ; ;
Identity R-Value Bond lengths | Bond angles Residues in
PDBID | “(op) " | Of SURSHre | ‘(free) | (av.st.dev) | (av.st.dev) | Numberof | favoured
(A) outliers regions
(%)
1W6K 40 2.10 0.188 1.0 <0.5 98
25QC 23 2.00 0.187 <0.5 <0.5 4 98

bond length and angle values which had slightly fewer standard deviations away
from the mean values. However, Ramachandran plot analysis favoured 1W6K as
all residues were found in allowed regions with 98% in favoured regions.
Although 2SQC also had 98% of its residues in favoured regions, 4 residues were
found in disallowed regions of the plot indicating steric hindrance between side-
chain and main-chain atoms.

The R-value is a numerical value (expressed as a percentage) which
denotes how well the refined structure fits the observed crystallographic data in
terms of the observed structure factor amplitudes. A typical value for fully
refined structures is ten times its resolution (i.e. 20% for a 2.0A resolution
structure). Many refinement programs now calculate the free R-value which is
used as a form of validation and prevents over-refinement of the structure. The
free R-value is calculated in the same way as the R-value but uses 5-10% of the
This

value is usually 5-10% higher than the R-value. Both candidate structures show

structure that is set aside and not used in the refinement of the model.

free R-factors for the overall structure well within the expected values for
structures at 2.0A resolution. Further analysis of the R-values focused on
individual residues with anomalous real space R-values (those above 0.3 - three
standard deviations from the mean). The real space R-value is a measure of the
similarity between the electron density map calculated from the experimental X-
ray diffraction data and the refined model. It allows evaluation of the goodness
of fit of individual residues in the refined model and can identify specific areas of
the protein that need further refinement. For residues with anomalous real space
R-values, the electron density data was consulted to identify a possible reason for
these anomalous values. 2SQC contained three deviant values which were all
located on the protein surface in loops or turns. These regions are often flexible
so can result in poor electron density. For example, the electron density map for
2SQC: tryptophan 216 (Figure 2.1) shows that the protein structure is not

consistent with the electron density map and therefore results in the high real
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space R-value that was observed for this residue. Unfortunately, no electron
density data was available for 1W6K, but due to the similarity of its R-value with
2SQC it was assumed that any anomalous residues would be found in similar

surface loop regions.

Figure 2.1: Electron density of 2SQC - Trp 216

The yellow net shows the electron density map obtained from X-ray crystallography (contoured at 10)
and the local protein structure is shown in sticks format. The regions not surrounded by a yellow
electron density map indicate a poor fit between the protein structure and the electron density data.

Finally the likely oligomeric state of the candidate structures was analysed
using the PQS server. Data available from the PDB indicated that 1W6K was
present as a monomer in the asymmetric unit whereas 2SQC was present as a
dimer. The PQS server uses CCP4 (204) and WHATIF (205) programs to
determine the association of the proteins in solution by calculating inter-chain
atomic contacts. The results predicted 1W6K to be a monomer and 2SQC to be a
dimer with non-specific intersubunit contacts which supported the crystallographic
data.

This validation analysis showed the two candidate structures to be
sufficiently reliable to serve as templates for homology modelling. However
1W6K displayed significantly higher overall sequence identity and was
phylogenetically closer to AsbAS1, therefore it was chosen as the most

appropriate crystal structure to model AsbAS1.
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2.3.1.3 Structure based sequence alighment

The first step in the modelling process was to align the AsbAS1 sequence
to the chosen template sequence using the structure based sequence alignment
program, FUGUE (186). FUGUE aligns sequences based on the environment of
each individual amino acid and structure-dependent gap penalty selection
algorithms. Each residue requires a particular environment which restricts amino
acid substitutions, so by using environment-specific substitution tables,
alignments are more precise. Gap penalty algorithms take into account the
position of residues in relation to secondary structure elements (SSEs). Residues
in SSEs or solvent inaccessible regions are generally more conserved than those
in folded or solvent accessible regions, therefore insertions and deletions are less
likely to occur in these conserved areas (186). Unlike CLUSTALW (206), MUSCLE
(193) or TCoffee (187), the FUGUE alignment creates a sequence alignment
based on SSEs which promises to be more reliable.

The FUGUE alignment was viewed using CORE evaluation on the TCoffee
server (Figure 2.2). This evaluates the consistency between each pair of aligned
residues and places them on a coloured core index scale between 0-9 (blue-red).
Residues with a core index =5 have a 90% chance of being correctly aligned
(187). Areas of red indicate strong sequence homology whilst yellow and blue
areas indicate average and poor homology respectively. Areas with extremely
poor or no homology, such as insertions and deletions, have no colour.

Figure 2.2 shows that the majority of the residues are accurately aligned
and have good sequence homology. Comparison of the TCoffee alignment with a
DSSP representation of secondary structure (207) revealed that areas of the
alignment with poor homology corresponded to loop regions of the protein and
were not present in alpha-helix or beta-sheet regions. As loop regions have more
variability, in terms of the residues that they contain, regions of low sequence
homology are expected. A large region containing no homology or alignment to
1W6K was observed at the N-terminus of AsbAS1. This was a 33 amino acid
insertion (residues 61-93) which was presumed to form a loop region immediately
following the amino terminal domain. Due to the large number of residues in this
insertion it was postulated that it may have formed an additional secondary
structure domain, but secondary structure predictions failed to assign any
structure to this region. A sequence alignment of the AsbAS1 sequence with a
selection of plant OSCs from a variety of plant species revealed that these
enzymes also contained the same inserted region which was restricted to plants

and not present in bacteria or other eukaryotes. This region had high sequence
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Figure 2.2: FUGUE alignment for AsbAS1 against 1W6K
FUGUE structure-based sequence alignment of AsbAS1 against the template sequence, 1W6K. The
scale at the bottom denotes the strength of the alignment, with red indicating a strong alignment,
orange/yellow indicating an average alignment and green/blue indicating a weak alignment. Proposed
insertions to the 1W6K sequences are shown as dashed lines. The DSSP representation of secondary
structure is shown below the alignment with alpha and 3-10 helices shown as grey and white cylinders
respectively; beta sheets shown as arrows and hydrogen bonded turns shown as an arc.
important conserved motifs, the catalytic DCTAE motif and QW motifs are shown above the sequence
alignment in black and blue respectively.
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identity in all plant species indicating that it may have a specific function in
plants, possibly in additional enzyme stability or protein-protein interactions, but
it is not clear.

The sequence was examined in detail to determine whether the insertions
and deletions proposed by the FUGUE alignment could be accommodated into the
1W6K structure and each position was viewed using PyMOL. There were six
insertions and three deletions proposed which, due to the ability of FUGUE to
recognise SSEs all occurred in loop regions so could be accommodated into the

1W6K structure without disrupting secondary structure elements.

2.3.1.4 Generating a structural model for AsbAS1

An AsbAS1 homology model was generated by MODELLER. MODELLER
uses comparative protein structure modelling to generate a model from an
alignment of the target sequence to the template sequence. The model is
assigned a number of restraints, which assume that distances between template
residues will be the same as for the aligned residues in the target sequence. The
molecular mechanics force-field adds additional restraints on bond lengths, bond
angles, dihedral angles and non-bonded atom-atom contacts. The model then
undergoes optimization which minimises the energy conflicts. The final model

coordinates are exported as a pdb format file (189).

AsbAS1

Figure 2.3: Comparison of the AsbAS1 model to the 1W6K structure

The 1W6K template structure is shown on the left and the AsbAS1 model is shown on the right.
Domain 1 is a double a-helical barrel with the inner helices shown in light blue and the outer helices
shown in dark blue. Domain 2 consists of 12 a-helices with the outer helices shown in dark pink and
the inner helices shown in light pink. B-sheets are found between the two domains and are shown in
green. The amino terminal domain is shown in red and the membrane attachment helix is shown in
yellow.

47
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The AsbAS1 model structure was viewed PyMOL and superimposed onto
the 1W6K template structure. As expected from the secondary structure
predictions, no secondary structure was assigned to the 33 amino acid inserted
region at the N-terminus. This region was modelled as an unordered loop which
extended away from the surface of the protein, therefore as it contained no
secondary structure information it was removed from the final model (Appendix
3). Structural comparison of the final model against the template structure
(Figure 2.3) shows that many of the secondary structure elements and motifs are
conserved in the AsbAS1 model, with the overall domain structure almost
identical between the two structures. This preliminary analysis indicates that

1W6K appears to be a good template for AsbAS1.

2.3.1.5 Validation of the AsbAS1 model

The AsbAS1 model was subjected to validation to determine whether a
reliable model had been produced. The validation process examined the overall
energy of the structure, dihedral angles and atomic volumes. This would give an
indication of the stability of the model and determine whether it had the features
characteristic of other protein structures solved by X-ray crystallography and
refined at high resolution.

Overall protein structure was analysed using Prosa II, which calculates the
energy of the whole structure using a distance-based pair potential which
incorporates all forces acting between groups of atoms and the surrounding
medium. This energy value is normalised to give a Z-score which is displayed in a
plot containing the Z-score of all proteins currently in the PDB (208). Z-scores
differ based on the length of the protein, with small proteins having high Z-scores
whereas larger proteins have much lower Z-scores. 1W6K and AsbAS1 were
calculated to have Z-scores of -11.31 and -10.56 respectively which places them
well within the range of Z-scores observed for proteins of similar size (Figure
2.4). Due to their similar size and high sequence homology, the Z-scores of both
structures were expected to have similar values and this was observed. This
confirms that the overall structure of the model produced is reliable and unlikely
to contain major structural errors.

The AsbAS1 model was analysed in more detail using PROCHECK, which
calculates the phi (¢) and psi (g) angles for all residues and displays them on a
Ramachandran plot. All residues fall into distinct areas of the Ramachandran plot
depending on the secondary structure element they are located in (alpha-helix,

beta-sheet, left-handed helix, beta-turns and extended chains). The majority of



Chapter 2 - Homology modelling of AsbAS1
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Figure 2.4: Prosa II analysis of AsbAS1 model

The overall energy (Z-score) of the AsbAS1 model (right) was calculated using Prosa II and compared
to the 1W6K template structure (left). The light and dark blue dots show the Z-score of all known
structures in the PDB relative to their size. The black dot shows where the analysed structure is
placed. Both AsbAS1 and 1W6K have comparable Z-scores to other proteins of their size.

these residues should fall into these distinct areas, and structures solved to 2A
resolution are expected to have over 90% of residues in allowed regions.
Structures that contain a significant number of residues in disallowed areas are
likely to have steric irregularities therefore indicating that the model quality is
low.

PROCHECK analysis of the AsbAS1 model showed that 99.3% of residues
were in allowed regions (90.3% in most favoured regions, 7.8% in additionally
allowed regions and 1.4% in generously allowed regions) (Figure 2.5). 1W6K
also showed similar results with 99.7% of residues in allowed regions (93.3% in
most favoured regions, 5.9% in additionally allowed regions and 0.5% in
generously allowed regions). The AsbAS1 model had only three residues in
disallowed regions, Glu459, Ser434 and Val692, all of which were present in loop
regions on the protein surface. Surface loop regions are flexible and mobile, so
unusual dihedral angles are commonly found. These data show that the majority
of the dihedral angles in the AsbAS1 model are in allowed regions of the
Ramachandran plot which further verifies that the model is reliable.

The final validation of the AsbAS1 was carried out using PROVE which
analyses the atomic volumes for each of the residues in the structure. These
values are compared to normal ranges for atomic and residue volumes that have

been calculated from 64 highly resolved and well refined structures (191). The
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Figure 2.5: Ramachandran plot of AsbAS1 model

The dihedral angles of the AsbAS1 model were analysed by PROCHECK and the results displayed in a
Ramachandran plot. The plot is split into different regions: red — most favoured, yellow - additionally
allowed, beige - generously allowed and white - disallowed. The majority of the residues fall within
the red and yellow areas indicating that the model is reliable.

results showed that atomic volumes throughout the AsbAS1 structure were
similar to 1W6K and both scores were within the range seen for other proteins
solved at the same resolution.

Together, the validation methods show that structural parameters for
AsbAS1 are very similar to the template structure 1W6K and other proteins of
similar size. It was therefore concluded that the model produced was reliable and
could now be used for a detailed analysis of B-amyrin synthase structure and

mechanism.

2.3.1.6 Overall AsbAS1 structure

The AsbAS1 model structure was superimposed onto that of hOSC using
PyMOL (Figure 2.6). As observed in Figure 2.3, many of the secondary structure

elements and motifs are conserved in the AsbAS1 model, with the overall domain
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Figure 2.6: Comparison of structural features of AsbAS1 and hOSC

Superimposed image of hOSC crystal structure (green) and the AsbAS1 model (lilac). The features
shown in spheres were solved from the hOSC crystal structure. The product of hOSC catalysis -
lanosterol (red sticks) is shown bound in the active site. Detergent molecules (purple spheres) used
for solubilisation and crystallisation of hOSC show the orientation of the enzyme at the membrane. A
detergent molecule is also bound in the substrate access channel.

structure almost identical between the two structures. The superimposed image
also shows that alpha helices and beta sheets are of similar length and although
some loop regions are longer in AsbAS1, they are well aligned to 1W6K.

AsbAS1, like 1W6K, has two a-a barrel domains connected by loop regions
which form three B-structures. The active site is found between the two domains
where the product of hOSC catalysis, lanosterol, can be seen represented by red
sticks. The hOSC protein was crystallized with detergent present as it is a
membrane-associated protein, and these can be seen in the crystal structure
represented by purple spheres (151). The location of these detergents shows
how the protein is orientated in the membrane and also show position of the

substrate access channel which leads from the membrane to the active site.

2.3.2 Analysis of the initial stages of AsbAS1 mechanism

The AsbAS1 structure and mechanism were analysed in detail to
investigate the similarities and differences between sterol and triterpene OSCs.
This would allow the mechanistic differences between the two enzyme classes to
be investigated at a structural level. As human lanosterol synthase (hOSC) is the

only sterol OSC to have its crystal structure solved, this structure was used as a
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representative structure for sterol OSCs (144). In addition to looking at
structural information, sequence and phylogenetic analysis was also used to
investigate OSC mechanism. A large number of OSCs (both sterol and triterpene
0SCs) from a variety of different plant species have been cloned and functionally
characterised and their sequence information together with the structural
information from the hOSC crystal structure and the AsbAS1 model provided
additional insights into OSC mechanism. Note that in this section, in the
main text and figure legends, hOSC residues are numbered in normal text
and AsbAS1 residues are numbered in italics. In figures both enzyme

residues are numbered in normal text and colour coded as described.

2.3.2.1 Phylogenetic analysis of plant oxidosqualene cyclases

To investigate the phylogeny between sterol and triterpene OSCs, a
multiple sequence alignment was generated in MUSCLE (193). This included 81
amino acid sequences from all cloned and/or functionally characterised plant
0OSCs, together with 20 sequences for predicted OSCs from a variety of plant
species. The multiple sequence alignment was then used to generate a
neighbour-joining phylogenetic tree (195) (Figure 2.7).

Preliminary analysis supports previous conclusions made by Qi et al. (63)
that AsbAS1 is more closely related to plant cycloartenol synthases than the dicot
B-amyrin synthases. With the increasing availability of sequence data from other
monocot species, it is clear to see that all predicted monocot triterpene synthases
are found in the same clade as AsbAS1 indicating that the monocot and dicot
triterpene synthases have evolved separately. The tree also shows that enzymes
involved in sterol synthesis have remained constant throughout evolution, with
cycloartenol synthase being the sole enzyme required for sterol synthesis in all
plants. Enzymes involved in triterpene synthesis however, have undergone much
more diversification in all plant species, resulting in evolution of both specific and
multifunctional enzymes that produce a wide range of secondary metabolites.
Some of these enzyme classes are found in clearly defined clades, for example,
the dicot B-amyrin synthases and the dicot lupeol synthases. The remainder of
the clades contain many enzyme classes that produce a vast range of products.
With the recent advances in whole genome sequencing, as more sequences
become available these clades will become more clearly defined and evolutionary
relationships between triterpene synthases will become more clearly understood.

The information gathered from this comprehensive sequence alignment

and phylogenetic tree was then used together with the AsbAS1 model to
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Figure 2.7: Phylogenetic analysis of plant oxidosqualene cyclases.

A neighbour-joining phylogenetic analysis of aligned protein sequences from plant OSCs is shown. Bootstrap values (percentage values from 1000 replicates) are shown for
key branches. The scale bar indicates 0.05 substitutions per site. The clades are highlighted based on enzyme classification. Filled circles (®) indicate enzymes that have
been functionally characterised in yeast, empty circles (O) indicate enzymes that have been cloned and the remainder that are blank are predicted sequences deduced from
whole genome sequencing. Protein sequence accession numbers and the multiple sequence alignment can be found in Appendices 4 and 5 respectively
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investigate AsbAS1 mechanism and the mechanistic differences between the

sterol and triterpene OSC classes.

2.3.2.2 Substrate entry to the active site

The hOSC structure contains a detergent molecule bound in a channel leading
from the membrane to the active site, which allows the passage of the substrate,
2,3-oxidosqualene. This channel is also observed in the AsbAS1 model. In hOSC,
this channel is blocked by three residues, Tyr237, Cys233 and Ile524 (hOSC
numbering), which are presumed to undergo a conformational change to allow
the substrate to enter the active site (144). Examination of the same region in
the AsbAS1 model revealed that two of the residues, Tyr237 and Ile524, were
conserved, and the third residue, Cys233, was substituted with threonine which
of a similar size (Figure 2.8). These three residues were found in the same
orientation in both hOSC and AsbAS1 indicating that substrate entry into the
active site occurs by the same mechanism for both sterol and triterpene enzymes.
The multiple sequence alignment of all plant OSCs showed that these three
residues are very highly conserved (Appendix 5), with any substitutions being for
residues of similar size and charge, which provides further evidence for a single

substrate entry mechanism in all OSCs.

Y237/ Y264

5; % Cs33/T260

I524/:[554

Figure 2.8: Comparison of residues blocking substrate access in AsbAS1 and hOSC

A. Image to show path of substrate entry to active site in hOSC. AS - Active site; SAC - Substrate
access channel; M - Membrane attachment surface. The product, shown in red sticks, is bound in the
active site. The substrate access channel leads from the membrane to the active site has a detergent
molecule (purple sticks) bound. The channel is blocked by 3 residues, labelled in orange sticks, that
separate the channel from the active site. They are predicted to undergo a conformational change to
allow the substrate to enter the active site. B. Superimposition of residues blocking substrate access
in hOSC (green, black labels) and AsbAS1 (purple, purple labels). Residues labelled in bold are
conserved between the two enzymes.
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2.3.2.3 Pre-folding of the substrate in the active site

After the 2,3-oxidosqualene substrate has entered the active site, the first
three rings are pre-folded into an energetically favourable conformation for
cyclisation. Each ring is capable of forming two different conformations, chair or
boat, and the combination of these conformations differs between sterol and
triterpene enzymes and represents one of the major differences between their
mechanisms. Sterol OSCs are pre-folded into the chair-boat-chair conformation,
whilst in triterpene OSCs the chair-chair-chair conformation is formed (Figure
2.9).

Sterol OSCs

H
-"'i';-._ —> HO._/ I’- i_-_\ chair-boat-chair

l_ lf:-:? Triterpene OSCs
e chair-chair-chair

o 2,3-oxidosqualene
KEY /—\ Boat /7 Chair

Figure 2.9: Pre-folded conformations of 2,3-oxidosqualene for sterol and triterpene cyclisation.
Diagram to show how 2,3-oxidosqualene is pre-folded in the active site of sterol and triterpene OSCs.
Each ring of the substrate can be folded in two different conformations - chair and boat. In sterol
0SCs, the first 3 rings of 2,3-oxidosqualene form the chair-boat-chair conformation whilst triterpene
OSCs form the chair-chair-chair conformation. This difference in B-ring conformation represents one
of the major differences between sterol and triterpene OSCs.

In hOSC the B-ring forms a boat conformation due to the presence of
Tyr98, which pushes the C;q carbon of 2,3-oxidosqualene below the molecular
plane. The boat conformation is energetically unfavourable, due to the flagpole
interaction between the two axial 1,4-hydrogen atoms of the carbon ring, but is
enforced due to the steric pressure of the tyrosine (144, 209). Therefore in
triterpene OSCs, a lack of steric pressure was expected at the equivalent Tyr98
position to allow the energetically favourable chair conformation to be formed.
The multiple sequence alignment showed that dicot triterpene OSCs had a smaller
residue at the equivalent position which would remove the steric pressure on the
B-ring, but a tyrosine was still present in the monocot triterpene OSCs.
Therefore, this region was studied in the superimposed structures of AsbAS1 and
hOSC to understand how the different B-ring conformations are achieved (Figure
2.10).



Chapter 2 - Homology modelling of AsbAS1

Faaa/l473

Above molecular
plane

AsbAS1 Cio

-
Yos/Y119 - S t\ il hOSC Cio

Below molecular
plane

1702/F 731

Figure 2.10: Residues enforcing B-ring conformation

Diagram to illustrate how B-ring conformation is determined in hOSC (green, black labels) and AsbAS1
(purple, purple labels). Tyrggs in hOSC enforces the boat conformation by forcing the Cio of 2,3-
oxidosqualene below the molecular plain. Tyrgs is held in place by a large residue above and a small
residue below. In AsbAS1 these positioning residues are reversed which elevates the tyrosine relative
to its hOSC counterpart. This removes the steric pressure on Cio and allows the B-ring to adopt the
energetically favourable chair conformation.

In hOSC, Tyr98 is held in position by a bulky residue above, Phe444, and a
small residue below, Ile702, which creates the steric pressure to enforce the boat
conformation. In AsbAS1, these positioning residues are reversed, so the
tyrosine (Tyr119) is held in place by a small residue above, Leu473, and a bulky
residue below, Phe731, which elevates its position in relation to the hOSC
tyrosine. This elevation presumably removes the steric pressure on the substrate
Cio to allow it to adopt the chair conformation. The sequence and phylogenetic
analysis of all plant OSCs shows that this residue reversal is restricted to the
monocot triterpene OSC clade. Dicot triterpene OSCs have the same positioning
residues as hOSC but have a much smaller residue, typically asparagine, cysteine
or isoleucine, at the equivalent Tyr98 position so the B-ring is free to adopt the
favourable chair conformation. This clear difference between monocot and dicot
0OSCs may be a result of the divergent evolutionary origins of the two groups.
Phylogenetic analysis has shown that monocot triterpene OSCs are more closely
related to cycloartenol synthases, responsible for plant sterol biosynthesis, than
other dicot plant triterpene OSCs, indicating the two triterpene OSC groups
evolved separately (63). The more cycloartenol synthase-like character of the

monocot triterpene OSCs might explain why some of the features of sterol OSCs
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have been maintained and modified to allow the enzyme to function as a

triterpene OSC.

2.3.2.4 Reaction initiation

Once the substrate is pre-folded in the active site, cyclisation can occur.
The reaction is initiated by protonation of the epoxide group of 2,3-oxidosqualene
by a highly conserved aspartate residue which induces the cyclisation reaction.
The conserved aspartate is part of a highly conserved DCTAE catalytic sequence
motif and is present in all OSCs, suggesting that the reaction initiation
mechanism is conserved amongst all OSCs (52, 124, 210-211). In hOSC, Asp455
is the proton donor for reaction initiation and is hydrogen bonded to two cysteine
residues, Cys456 and Cys533, which increase its acidity to allow protonation of
the 2,3-oxidosqualene epoxide group. This aspartate (Asp484) is conserved in
AsbAS1 and is hydrogen bonded to two cysteine residues, Cys485 and Cys563.
All three residues were found in an identical orientation to hOSC which implies

that initiation occurs by a common mechanism (Figure 2.11) (144, 212).

Figure 2.11: Reaction initiation

Superimposition of the residues involved in cyclisation initiation in hOSC (green, black labels) and
AsbAS1 (purple, purple labels). Initiation occurs via a catalytic aspartate hydrogen bonded to two
cysteine residues which increase its acidity and allow it to protonate the epoxide group of 2,3-
oxidosqualene substrate. Hydrogen bonds are shown by dashed lines.

2.3.3 Analysis of the cyclisation steps in AsbAS1 mechanism

After reaction initiation, cyclisation of the substrate can proceed.
Cyclisation was originally thought to be a concerted process (152), but
experiments conducted by Van Tamelen et al. found evidence that cyclisation

proceeded via a series of discrete, conformationally rigid carbocationic
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intermediates (153). Rings are numbered A through to E and are formed
sequentially, with each ring requiring stabilisation before the next one can be
formed. Stabilisation occurs via aromatic residues in the active site cavity which
stabilise the positive charge formed on the newly cyclised ring via cation-n
interactions. The aromatic ring stacks against the new ring and the delocalised
electrons stabilise the positive charge (164).

Ring formation represents another major difference between sterol and
triterpene OSC mechanisms as sterol OSCs form tetracyclic products whereas
triterpene OSCs predominantly form pentacyclic products. Mutagenesis studies
have shown that ring stabilisation by active site aromatic residues plays a vital
role in product determination (167-171, 174, 176). Mutagenesis of only one
critical active site residue can result in cyclisation termination due to lack of
stabilisation of the developing positive charge. (139, 213). Stabilisation is only
achieved by aromatic residues, therefore a single substitution of a stabilising
residue can change the active site environment and result in a different product
being formed. Due to the high sequence similarity between sterol and triterpene
OSCs, identification of subtle differences in active site residues could allow further
understanding of the mechanistic differences between the these two enzyme
groups.

To further analyse AsbAS1 mechanism, each step of the cyclisation
process was studied in detail to identify residues that are likely to be catalytically
important and explore differences to the sterol OSC mechanism. Reaction
intermediates, generated from structures in the Cambridge structural database,
were docked into the active site of the AsbAS1 model (Figure 2.12). Molecular
dynamics (MD) simulations were then performed on all docked intermediates to
create a realistic representation of their position in the active site.

MD simulates the movement of atoms and molecules in protein structures.
In vivo, all atoms and molecules are constantly moving, so MD simulates the
atom movements in an aqueous environment to find an optimal, energetically
favourable position for the intermediate in the active site. Despite being
membrane associated, the model was simulated in an aqueous environment.
Superimposition of AsbAS1 onto hOSC implies that like hOSC, AsbAS1 is
membrane associated via a single helix therefore the majority of the protein is
exposed to the aqueous environment of the cytoplasm. So, whilst membrane
attachment may affect the low frequency movements associated with substrate
entry, it is unlikely to affect the high frequency movements of the active site
during catalysis. Therefore the simulation of reaction intermediates can be

accurately modelled using an aqueous environment.
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™ oleanyl cation

Figure 2.12: Carbocation intermediates of B-amyrin synthesis

Pathway to show intermediates formed on cyclisation of 2,3-oxidosqualene to B-amyrin. Cyclisation is
concerted up to formation of the 5-membered D-ring (dammarenyl cation). Three more intermediates
are formed upon D-ring expansion, E-ring formation and E-ring expansion leading to the oleanyl
cation which undergoes skeletal rearrangement followed by deprotonation to form the final B-amyrin
product. Red stars denote the structures docked into the AsbAS1 active site using molecular
dynamics.

The final AsbAS1 model structures were analysed to identify residues
involved in ring stabilisation. Stabilising residues from AsbAS1 and hOSC were
compared along with information from the multiple sequence alignment to find

residues responsible for product differences between sterol and triterpene OSCs.

2.3.3.1 A-ring formation

The A-ring is the first to be cyclised and ring closure forms a positive
charge at C¢ (2,3-oxidosqualene numbering — Figure 2.12). This charge must be
stabilised in order for cyclisation to continue, and in hOSC this is achieved by
Trp581. Trp581 is located below Cq in the active site, and forms cation-n
interactions to stabilised the positive charge (144). Further stabilisation comes
from the hydroxyl groups of three nearby tyrosine residues, Tyr503, Tyr704 and
Tyr707, which are directed towards the active site to provide additional negative
electrostatic potential (165).

Analysis of A-ring stabilisation in the AsbAS1 model was carried out with
the tetracyclic dammarenyl cation docked into the active site, as the CSD did not
contain a suitable template to generate a monocyclic triterpene structure.
Residues for A-ring stabilisation are completely conserved between the two
enzymes, with the Cg cation stabilised from below by Trp611, and tyrosine
residues Tyr533, Tyr733 and Tyr736 (AsbAS1 numbering) providing additional
negative charge. The plant OSC multiple alignment shows that with the

exception of Tyr533 which is replaced by a tryptophan in dicot triterpene
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synthases, these residues are highly conserved in all sterol and triterpene OSCs,

suggesting that A-ring formation occurs by the same mechanism.

2.3.3.2 B-ring formation

Formation of the B-ring results in a shift of the positive charge from Cg to
Cio (2,3-oxidosqualene numbering - Figure 2.12). In hOSC, this charge is
stabilised via cation-n interactions from above and below by Phe444 and Trp581
respectively. As for A-ring formation, the hydroxyl groups of surrounding
tyrosine residues provide additional negative charge to stabilise the developing
positive charge (144).

Analysis of B-ring stabilisation in the AsbAS1 model was carried out with
the tetracyclic dammarenyl cation docked into the active site, as the CSD did not
contain a suitable template to generate a bicyclical triterpene structure. For B-
ring stabilisation, the conserved Trp611 is present below C;q to stabilise the
positive charge and tyrosine residues Tyr533, Tyr733 and Tyr736 are also
conserved. However, Phe444 is not conserved in AsbAS1 and other monocot
triterpene OSCs and is substituted for a leucine residue (Leu473), which appears
to play a role in Tyri19 positioning to allow the B-ring to form a chair
conformation (see section 2.3.2.3). As stated in section 2.3.2.3, Tyri19 is
positioned by a pair of residues, Phe731 (below) and Leu473 (above), both of

which are conserved in monocot triterpene OSCs. Together they raise the

Dicot sterol OSCs (hOSC) Monocot triterpene OSCs (AsbAS1)

Y503 Ys33

Li73
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Figure 2.13: B-ring stabilisation in hOSC and AsbAS1

Diagram shows differences in B-ring stabilisation between hOSC (left) and AsbAS1 (right). The
reaction intermediate is shown in grey and the C,o cation is shown as a white sphere. In hOSC (and
all dicot OSCs), Cio stabilisation occurs via Trp581 and Phe444. In AsbAS1 C,, stabilisation occurs via
Trp611 (conserved amongst all OSCs) and Phe731 (unique to monocot triterpene OSCs). Residues
involved in stabilisation and conformation of the B-ring are shown in green (hOSC) and purple
(AsbAS1), and conserved residues are shown in red. Tyrosine residues providing additional negative
potential to the active site are shown as light grey sticks.
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position of Tyr119 in relation to the positive charge at C,(, so that it no longer
causes steric hindrance the B-ring. In hOSC and all sterol OSCs, these
positioning residues (Phe444 and Ile702) are reversed which lowers the position
of Tyr98 in relation to the positive charge at C;,, which creates the steric
hindrance to enforce the boat conformation of the B-ring. Phe731 is therefore
indirectly conserved, and although it is found in a different location to Phe444, it
is appropriately positioned to stabilise the C,q cation (Figure 2.13). Monocot
triterpene OSCs are the only triterpene OSCs that contain an equivalent Tyr98
residue, usually only observed in sterol OSCs. This difference in B-ring
stabilisation may have arisen as a result of the separate evolution of monocot and
dicot triterpene OSCs (63).

2.3.3.3 C-ring formation

Formation of the C-ring results in a shift of the positive charge from Cy, to
Cis (2,3-oxidosqualene numbering - Figure 2.12). In hOSC this charge is
stabilised via cation-n interactions from above and below by Phe444 and Phe696
respectively. His232 also interacts with the Ci4 cation to stabilise the charge
(144). Mutagenesis studies of Saccharomyces cerevisiae lanosterol synthase
have shown that deletion of His232 or Phed444 l|eads to formation of tricyclic
products, indicating that these residues are vital for C-ring formation (167-168).

Analysis of C-ring stabilisation in the AsbAS1 model was carried out with

the tetracyclic dammarenyl cation docked into the active site, as the CSD did not

hOSC AsbAS1

1473 F259 *
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Figure 2.14: C-ring stabilisation in hOSC and AsbAS1

Diagram shows differences in C-ring stabilisation between hOSC (left) and AsbAS1 (right). The
reaction intermediate is shown in grey and the Ci4 cation is shown as a white sphere. In hOSC (and
all dicot OSCs), C,4 stabilisation is mediated by His232, Phe444 and Phe696. In AsbAS1, Phe696 is
conserved (Phe725) and Phe444 is indirectly conserved (Phe731), but His232, a residue conserved in
all sterol OSCs, is replaced by Phe259, a residue conserved in all triterpene OSCs. Residues involved
in stabilisation of the C-ring are shown in green (hOSC) and purple (AsbAS1), and conserved residues
are shown in red.
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contain a suitable template to generate a tricyclic triterpene structure. For C-ring
stabilisation, the phenylalanine below C,4 (Phe725) is conserved, but Phe444 and
His232 are not conserved (Figure 2.14). However, as Phed444 is indirectly
conserved (Phe731), it may assume the same role that Phe444 has in B and C-
ring stabilisation. The absence of His232 represents one of the major differences
between sterol and triterpene OSCs. The plant OSC multiple sequence alignment
(Appendix 5) shows that His232 is conserved throughout all sterol OSCs whereas
all triterpene OSCs have an aromatic phenylalanine (Phe259) or tyrosine. Phe259
plays a vital role in later cyclisations but for C-ring stabilisation it assumes the

same role as His232.

2.3.3.4 D-ring formation

Formation of the 5-membered D-ring results in a shift of positive charge
from Ci; (2,3-oxidosqualene numbering - Figure 2.12) to C, (lanosterol
numbering), forming the protosteryl cation in hOSC and the dammarenyl cation in
AsbAS1. It is here that the sterol and triterpene OSC mechanisms diverge, with
D-ring formation signalling the end of sterol OSC cyclisation, whereas triterpene
OSC cyclisation continues. In hOSC, the positive charge at C,, is coordinated
from above and below by His232 and Phe696 respectively. However, the
negative potential of these residues is not sufficient to stabilise the charge at C,g,
which would allow expansion of the D-ring and formation of the 5-membered E-
ring. Lack of stabilisation results in cyclisation termination and deprotonation
takes place to yield the lanosterol product (144, 165).

Analysis of D-ring stabilisation in the AsbAS1 model was carried out with
the tetracyclic dammarenyl cation and baccharenyl cations docked into the active
site. In AsbAS1 the phenylalanine below C,q (Phe725) is conserved, but His232 is
not conserved and is replaced by a phenylalanine (Phe259). This phenylalanine
appears to provide the additional negative potential required to stabilise the
positive charge on the dammarenyl cation and allow expansion of the 5-
membered D-ring to form the baccharenyl cation (Figure 2.15). The expansion of
the D-ring transfers the positive charge to Cig (B-amyrin numbering - Figure
2.12), which is also stabilised by Phe259 and Phe725. As mentioned previously,
the plant OSC multiple sequence alignment shows that all sterol OSCs have a
histidine residue at the His232 position whereas all triterpene OSCs have either a
phenylalanine (monocots) or a tyrosine (dicots). This provides a clear residue
difference between sterol and triterpene enzymes at the exact cyclisation stage
that forms their differing products — which indicates that Phe259 may be the key

residue required for producing pentacyclic products. Mutagenesis studies on B-
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amyrin synthase from Panax ginseng have provided further support for this
theory, as mutation of this residue to a histidine, as seen in sterol OSCs, resulted

in the formation of tetracyclic dammarene-like products (176).

Sterol OSCs (hOSC) Triterpene OSCs (AsbAS1)
F2s9 }
i

Lanosterol Dammerenyl Baccharenyl
cation {' cation cation

— Deprotonation T

Figure 2.15: D-ring stabilisation in hOSC and AsbAS1

Diagram shows differences in D-ring stabilisation between hOSC (left) and AsbAS1 (right). The
reaction intermediate is shown in grey and the Cy cation is shown as a white sphere. In hOSC (and
all sterol OSCs), Phe696 and His232 are not enough to stabilise the charge at Cy resulting in
cyclisation termination and deprotonation. In AsbAS1 (and other triterpene OSCs), His232 is replaced
by an aromatic residue (Phe259), which together with Phe725 is able to stabilise the C,, charge and
allow cyclisation to continue by expansion of the D-ring to form the baccharenyl cation. Residues
involved in stabilisation of the D-ring are shown in green (hOSC) and purple (AsbAS1), and conserved
residues are shown in red.

2.3.3.5 E-ring formation

E-ring formation only occurs in triterpene OSCs, as sterol OSCs cease
cyclisation at the D-ring due to lack of cation stabilisation. Formation of the 5-
membered E-ring results in a shift of positive charge from C,q (lanosterol
numbering) to Cyq (B-amyrin numbering - Figure 2.12), forming the lupenyl
cation. Stabilisation of the positive charge allows E-ring expansion to form the
oleanyl cation. Mutagenesis and chimeric studies between lupeol synthase from
Olea europaea (OEW) and B-amyrin synthase from Panax ginseng (PNY) identified
a single residue, Trp257, that appeared to be responsible for stabilising the
expanded E-ring in triterpene OSCs (176). If the E-ring expansion is not
stabilised then cyclisation is halted at the lupenyl cation which is deprotonated to
form lupeol. OEW has a leucine residue at the equivalent Trp257 position, and

mutation of this residue to tryptophan resulted in production of B-amyrin.
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AsbAS1
Lupenyl
cation ,’

Oleanyl
cation

Figure 2.16: E-ring stabilisation in AsbAS1

Diagram shows how E-ring is stabilised in AsbAS1. The lupenyl cation intermediate is shown in grey
and the Cy cation is shown as a white sphere. The positive charge is stabilised by Trp257 and Phe259
which enables expansion of the E-ring to form the oleanyl cation. Residues involved in stabilisation
are shown in purple.

Likewise, mutation of tryptophan in PNY to leucine resulted in production of lupeol
(176, 214). Although mutagenesis studies of triterpene OSCs have been carried
out (176, 214), AsbAS1 is the first triterpene OSC to be structurally modelled.
This provides a unique tool to study the residues responsible for E-ring
stabilisation in the active site.

Analysis of E-ring stabilisation in the AsbAS1 model was carried out with
the pentacyclic lupenyl and oleanyl cations docked into the active site. The model
suggested that the positive charge at C,y could be stabilised through cation-n
interactions with Phe259 and Trp257, which would allow expansion of the 5-
membered E-ring forming the oleanyl cation (Figure 2.16). The results observed
for the mutagenesis of Trp257 in PNY can be clearly explained by the AsbAS1
model. Mutation of the tryptophan to leucine results in the C,, cation being
stabilised solely by Phe259 which does not provide sufficient stabilisation to allow
E-ring expansion, therefore lupeol is formed. Consequently mutation of the
equivalent leucine in OEW to tryptophan provides additional stabilisation to the
C,o cation allowing E-ring expansion and hence B-amyrin formation. The plant
0OSC multiple sequence alignment shows that all lupeol synthases have a leucine

residue at the Trp257 position whereas the f-amyrin synthases have a
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tryptophan residue. Together these results provide strong evidence that Trp257

is required for E-ring expansion in triterpene OSCs.

2.3.3.6 Skeletal rearrangement and deprotonation

After cyclisation is complete, the intermediate undergoes skeletal
rearrangement to form the product cation, which is deprotonated to yield the final
product. Skeletal rearrangement causes a shift of the positive charge from a
region of low electron density to an area of high electron density by 1,2 shifts of
methyl and hydride groups. Migration is thought to be induced by the steric
difficulty associated with the chair-boat/chair-chair folds (165, 213). After 2,3-
oxidosqualene cyclisation by hOSC, the positive charge resides on C,, (lanosterol
numbering) creating the protosteryl cation. Skeletal rearrangement shifts the
positive charge from C, to Cg/9 (lanosterol numbering) which forms the lanosterol
cation (144). Deprotonation of the lanosterol cation completes the cyclisation
reaction. In hOSC, His232 is the only catalytic base present in the vicinity of the
lanosterol cation and forms a hydrogen bond to Tyr503. It is presumed that this
activated tyrosine accepts the proton from Cg,9 (lanosterol numbering) to form
the lanosterol product (144, 164-165).

Analysis of skeletal rearrangement in the AsbAS1 model was carried out

with the pentacyclic B-amyrin cation docked into the active site. In AsbAS1 the

hOSC AsbAS1

Ys03 Ys33

Figure 2.17: Deprotonation in hOSC and AsbAS1

Diagram shows how deprotonation occurs in hOSC (left) and a possible candidate for deprotonation in
AsbAS1 (right). The product cation is shown in grey, the location of the final cation is shown by a
white sphere (N.B. lanosterol cation can reside on Cg or Co) and the location of the proton that is
removed is shown as a dark grey dot. In hOSC, His232 hydrogen bonds to Tyr503 which acts at the
final proton acceptor. AsbAS1 lacks a suitable catalytic base, but may use a water molecule activated
by Tyr533 as a final proton acceptor. Residues involved in deprotonation are shown in green (hOSC)
and conserved residues are shown in red. Hydrogen bonds are represented by a dotted blue line, and
distances are shown as a dotted red line.
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positive charge shifts from Ci9 to C;3 (B-amyrin numbering) to form the B-amyrin
cation (163). Deprotonation occurs at C;; (B-amyrin numbering), but the
catalytic base is harder to determine as there is no equivalent to the His232
residue, as in hOSC, to activate the equivalent tyrosine residue, Tyr533. In the
search for a candidate base, the location of each basic residue in the active site
vicinity was determined to identify a residue close enough to C;, (B-amyrin
numbering) to act as a catalytic base. However the only residue in close contact
with Ci» (B-amyrin numbering) is the conserved Tyr533 at a distance of 4.58
(Figure 2.17). With no other candidate present, it is postulated that in AsbAS1,
the hydroxyl group of Tyr533 may form a hydrogen bond with a water molecule
to facilitate deprotonation at C;, (B-amyrin numbering). The plant OSC multiple
sequence alignment shows that although Tyr533 is conserved in monocot
triterpene OSCs and in all sterol OSCS, dicot triterpene OSCs have a tryptophan
residue at the corresponding position, which leaves the mechanism for

deprotonation in dicot OSCs unclear.
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3.1 Introduction

The sad mutant collection has been an invaluable tool in the elucidation of
the genes involved in the avenacin pathway. Using the mutagen sodium azide,
92 mutants have been identified in total using a reduced root fluorescence screen
that exploited the fluorescent property of the major end product of the pathway,
avenacin A-1. This comprehensive set of metabolic pathway mutants is the first
to be isolated through a forward screen for loss of function. These mutants have
defined at least seven loci involved in avenacin synthesis and characterisation of

these mutants has provided insights into each individual step of the pathway.

3.1.1 Characterisation of the original sadl mutants

Of the ten sad mutants identified in the first reduced root fluorescence
screen, two, #109 and #610, had single point mutations at a locus defined as
Sadl which was later identified as the B-amyrin synthase gene. Both of these
mutants lacked B-amyrin and had no detectable B-amyrin synthase activity.
Sequencing of the Sadl gene in each of these mutants revealed single point
mutations that resulted in predicted premature termination of translation codons.
Further characterisation revealed that Sadi1 transcript levels were substantially

reduced in both mutants, possibly as a result of nonsense-mediated mRNA decay.

3.1.2 Identification of additional sad1 mutants from the oat mutant collection

Characterisation of mutants in the extended mutant collection has
identified six additional sad2 mutants and one additional sad” mutant. To
identify additional sadl mutants in the extended mutant collection, methanolic
root extracts of 6-day old oat seedlings were analysed by TLC to identify mutants
that accumulated 2,3-oxidosqualene, as seen for the two original sadl mutants.
The methanolic extracts were dissolved in 100ul chloroform:methanol (7:3 v/v)
and analysed by TLC (hexane:acetone 80:20 v/v) which identified 15 candidate
sadl mutants that lacked avenacin and accumulated 2,3-oxidosqualene. Root
extracts were also dissolved into hexane for GC-MS analysis which confirmed the
accumulation of 2,3-oxidosqualene in the original two Sadl mutants and the 15
candidate sadl mutants thereby confirming these mutants as new sadl mutants
(215).
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3.1.3 Aims

Two sadl mutants and 15 candidate sadl mutants have been identified
from the extended oat mutant collection and partially characterised. The aim of
this part of the project was to characterise the sadl mutant collection at a gene,
transcript and protein level. The gene and transcript analysis of the sad1 gene in
each of the 17 mutants is discussed in this chapter and the protein analysis will
be discussed in Chapter 4.

Characterisation of the sadl mutants at a genetic level will involve
sequencing of the Sadl gene in each of the new sadl mutants to determine the
nature of the mutations. The sadl mutants will then be characterised at the

transcript level by reverse-transcription PCR and Northern blotting.

3.2 Materials and Methods

3.2.1 Isolation of genomic DNA from sadl mutants

Seeds of Avena strigosa S75 (wild-type) and sadl mutants were surface
sterilised in 0.05% (v/v) sodium hypochlorite solution for 10 minutes and
incubated on Whatman No.1 9 cm filter circles (Sartorius Stedim UK Ltd) at 4°C
in the dark for 48 hours. For germination, seeds were transferred to 1% (w/v)
agar plates and incubated for 6 days at 22°C with 16 hours light and 8 hours
dark. Genomic DNA (gDNA) was extracted from 4 cm of leaf material using the
DNeasy Plant Mini Kit (Qiagen) and analysed by 1% (w/v) TAE agarose gel

electrophoresis to confirm recovery of gDNA.

3.2.2 PCR amplification of Sad1l genomic DNA

The Sadil gene was amplified using the gDNA of each of the sadl mutants
as a template. The gene was amplified in four segments and the following
primers were used: Segment 1, AmyStaFl = ACGAGTGCTTGTTITCCTCGTA and
Amy610R = CATACCGACAACCATATTTTTCCCCA; Segment 2, Amy610F = GTCGCT
ACATTTACAATCAACAGGCAT and Amy109R = TCTATACCAACCTGTGCCTTCATTCC;
Segment 3, Amy109F = TATCCATTATGACGACGAATCAACC and Amy23R = TCGGA
ACATTGTCGTGGACTA; Segment 4, Amyl12F = CTCAACCCTTCTGAGAGTTTT and
AmyEndR1 = TGATGACATCGGTAGGAA. Gradient PCR was carried out using
Phusion™ High Fidelity DNA polymerase (Finnzymes) for 35 cycles (program:
98°C for 10 seconds, 40-65°C for 1 min, 70°C for 1.5 mins (segments 2 and 3) or
2 mins (segments 1 and 4), and final extension at 72°C for 10 min). Fractions

which contained a single band at the correct size were confirmed by 1% TAE
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agarose gel electrophoresis with ethidium bromide staining. These fractions were

pooled and purified using a Wizard PCR Preps Kit (Promega).

3.2.3 Sequencing of sad1l genomic DNA segments

Sequencing reactions were carried out using BigDye® Terminator v3.1
Ready Reaction Mix (Applera) using the program: 92°C for 40 seconds, 52°C for
15 seconds, 60°C for 4 minutes followed by 25 cycles of 95°C for 10 seconds,
52°C for 15 seconds and 60°C for 4 minutes. Purified DNA segments from each
of the sadl mutants were sequenced using a variety of primers along the length
of the Sad1l gDNA (Table 3.1). Sequencing reaction analysis was carried out by
the Genome Laboratory at the John Innes Centre, Norwich. Sequencing data was
viewed using Chromas (Technelysium Pty Ltd) and the resulting sequence was
aligned to the gDNA sequence from wild-type Sadl using BioEdit (IBS
Therapeutics) (216). Each mutant was sequenced to at least 2-fold coverage

using the primers listed in Table 3.1.

Table 3.1: Primers used for sad1l mutant sequencing

Name and sequence of primers used to sequence each segment of the Sadl gene are shown. Primers
suffixed with F or F1 are the primers for the sense DNA strand and primers suffixed with R or R1 are
the primers for the antisense strand. Capital letters denote exon sequence whereas small letters
denote intron sequence. The exact location of each primer on the gDNA is shown in Appendix 6.

Primer name Primer sequence Primer name Primer sequence
Segment 1 Segment 3

AmyStaF1 ACGAGTGCTTGTTTTCCTCGTA Amy109F TATCCATTATGACGACGAATCAACC
Amy10F gtatggatttcgtaccgtaaat AmyO5F TGGATGTCATAGCTGGGA
Amy16F CAGTGGGATTCTCTTCATTATGC Amy06F TATCCGCTGACCTTGTTG
Amy18F gtggctcatcacattgatcaca Amy1l7R AGCCTTTTGATCTGTGGCGATA
Amy26R ATCGTCTGCTTGTAGAGAGGA Amy23R TAGTCCACGACAATGTTCCGA
Amy25R agttcaaccaagattttagacaac Segment 4

Amy610R catacCGACAACCATATTTTTCCCC Amy12F CTCAACCCTTCTGAGAGTTT
Segment 2 AmyO8F GTGGATGGGGTGAAGACT
Amy610F GTCGCTACATTTACAATCAACAGgcat Amy19F TGGGCAATGTTGGCTTTAATTT
Amy1l1F CTGCGACAAGACCTCTATA Amy22R tggacacggtcatcaaaactg
Amy24R GTCCCAATTAATGTTGCAGTAAG AmyEndR1 TCAGCTCTTAATCGCAAGAAGT
Amy109R tctataccaacCTGTGCCTTCATTCC

3.2.4 Diversity Array Technology (DArT) analysis of sadl mutants

Genomic DNA was extracted from a single leaf of a 6 day old oat seedling
as described in section 3.2.1, and analysed by 1% (w/v) TAE agarose gel
electrophoresis to confirm recovery of gDNA. Two independent genomic DNA
samples from each mutant were sent for Diversity Array Technology (DArT)

analysis (Diversity Arrays Technology Pty Ltd).
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3.2.5 Transcript analysis of sadl mutants

Total RNA was extracted from the terminal 0.5 cm roots of 3 day old oat
seedlings using TRI-REAGENT (Sigma) followed by DNase digestion at 37°C for
10 minutes by adding 2 pl of DNase I (Roche) to 50 pl RNA. DNase was removed
by phenol/chloroform extraction and ethanol precipitation and the RNA
concentration was determined spectrophotometrically using a NanoDrop ND-1000
(Thermo Scientific).

For RT-PCR, cDNA was synthesised using 1 ug of DNase treated RNA which
was primed with 0.5 pg Oligo(dT);s primers and 0.5 mM each of dATP, dCTP,
dGTP, dTTP (Invitrogen) in a final volume of 13 ul at 65°C for 5 minutes then
immediately chilled on ice for 1 minute. First strand cDNA synthesis was carried
out by adding the following components to the denatured RNA to yield a final
concentration of 1 x First Strand Buffer (Invitrogen), 5 mM dithiothreitol
(Invitrogen), 40 U RNaseOUT™ (Invitrogen) and 200 U of Superscript III Reverse
Transcriptase (Invitrogen). The reverse transcription was carried out at 50°C for
1 hour and the enzyme was inactivated by incubation at 70°C for 50 minutes.
cDNA was stored at -20°C and cDNA was diluted 5-fold for use in RT-PCR
reactions. PCR amplification of the Sadl and GAPDH was carried out using the
following primers: Sad1-5" = ATGTGGAGGCTAACAATAGG, Sadl-3" = TATCTCATG
ACGATGTTCCG, AsGAPDH-5" = CGCCATGGGCAAGATTAAGATCGGAATCAACG and
AsGAPDH-3" = GTGGCAGTGATGGCATGAACAGTKGTCATCA. PCR amplification of
splice site regions in the four splicing mutants was carried out using the following
primers: 110, Amy08F = GTGGATGGGGTGAAGACT and AmyEndR1 = TGATGACAT
CGGTAGGAA; 225 and 589, Amyl1lF = CTGCGACAAGACCTCTATA and Amy17R =
TATCGCCACAGATCAAAAGGCT; and 1001, AmyO5F = TGGATGTCATAGCTGGGA
and Amy23R = TCGGAACATTGTCGTGGACTA. PCR was carried out using Taq DNA
polymerase (HT Biotechnology) using the program: 95°C for 2 minutes followed
by 29 cycles of 95°C for 30 seconds, 55°C for 40 seconds, 72°C for 40 seconds
and a final extension at 72°C for 3 minutes. Products were then run on a 1% TAE
agarose gel and visualised with ethidium bromide staining.

For Northern blotting, 10 pg of total RNA was run on a 1.2% agarose/0.25
M formaldehyde gel at 60 V for 4 hours and RNA was visualised with ethidium
bromide staining. The gel was soaked in 10x SSC for 20 minutes and transferred
to a Hybond-N+ nylon membrane (Amersham) in 10x SSC overnight. After
transfer was complete, RNA was immobilised on the membrane by baking at 80°C
for 3 hours. cDNA probes for the 5’ and 3’ end of the Sad1l gene were generated
using the following primers: 5’ probe, Sadl-5-F = ATGTGGAGGCTAACAATAGG
and Sadl-5-R = TATCTCATGACGATGTTCCG; 3’ probe, Sadi-3'-F = CGA
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ATCCACGATATCGAAGAG and Sad1l-3-R = TCAGCTCTTAATCGCAAGAAG. Each
probe was purified using the QIAquick PCR purification Kit (Qiagen) and eluted in
TE buffer pH 8.0. Probes were labelled with 3P-dCTP using the Rediprime II
Random Prime Labelling Kit (Amersham). Hybridisations were carried out
overnight at 65°C in 10 ml Church Buffer, 0.1 mg/ml salmon sperm DNA (Sigma)
and 50 pl *?P-dCTP labelled probe. Membrane was washed at 65°C in 0.1% (w/v)
SDS with decreasing concentrations of SSC until radioactivity was localised to a
specific region of the membrane. The membrane was exposed to a BAS-IIIS
imaging plate (Fuji) overnight and imaged using a Typhoon 9200 Variable Mode
Imager (Amersham). Blots were stripped by incubation with two washes at 85°C
in 5 mM sodium phosphate buffer pH 7.2 and 0.1% SDS (w/v) for 10 minutes and

then exposed to a phosphoimaging screen overnight to check the quality of the

stripping.

3.3 Results and Discussion

3.3.1 Sequence analysis of sadl mutants

Fifteen potential sadl mutants (in addition to the two previously
characterised sadl mutants, #109 and #610 (49)) were identified from a TLC
screen of the extended collection of 92 reduced fluorescence oat mutants which
looked for mutants which accumulated 2,3-oxidosqualene, the B-amyrin synthase
substrate (215). These mutants were isolated by screening for reduced root
fluorescence (avenacin deficiency) and shown to have undergone loss of function
mutations in the Sadl gene via complementation tests and/or TLC analysis (18,
215). To determine the nature of the mutations in the 15 new sadl mutants, the
Sadl gene in each of the 15 new sadl mutants, as well as the two previously
characterised sadl mutants, was sequenced. The location of these mutations has
the potential to provide valuable clues as to amino acid residues and regions of

the gene that are important for function.

3.3.1.1 Gradient PCR amplification of sad1l mutant gDNA

Sadl1 is a large gene containing 7340 base pairs, 18 exons and 17 introns,
therefore in order to amplify it effectively it was split into four overlapping
segments of between 1.7 and 2.3kb (Figure 3.1). PCR amplification for each
segment using the optimal annealing temperatures calculated for each set of
primer pairs was inconsistent as not all gDNA samples produced a product at the

desired size. Therefore the protocol was modified and each segment was
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amplified using gradient PCR and products were analysed by 1% TAE agarose gel
electrophoresis to look for those annealing temperatures which produced a single
band at the correct size. Products from these temperatures were then pooled,

purified and used in the sequencing reactions.

AmyStafL - m2,1kb  (AMYSIOR AMYIOOF ,  1.88kb  (ATY23R
Segment 1 Segment 3
- 5= | e ey B8 == BB =
Segment 2 Segment 4
Amym> 1.75kb mogr{ Amyl7> ~2.26kb mnde

Figure 3.1: Position of segments designed for amplification of Sad1l genomic DNA

The Sadl gene contains 18 exons and is 7.34kb in length. Exons are represented as red boxes and
introns as lines connecting the boxes. The positions of the four segments designed for amplification of
the gene are shown in yellow with the forward and reverse primers labelled at the beginning and the
end of the segment respectively.

3.3.1.2 Genomic DNA sequence analysis of sadl mutants

The sad mutants were generated previously by mutagenising Avena
strigosa S75 with sodium azide (18, 217). Sodium azide has been widely used as
a mutagen in many plant and microbial species due to its ability to produce single
base substitutions that result in single point mutations. Unlike other mutagens,
e.g. ionizing radiation and ethyl methanesulfonate (EMS), chromosome
abnormalities are not observed, which is a huge advantage as mutagenesis is
more specific and efficient (218-221). Therefore when sequencing the sadil
mutants, it was expected that single point mutations would be found in the
coding regions of the genomic DNA. Each segment was sequenced with
overlapping sense and antisense primers to give at least 2-fold sequencing
coverage to each segment. Primers used for sequencing are shown in Table 3.1.

Sequencing chromatogram data were analysed using Chromas and yielded
very clear peaks for identification of each individual base, which showed that the
consensus sequence obtained was very reliable. The FASTA sequence from each
sequencing run was then exported and aligned to the Sadi genomic DNA
sequence in order to find the location of the point mutation. The use of high
fidelity Tag DNA polymerase and at least 2-fold coverage of the Sadl genomic
DNA sequence identified 5 base changes in introns 1, 8, 15 and 17 in addition to
the single point mutation found in the exon. These 5 intron base changes were
seen in all mutants and the re-sequenced wild-type Sadl gene, and as sodium
azide mutagenesis does not usually cause point mutations in non-coding DNA,
this indicated that the original gDNA sequence was incorrect. The Sadl gDNA

sequence was therefore updated.
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Sequence analysis of all 15 new sadl mutants showed that in each case all
15 mutants had single point mutations in the coding sequence of the Sad1 gene.
The mutations observed fell into three different categories: predicted premature
termination of translation, splicing errors and amino acid substitutions (Table
3.2).

Table 3.2: Sequence analysis of sadl mutants

Mutant Mutation event . Pred_lcted Pre@cted
amino acid change Mutation type
Al G125A Tyr'%>STOP?
B1 GY125A Tyr'®>STOP?
109 G*7>A Tyr®>STOP Premature
610 G123 A Tyri653STOP? te"“'“"i't'?“ of
1146 G13A Tyr'71>STOP translation
1293 G¥>A Tyr'3>STOP
110 GO9I A -
225 G¥%23A - Splici
589 G39149A _ plicing error
1001 G®®3A -
297 G¥¥3A Glu*®>Lys
358 G>Z4>A Cys®*>Tyr
384 C79>T Ser’?8>Pheb Ami id
532 G5*>A Gly'*'>Glu mino aci
599 G293 A Gly?7>Glu substitution
1023 C7>T Ser’®>Pheb
1217 G255 Gly**>>Glu

a Identical mutations (G912 5 A)
b Identical mutations (G724 > A)

3.3.1.2.1 Premature termination of translation mutants

The first group of mutants (#A1, #B1, #109, #610, #1146 and #1293) all
had single point mutations which substituted a guanine for an adenine and
changed the coding sequence from TGG to TGA (Figure 3.2A). These nonsense
mutations resulted in predicted premature termination of translation codons
(PTCs) being introduced into the coding sequence. Nonsense mutations have
been shown to cause nonsense-mediated mMRNA decay (NMD) in order to prevent
the cell from producing C-terminally truncated proteins that have deleterious
effects (222-225). If this was the case for the STOP codon mutants then the
mMRNA transcript would be degraded, AsbAS1 protein would not be formed and
the avenacin pathway would be prematurely terminated, which would explain why

these mutants have severely reduced root fluorescence.

3.3.1.2.2 Splicing error mutants

The second group of mutants (#110, #225, #589 and #1001) had single

point mutations at intron-exon boundaries and so were likely to be affected in
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pre-mRNA splicing. Mutants #110 and #225 had mutations at the 5’ splice site of
introns 16 and 7 respectively (Figure 3.2B). The consensus sequence at the 5’
splice site in plants is AG/GTAAGT, where the / symbol represents the exon-intron
boundary, and this where the U1l small nuclear ribonucleoprotein particle (snRNP)
binds and initiates the formation of the major spliceosome. This consensus
sequence contains the dinucleotide, GT, found at the start of the intron, which is
absolutely conserved in all organisms (226-227). Mutant #110 had a mutation of
the guanine preceding the conserved dinucleotide and mutant #225 had a
mutation of the guanine in the conserved dinucleotide. Both of these mutations
would most likely be affected in the binding of the Ul snRNP and may prevent
correct splicing of the mRNA at this location. Mutants #589 and #1001 had
mutations at the 3’ splice site of introns 8 and 10 respectively. The consensus
sequence at the 3’ splice site in plants is TGCAG/G, where the / symbol
represents the intron-exon boundary, and also contains the dinucleotide AG at
the end of the intron which is absolutely conserved in all organisms. Both of
these mutants had a mutation of the guanine in the conserved dinucleotide which
is involved in the binding of the U5 snRNP and are therefore likely to have splicing
errors at this location (226-227). Mutations that affect splice sites may cause an
exon to be deleted, an intron to be included which may introduce a PTC, or cause

splicing at an aberrant site (228).

3.3.1.2.3 Amino acid substitution mutants

The final group of mutants (#297, #358, #384, #532, #599, #1023 and
#1217) had single point mutations in the coding sequence of the sad1 gene which
resulted in amino acid substitutions (Figure 3.2C). Unlike the previous two
mutant groups which are likely to be affected at the post-transcriptional or
translational stage, substitution of an amino acid would not be expected to have
any effect on transcription or translation, therefore this group of mutants was
most likely to be affected at the protein level. In each case the resulting
substitution changes the size as well as the charge or polarity of the amino acid
at that position. Amino acid substitutions may affect protein folding or stability
leading to protein degradation or should fully folded protein be produced,
substitutions may impede the catalytic mechanism. If the latter occurs, this may
provide an insight into amino acid residues or regions of the protein that are

critical for function.
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Figure 3.2: Location of single point mutations in sad1 mutants
Schematic of the intron-exon structure of the Sadl gene for each of the sadl mutants showing the

location of the different point mutations.
wild-type S75 is shown in red and the mutants are shown in grey.

Epm =

Exons are represented by boxes and introns by lines. The
The mutants are organised

according to the type of mutation they contain ( see Table 3.2) and the location of the mutation within

the gene is shown by a vertical line. A.

error mutants. C. Amino acid substitution mutants.

Premature termination of translation mutants. B. Splicing
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3.3.1.3 DArT analysis of sadl mutants

Sequencing of the 17 sadl mutants had shown that all had single point
mutations in the Sadl gene, however closer inspection of the mutation locations
revealed that there were two sets of mutants that had identical mutations.
Mutants #A1, #B1 and #610 all had a mutation in base 1912 (guanine to adenine
mutation) and mutants #384 and #1023 had a mutation in base 7249 (guanine
to adenine) (Table 3.2). The location of each mutation was verified
independently from two different gDNA samples so sampling error was ruled out a
cause of the identical mutants. The mutants were generated by mutagenising oat
seed with sodium azide and one bag of M, seed was collected from individual M,
plants and sequentially humbered to avoid the isolation of siblings. However
during seed collection and bagging there may have been cross-contamination
between mutant populations which would account for the results that were
obtained. It was therefore important to ascertain whether the mutants were
genetically identical or independent.

As sodium azide mutagenesis results in single point mutations, it can be
assumed that in addition to the single point mutation found in the Sadl gene of
each mutant, there will be other single point mutations located throughout the
genome. If the mutants are genetically independent then these additional
mutations will be found in different locations, but if the mutants are genetically
identical then the mutation pattern will be identical. Diversity Array Technology
(DArT) is a high-throughput genotyping system that can be used to differentiate
between the 17 sadl mutants. It is a solid-state, open-platform method for
analysing DNA polymorphisms in a number of different organisms without the
need for DNA sequence information. Genomic representations of the DNA sample
are generated and hybridised to an array containing a library specific to the
target organism. DNA polymorphisms are detected by comparing hybridisation
patterns of genomic representations from different genotypes (229-230). For
DArT analysis of the 17 sadl mutants, two independent gDNA samples were
extracted from the leaf of a 6 day old oat seedling for each mutant and the wild-
type S75. The subsequent DArT analysis was carried out at the DArT laboratory
in Canberra, Australia.

The first step involves creating the array containing the library of oat
specific markers. Genomic representations from a pool of individuals that cover
the genetic diversity of the target species are generated using complexity
reduction which involves restriction enzyme digestion with a rare and frequent

cutter, adapter ligation and amplification. The genomic representations are
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Figure 3.3: Schematic representation of DArT analysis of sad1l mutants

A. Generation of a library of oat specific markers. Genomic DNA (gDNA) from a variety of oat species
is pooled and the complexity of the sample is reduced by restriction enzyme digestion, adapter
ligation and PCR amplification using primers with selective overhangs. The fragments are cloned into
E. coli and the inserts are amplified using vector-specific inserts, purified and arrayed onto a solid
support. B. DArT analysis of sadl mutants. gDNA from each sadl mutant undergoes complexity
reduction and cloning as in A and is then labelled with a fluorescent dye. To allow for quantification of
the signal, fragments of the cloning vector, which are common to all elements of the array are
amplified and labelled with a different fluorescent dye (reference DNA). Both reference DNA and the
mutant gDNA representation are hybridised to the library array created in A. The ratio of signal
intensity between the reference and mutant DNA is measured for each position on the array and is
displayed in a binary format (1 - marker present; 0 - marker absent). Each mutant gDNA
representation can be hybridised to the array and polymorphic spots can be identified by comparing
the binary plots between all the mutants. Figure adapted from Jaccoud et al. (2001) (229)
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cloned into E. coli and arrayed onto a solid support which can then be hybridised
to labelled representations from specific genotypes (Figure 3.3A). Then, a
genomic representation of each of the oat mutants is generated and labelled with
a fluorescent dye. This is hybridised to a library array containing the genomic
representations (markers) from the target species (which is this case is oat). The
arrays are also hybridised with fluorescently labelled reference DNA which binds
to a fragment of the cloning vector common to all elements of the array. This
allows the signal from each marker to be quantified and the relative hybridisation
intensity is measured for each marker on the array. Each position is scored
based on whether the marker is present (1) or absent (0) which gives each
genotype a unique binary pattern (Figure 3.3B) (229-230). It was expected that
the binary pattern would be identical between the two replicates from each oat
mutant whereas those mutants with differing point mutations would have
different binary patterns. Of the two groups of mutants with identical mutations,
if any of the mutants were genetically identical then their binary patterns would
be identical. If the binary patterns are different then the mutants are genetically
independent but contain the same Sad1 polymorphism.

The DArT library array used for analysis of the sadl mutants contained
15,000 markers, of which only 35 markers were found to be polymorphic. This
showed that there was no significant source of genetic variation between the
samples which allowed the subtle changes due to mutagenesis to be identified.
The DArT binary data for all the sadl mutants is shown in Appendix 7. The
binary data for each mutant was analysed using a Humming matrix which gives a
numerical score of the similarity between each of the mutants. It is calculated by
dividing the number of differences (excluding missing data) between a pair of
samples by the total number of active comparisons. A dendrogram was
generated from the Humming matrix using statistiXL (231) which provided a
visual representation of the similarity between the mutants (Figure 3.4). The
furthest neighbour method was chosen for clustering as it calculates the greatest
dissimilarity between clusters therefore produces tight clusters of similar cases.
As two independent samples were analysed for each mutant, this provided a
negative control as both samples are genetically identical so should display a
distance of zero on the Humming matrix. Eleven out of the 17 sadil mutants
were found to have genetically identical samples pairs and are labelled in green in
Figure 3.4. However not all of the mutants had identical sample pairs, five of the
mutants (110, 297, 384, 532 and 1293) had both samples present in the same

branch but were not found to be identical and only the remaining mutant (384) as
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Figure 3.4: Distance dendrogram of Humming matrix data from sad1l mutant DArT analysis

Furthest neighbour dendrogram based on hybridisation of 17 sadl mutant genotypes to 35 DArT
markers. Two independent samples were analysed for each mutant and are labelled -1 and -2
respectively. Mutant numbers highlighted in green represent sample pairs with a genetic distance of
0. Mutant numbers highlighted in orange represent sample pairs that are closely related in the same
branch but did not produce identical results. Finally mutant numbers highlighted in red represent
mutant numbers whose paired sample was distantly related and is likely to be as a result of sampling
error.

well as the wild-type S75 were found to be significantly different. These
significant differences are most likely to be due to sampling errors or DNA
contamination as the sample pairs have such large differences.

Nevertheless, in spite of the two anomalous results the data indicated that
the majority of the mutants were genetically independent. Most sample pairs
were shown to have identical (65%) or very similar (30%) genetic profiles so

should any of the mutants with identical sadl polymorphisms been genetically
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identical, it would have been clearly seen. For the two groups of identical
mutants in question (Al, B1 and 610; 384 and 1023), #384 and #1023 were
found in different branches therefore it was concluded that although this group
contained the same sadl polymorphism, the mutants were genetically
independent. Results for the other group showed #610 was genetically
independent from #A1l and #B1 as it was found in a separate branch, however,
#Al1l and #B1 although not in the same branch were, genetically, the most
similar. Of the DArT markers that were 100% reproducible #A1 and #B1 were
95% identical, but for DArT markers that were only 97% reproducible they were
only 47% identical. These results indicate that #A1 and #B1 are highly similar
but does not provide conclusive proof that these mutants are identical, so they

will be treated as independent mutants in the subsequent analysis.

3.3.2 Transcript analysis of sadl mutants

Sequence analysis revealed that all of the 17 sadl mutants were
independent (with the possible exception of #A1l and #B1) and had single point
mutations in the Sadl gene which fell into three different categories: predicted
premature termination of translation, splicing errors and amino acid substitutions.
It was now of interest to study the level of Sad1 transcript in each of the mutants
in order to gain further information.

Previous analysis of the two original sadl mutants, #109 and #610, had
revealed PTCs in the coding sequence and further characterisation revealed
transcript levels were severely reduced in the roots of both mutants (49). On the
basis of these results, it was expected that the other four predicted premature
termination of translation mutants would all show the same transcript phenotype.
It was also expected that the amino acid substitution mutants would all have
transcript present as nonsynonymous mutations are not anticipated to affect
transcript stability. Mutations at intron-exon boundaries can affect the mRNA
transcript in different ways. If intron inclusion occurs in the splicing mutants then
this may introduce a PTC into the transcript, resulting in NMD and hence severely
reduced transcript levels. If exon exclusion occurs, this can also shift the reading
frame of the transcript, which may also introduce a PTC. In order to determine
how the intron-exon structure of the sadl mutants were affected, transcript levels

were studied using RT-PCR and Northern blotting.
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3.3.2.1 Transcript analysis of sad1l mutants by RT-PCR

For RT-PCR analysis, RNA was extracted from the terminal 0.5 cm of root
tips of 3 day old oat seedlings and 1ug was used for cDNA synthesis. The primers
used for RT-PCR were designed complementary to the first 20 bases of the Sad1
gene, starting from the ATG start codon. In order to standardise the levels of
cDNA used for each RT-PCR reaction, the Avena strigosa glyceraldehyde 3-
phosphate dehydrogenase (AsGAPDH) gene was used. The products of the RT-
PCR reactions were run on a 1% TAE agarose gel and visualised using ethidium

bromide staining.

3.3.2.1.1 Premature termination of translation mutants

As expected, when compared to the wild-type S75 all predicted premature
termination of translation mutants showed a severe reduction in transcript levels
(Figure 3.5A). The correlation between the presence of PTCs and decreased
levels of mMRNA abundance is thought to be caused by NMD (232-241). Studies in
crop plants have found that mRNA decay occurs post-transcriptionally and may
cause mRNA instability which leads to decay (236). The mechanism by which
PTCs are identified in plants is as yet unknown, but is a different mechanism to
that seen in mammals and yeast. It is thought that normal and premature
codons are distinguished by measuring the spacing between the termination
codon and elements present within the 3’ untranslated region (3’ UTR) of the
gene. Unusually long 3’ UTRs are thought to trigger NMD as well as the presence
of introns in the 3" UTR (242-243). Once transcripts have been targeted for NMD
they are degraded in a similar manner to general mRNA decay, but the
mechanism used in plants has yet to be identified (243).

It is highly likely that the reduction in transcript levels in the premature
termination of translation mutants is due to NMD. Without the Sad1 transcript,
these mutants cannot synthesise AsAS1, leaving the avenacin pathway halted at

the first stage.

3.3.2.1.2  Splicing error mutants

RT-PCR of the four splicing mutants revealed that all had Sad1 transcript
present (Figure 3.5B). Errors at splice sites can cause intron inclusion or exon
deletion, but as the primers used for RT-PCR were designed at the 5’ end of the
Sadl gene and did not span any of the regions affected by splicing errors, the

results did not give any indication as to whether transcript size had been affected
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Figure 3.5: RT-PCR to investigate transcript levels in sad1l mutants

RT-PCR using GAPDH and Sad1 primers to determine transcript levels in wild-type and sadl mutants.
GAPDH was used as positive control of expression and to standardise the levels of cDNA. The levels of
gene expression for each of the sadl mutants were compared to the wild-type S75. A. Premature
termination of translation mutants. B. Splicing error mutants. C. Amino acid substitution mutants.

by these mutations. In order to further investigate transcript size, Northern
blotting and further RT-PCR reactions spanning the splice site mutation locations
were carried out and these results are discussed in section 3.3.2.2 and 3.3.2.3

respectively.

3.3.2.1.3 Amino acid substitution mutants

As expected when compared to the wild-type S75, all amino acid
substitution mutants had transcript present (Figure 3.5C). As these mutants had
single point mutations which were predicted to result in a single amino acid
substitution, it was assumed that transcript size was not affected in these
mutants, therefore the cause of non-functionality in these mutants must

presumably have occurred at the protein level.

3.3.2.2 Northern blot analysis of splicing error mutants

RT-PCR analysis using primers at the 5’ end of the Sadl gene had shown
that all splicing mutants had transcript present but gave no indication as to
whether transcript size had been altered by the mutations. All of the splicing
mutants were analysed by Northern blotting to obtain valuable information about

overall transcript size, using probes for the 5" and 3’ ends of the gene.
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Ten micrograms of root total RNA was used for Northern blot analysis. All
four splicing error mutants were analysed, together with the following controls:
wild-type S75 as a positive control for expression; predicated premature
termination of translation mutant 109 as a negative control; and amino acid
substitution mutant 532 as a positive mutant control. All samples were run on a
1.2% agarose/0.25 M formaldehyde gel and visualised using ethidium bromide
staining to check that sample loading levels were equal (Figure 3.6A). After the
RNA had been transferred and immobilised on the nylon membrane, it was
probed with cDNA probes complementary to the 5’ and 3’ end of the Sadl gene.
Hybridisation was performed at 65°C overnight with *?P-dCTP labelled probes.
After the membrane had been thoroughly washed to remove background
radiation, it was exposed to a phosphoimaging screen overnight.

Ethidium bromide staining showed that sample loading was mostly even
between all samples - wild-type S75 had slightly lower levels than the mutants
(Figure 3.6A). Both the 28S and 18S ribosomal RNA bands could be clearly seen
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Figure 3.6: Northern blot analysis of RNA from roots of splicing error mutants

A. Ethidium bromide stained formaldehyde agarose gel of root tip RNA to ensure even loading. B.
Membrane hybridised with Sadl 5’ cDNA probe. C. Membrane hybridised with Sadl 3’ cDNA probe.
Lane 1, S75 - wild-type positive control; Lane 2-5, splicing mutants 110, 225, 289 and 1001; Lane 6,
premature termination of translation mutant 109 - negative control; Lane 7, amino acid substitution
mutant 532 - positive mutant control. Ten micrograms of RNA was loaded in each lane and RNA
levels were monitored using ethidium bromide staining.
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and no lower size bands were detected, which confirmed that the RNA was of
good quality. The Sadil 5’ cDNA probe was generated using the same primers as
for the RT-PCR analysis, therefore hybridisation with this probe was expected to
produce the same results. The Northern blot results confirm the results seen
from RT-PCR analysis, as transcript is seen in the wild-type controls as well as all
of the splicing mutants and the positive mutant control 532. As seen in RT-PCR
analysis, premature termination of translation mutant 109 does not have
transcript (Figure 3.6B). The Sadl 3’ cDNA probe was generated from the
terminal 21 bases of the Sadl gene and presence or absence of transcript would
be indicative of whether mRNA decay had taken place which would provide clues
as to the type of splicing error that had occurred. Results from hybridisation
using the Sadl 3’ cDNA probe are identical to those of the Sadi 5’ cDNA probe
which confirms that the Sad1 transcript is intact (Figure 3.6C). This implies that
intron inclusion has not occurred as if the intron adjacent to the splicing mutation
had not been spliced and remained in the final transcript, a PTC would have been
introduced. As seen in the premature termination of translation mutants,
introduction of a PTC into the transcript results in NMD and transcript levels are
severely reduced. As transcript is present in all of the splicing mutants, it can be
concluded that intron inclusion has not occurred in any of the splicing error
mutants and exon deletion is much more likely to have occurred.

As the RNA samples were separated by gel electrophoresis before being
transferred to the membrane, this provided the opportunity to examine overall
transcript size. All transcripts appear to be of the same size and show no major
size differences. The minor size differences that are seen, specifically in S75, can
be attributable to RNA loading, with samples containing more RNA migrating
slightly further than those with less RNA. 1If, as the Northern blot data suggests,
the exon adjacent to each of the splicing mutants was deleted, this would result
in size differences of 75-189 base pairs. These small size differences may not be
distinguishable on an agarose gel therefore further analysis is needed to
determine whether exon deletion had occurred in any of the splicing error

mutants.

3.3.2.3 Further RT-PCR analysis of splicing error mutants

Previous Northern blot and RT-PCR analysis had shown that both the 5’
and 3’ ends of the Sad1 transcript were intact in all of the splicing mutants, and
therefore ruled out intron inclusion being caused by the splice site mutations.
This left exon deletion as the most likely effect of the splice site mutations,

however Northern blotting had failed to reveal any obvious transcript size
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differences, possibly because the expected size differences were too small to be
resolved. Therefore in order to determine whether transcript size had been
reduced and hence exon deletion had occurred, RT-PCR was carried out to
amplify the region surrounding each of the splicing error mutants to look for small
size differences.

A region between 200 bp and 550 bp surrounding each of the splicing
error mutations was amplified for each of the splicing mutants together with a
wild type control. The RT-PCR reaction products were run on a 1% TAE agarose
gel and visualised using ethidium bromide staining (Figure 3.7). The results
clearly show that when compared to the wild-type, all of the splicing mutants
have a smaller product in the region surrounding their corresponding splice site
mutation. Figure 3.7A shows the amplification of the 315 bp region surrounding
exon 16, the location of the splice site mutation in mutant #110. In the wild-type
and mutants #225, #589 and #1001, a band just above the 300 bp marker
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Figure 3.7: RT-PCR to amplify regions surrounding splice site mutations.

RT-PCR using various Sadl primer combinations to determine transcript size in regions surrounding
each of the splice site mutations in wild-type and Sad1 splicing error mutants. Fragment sizes for
each of the sadl mutants were compared to the wild-type S75. Each of the agarose gel photo images
corresponds to the amplification of the region surrounding each of the splice site mutations. A.
G®®>A in mutant #110, 315bp. B. G*2>A and G*'“->A in mutants #225 and #589 respectively,
553bp. C. G**>A in mutant #589, 203bp. D. G**°>A in mutant #1001, 336bp.
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corresponding to the expected size of the region is seen, however in mutant
#110, the band seen is smaller, approximately 250 bp in size. Figure 3.7B shows
the amplification of the 553 bp region surrounding exons 7-9, the locations of the
splice site mutations in mutants #225 and #589. In the wild-type and mutants
#110 and #1001, a band at approximately 550 bp is seen which corresponds to
the expected size of the region, however in mutants #225 and #589, a smaller
band is seen at 350 bp and 450 bp respectively. Figure 3.7C shows the
amplification of the 203 bp region surrounding exon 9, the location of the splice
site mutation in mutant #589. In the wild-type and mutants #110, #225 and
#1001, a band just above the 200 bp marker is seen which corresponds to the
expected size of the region, however in mutant #589 a faint smaller band at
approximately 100 bp is seen. Figure 3.7D shows the amplification of the 435 bp
region surrounding exon 11 which includes the splice site mutation in mutant
#1001. In the wild-type and mutants #110 and #225 a band just above the
400bp marker is seen which corresponds to the expected size of the region,
however in mutant #1001 a smaller band at approximately 350bp is seen. No
band is seen in mutant #589 as the forward primer is located in the exon that
has been deleted.

All of the splicing mutants had a reduced size transcript in the region
where their point mutation occurred. This reduction in size corresponded to a
deletion of the exon that each splicing mutation is associated with, therefore it
can be concluded that errors at Sad1 splice sites, whether they be at the start or
end of the exon, result in deletion of the exon. This reduces the size of the
transcript and may affect protein folding or protein function if important regions
of the protein have been deleted. It was then of interest to determine whether
any of the splicing mutants had protein present. These results will be discussed in

the following chapter.
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4.1 Introduction

4.1.1 Genetic analysis of sadl mutants

The previous chapter describes the genetic analysis of the 17 sadi
mutants by sequencing the genomic DNA to determine the location of the
mutations and by RT-PCR and Northern blotting to determine whether sadi
transcript was present. At the gene level, genomic DNA sequencing showed that
all mutants contained single point mutations in the Sadl gene which introduced
predicted premature termination of translation codons, splicing errors or amino
acid substitutions into the Sadl coding sequence. RT-PCR showed that all of the
predicted premature termination of translation mutants had a severe reduction in
Sad1 transcript levels possibly due to degradation of the faulty transcripts by
nonsense-mediated mRNA decay. Both the splicing error mutants and the amino
acid substitution mutants had Sad1 transcript, but Northern blotting and further
RT-PCR experiments showed that the splicing error mutants contained a single
exon deletion thereby shortening the transcript. The amino acid substitution

mutants were the only mutants to produce full-length sad1 transcript.

4.1.2 Aims

Following on from the genetic characterisation of the 17 sadl mutants in
the previous chapter, the mutants will now be analysed at the protein level by
Western blotting to determine whether full-length B-amyrin synthase protein
(AsbAS1) is produced. Western blotting requires a primary antibody specific to
AsbAS1, therefore a polyclonal AsbAS1 antibody will be generated using an
Escherichia coli expression system. Once the Western blotting conditions have
been optimised, oat root protein extracts from each of the mutants can be probed
with the AsbAS1 antibody to determine which, if any, of the sadl mutants
produce full-length protein. This will provide and insight into catalytic regions of

the protein that play an important role in OSC function.

4.2 Materials and Methods

4.2.1 Cloning of Sad1 into pET-14B vector

The B-amyrin synthase cDNA was amplified by PCR using a full-length
cDNA clone, AsbAS1-pYES2 (49) as a template. The following primers were used
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which contained Ncol and BamHI restriction sites for cloning into the pET-14B
vector (Ncol site is shown in red, BamHI site is shown in blue): pET14-5" = GGTA
CGCCATGGGCAGGCTAACAATAGGTGAGGGCGGCG, and pET14b-3" = CTATAT
GGATCCTTAGCTCTTAATCGCAAGAAGTCGACG. PCR was carried out using
Phusion™ High Fidelity DNA polymerase (Finnzymes) using the following
program: 98°C for 1 minute followed by 30 cycles of 98°C for 10 seconds, 60°C
for 30 seconds, 72°C for 3 minutes and a final extension at 72°C for 5 minutes.
The presence of a product of the correct size was confirmed by 1% TBE agarose
gel electrophoresis with ethidium bromide staining, and the resulting DNA
fragments were purified using a Wizard PCR Preps Kit (Promega). Using the two
new restriction sites, the amplified DNA fragments were cloned into the pET-14b
vector (Invitrogen) and transformed by heat-shock into Escherichia coli DH5a
cells (Invitrogen) and spread onto LB agar plates (1% tryptone, 1% NaCl, 0.5%
yeast extract, 1.5% agar) containing 50 pug/ml ampicillin for growth overnight at
37°C. Plasmid DNA was purified by Wizard SV Minipreps Kit (Promega) and
digested with EcoRI (Invitrogen) for 1 hour at 37°C to confirm the presence of
the Sadl coding sequence. Those E. coli transformants containing the Sadil

coding sequence were sequenced.

4.2.2 Expression of pET-14b-Sad1 in Escherichia coli BL21(DE3) cells

Purified pET-14b-Sadl plasmid DNA was transformed by heat-shock into
competent E. coli BL21(DE3) cells and spread onto LB plates containing 100
Hg/ml ampicillin for growth overnight at 37°C. For small scale expression trials, a
single colony was grown in 10 ml of LB media (1% tryptone, 1% NaCl, 0.5%
yeast extract) containing 50 ug/ml ampicillin overnight at 37°C. Two ml of the
culture was used to inoculate 50 ml of LB media containing 50 pg/ml ampicillin
and grown at 37°C with shaking until the culture reached log phase growth
(ODggp = 0.5). Isopropyl B-D-1-thiogalactopyranoside (IPTG) was added to a
final concentration of 1 mM to induce protein expression, and the culture was
grown at 37°C with shaking for 4 hours. After 4 hours, 1 ml of the culture was
taken for expression analysis.

For large scale expression, a single colony was grown in 10 ml of LB media
containing 100 pg/ml ampicillin overnight at 37°C. Two 500 ml flasks of LB
media were each inoculated with 5ml of the culture and grown at 37°C with
shaking until the culture reached log phase growth (ODgy = 0.5). IPTG was
added to a final concentration of 1 mM to induce protein expression and the

culture was grown at 37°C with shaking for 3 hours. After 3 hours 1 ml of the
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culture was taken for analysis of expressed protein and the remainder of the
culture was centrifuged at 5,000 xg for 5 minutes and stored at 4°C.

Samples were prepared for SDS-PAGE analysis by standardising the ODgqq
after 3 hours of induction to the ODgge at 0 hours of induction in a 1 ml volume.
Samples were centrifuged at 16,000 xg for 5 minutes and the pellet was
resuspended in 20 pl of distilled water. Five pul NuPAGE® LDS Sample Buffer
(Invitrogen) and 13 ul distilled water were added to 2 pl of the resuspended
culture. The protein preparation was heated at 95°C for 30 minutes and then

centrifuged at 16,000 xg for 5 minutes.

4.2.3 Purifying AsbAS1 from inclusion bodies

Cells harvested from the 1 L culture were resuspended in 50 ml lysis
buffer (50 mM Tris-HCI pH 8.0, 10 mM EDTA, 5% (v/v) glycerol, 1 mM DTT, 50
mM NaCl, 0.2% (w/v) sodium deoxycholate (NaDOC), 200 pg/ml lysosyme)
supplemented with 1 tablet of Complete protease inhibitor (Roche) per 50 ml and
incubated on ice for 30 minutes. The cell suspension was sonicated at 18
microns, using a Soniprep 150 (MSE), for 3 sets of 30 second pulses with a pause
of 30 seconds on ice between each pulse. The cell lysates were centrifuged at
15,000 xg for 20 minutes and the supernatant (S/N1) was decanted and stored at
4°C for analysis. The cell pellet was resuspended in 50 ml Wash buffer (50 mM
Tris-HCI pH 8.0, 0.1 mM EDTA, 5% (v/v) glycerol, 50 mM NaCl, 2% (w/v)
NaDOC, 0.1 mM DTT) and incubated at 4°C with slow stirring for 1 hour. The
sonication, centrifugation and resuspension steps were repeated twice and the
supernatants (S/N2 and S/N3) were stored at 4°C for analysis. The cell pellet
was resuspended in 50 ml solubilisation buffer (50 mM Tris-HCI pH 8.0, 0.1 mM
EDTA, 5% (v/v) glycerol, 50 mM NaCl, 0.25% sarkosyl (N-lauroylsarcosine), 0.1
mM DTT) and incubated at 4°C with slow stirring for 1 hour. The cell suspension
was dialysed against 2 L dialysis buffer (50 mM Tris-HCI pH 8.0, 0.1 mM EDTA,
5% (v/v) glycerol, 50 mM NaCl, 0.1 mM DTT) at 4°C overnight, then centrifuged
at 15,000 xg for 20 minutes. The supernatant (S/N4) was decanted and
concentrated using an Amicon Ultra-15 Centrifugal Filter Unit 30,000 MWCO
(Millipore) then stored at 4°C.

4.2.4 SDS-PAGE gel purification of AsbAS1 and antibody production

Concentrated S/N4 supernatant (1.5 ml) from inclusion body purification
was added to 500 pl NUPAGE® LDS Sample Buffer (Invitrogen) and heated in a

boiling water bath for 10 minutes then placed on ice for a further 5 minutes. Two



Chapter 4 - Protein analysis of sadl mutants

ml of the sample was loaded onto an 10% SDS-PAGE gel placed in a PROTEAN®
II xi Cell (Bio-Rad). Both the upper and lower chambers were filled with Gel
Running Buffer (0.25 M Tris, 1.92 M glycine, 1% (w/v) SDS) and the gel was
electrophoresed at 50 mA through the stacking gel and 70 mA through the
running the gel for 4> hours. The gel was stained in Coomassie Brilliant Blue
(Bio-Rad) for 1 hour and destained overnight.

For electroelution of AsbAS1 from the SDS-PAGE gel, the band
corresponding to the molecular weight of AsbAS1 was excised from the gel and
placed into dialysis tubing filled with 0.5x Gel Running Buffer. The tubing was
placed horizontally in a large gel tank and protein was electroeluted overnight at
15 mA in 0.5x Gel Running Buffer. Electroeluted protein was dialysed against 5 L
water at 4°C overnight and then freeze-dried before storage at -20°C.

Freeze-dried electroeluted AsbAS1 (1 mg) was used as an antigen for

antibody production in two rats (BioGenes).

4.2.5 Protein analysis of sadl mutants

Total protein was extracted from the terminal 0.5 cm of 3 day old oat root
tips by grinding the roots in protein extraction buffer (50 mM Tris-HCIl pH 7.5,
150 mM NaCl, 5 mM EDTA, 10% (v/v) glycerol, 1% (w/v) PVPP, 1% (v/v) Triton
X-100 (Boehringer Mannheim), 1x Complete protease inhibitor (Roche)) for 1
minute with a plastic pestle followed by incubation at 4°C for 2 hours. Protein
extract was obtained by centrifugation at 16,000 xg for 20 minutes and stored at
-20°C in aliquots of 10 pl with 5 pl distilled H,O and 5 pl NUPAGE® LDS Sample
Buffer (Invitrogen).

For sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE), each 20 pul aliquot was heated at 95°C for 30 minutes then centrifuged at
16,000 xg for 5 minutes. Each sample (15 pl) was loaded onto a NuPAGE® Novex
4-12% Bis-Tris Gel (Invitrogen) placed in an XCell SureLock™ Mini-Cell
(Invitrogen). Both the upper and lower chambers were filled with 1x MES SDS
Running Buffer (Invitrogen) and 0.5 ml NuPAGE® Antioxidant (Invitrogen) was
added to the upper buffer chamber. The gel was electrophoresed at 200 V for 40
minutes and stained by incubation with InstantBlue (Novexin) for 1 hour.

For Western blotting, samples were prepared and run on a NuPAGE®
Novex 4-12% Bis-Tris Gel (Invitrogen) as described in section 4.2.4, then
transferred to a nitrocellulose membrane using the XCell II™ Blot Module at 30V
constant for 1 hour. The membrane was washed in Tris-Buffered Saline (TBS)
(20 mM Tris-HCI pH 7.5, 7.5 mM NaCl) and incubated for 1 hour/overnight in
blocking solution (3% Bovine Serum Albumin, 10 mM Tris-HCI pH 7.5, 7.5 mM
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NaCl). The membrane was then washed with TBS with Tween-20 and Triton X-
100 (TBSTT) (20 mM Tris-HCI pH 7.5, 0.5 mM NaCl, 0.05% v/v Tween®-20, 0.2%
v/v Triton X-100) and TBS and incubated with Sad1 polyclonal antibody diluted
1:10,000 in blocking solution for 1 hour. The membrane was washed again with
TBSTT and TBS and incubated with Goat Anti-Rat IgG Horseradish peroxidase
conjugate (Sigma) diluted 1:10,000 in blocking solution for 1 hour. The
membrane was thoroughly washed in TBSTT and incubated Supersignal® West
Pico Chemiluminescent Substrate (Thermo Scientific) for 7 minutes at room
temperature. The membrane was then exposed to Super RX 18 x 24cm film

(Fujifilm) and developed using a SRX-101A Film Processor (Konica Minolta).

4.3 Results and Discussion

4.3.1 Generation of AsbAS1 antibody

Transcript analysis of both the premature termination of translation
mutants and the amino acid substitution mutants had the expected results, with
the former having severely reduced transcript levels and the latter having wild-
type levels of transcript present. Detailed analysis of the splicing error mutants
revealed that transcript was present in all of the mutants, but at a reduced length
due to deletion of the exon adjacent to the mutation in each mutant. It was clear
that both the splicing error and amino acid substitution mutants were affected at
a post-transcriptional stage, so it was of interest to investigate the levels of SAD1
(AsbAS1) protein present in each of the mutants. If AsbAS1 protein was found in
any of the mutants, this would provide valuable information about important
residues or regions that are required for function in pentacyclic oxidosqualene
cyclases, a class of enzymes that has previously not been studied in great detail.

Western blotting was used in order to study levels of AsbAS1 protein in
each of the sadl mutants, but this required a primary antibody specific to
AsbAS1. Antibodies were available for other proteins encoded by different genes
in the avenacin pathway (Sad’/, Sad9 and Sadi0), but due to the membrane
bound nature of AsbAS1, previous attempts to purify the protein for antibody
generation had failed (62). However without a specific antibody, accurate protein
detection of AsbAS1 protein in all of the sadl mutants would have been very
difficult, therefore another attempt was made at generating an antibody for
AsbAS1. If this was successful then the antibody could be used to probe root

extracts of sadl mutants detect presence of AsbAS1 protein.
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4.3.1.1 Sad1 antibody generation

Attempts to purify AsbAS1 in Pichia pastoris (see Chapter 5) and Nicotiana
benthamiana (86) using immobilised metal affinity chromatography had been
unsuccessful as too many impurities remained in the fractions eluted from the
column. Both the yeast and tobacco systems were originally selected as a means
to generate functional protein for kinetic and structural studies, but as functional
protein is not required for antibody generation, the Escherichia coli system could
be used for protein purification. This system had been successfully used to purify
the Sad7 gene product, Avena strigosa serine carboxypeptidase-like
acyltransferase (AsSCPL1) from inclusion bodies, which was then used to
generate a highly specific antibody (62). Therefore this method was used to
purify AsbAS1 protein for antibody generation.

4.3.1.1.1 Cloning of Sad1 into the pET-14b vector

The full-length Sad1 cDNA sequence was amplified by PCR using primers
to add Ncol and BamHI restriction sites to the 5" and 3’ ends of the coding
sequence respectively. The products were analysed by 1% TAE gel
electrophoresis to confirm the presence of a correctly sized product at ~2.3kb.
The DNA fragments were then digested with Ncol and BamHI and ligated into the
pET-14b vector to generate the construct BAS-E1, and transformed into E. coli

DH5a cells (Figure 4.1A). Plasmid DNA was isolated from the transformed cells
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Figure 4.1: Cloning of Sad1 into the pET-14b vector

A. Plasmid map of pET-14b (4.6kb). ori — origin of replication; Ampicillin — bla gene for ampicillin
resistance. Multiple cloning site is also shown and restriction sites used for Sad1 cloning are denoted
by *. B. EcoRI digestion of plasmid DNA extracted from four BAS-E1 transformants to identify
constructs containing the Sadil gene. Plasmids containing the Sad1 gene have bands at 4.2kb, 1.6kb
and 1kb whereas undigested plasmids that do not contain the Sadl gene have a single band at 3 kb.
The digested plasmid DNA was run on a 1% TAE agarose gel and visualised with EtBr staining.
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and digested with EcoRI to confirm presence of Sadl cDNA. The Sadl coding
sequence has two EcoRI sites 1kb apart and pET-14b has one EcoRI site situated
512bp upstream of the Ncol restriction site, so successful integration of the Sad1
cDNA into the pET-14b vector would generate fragments of 4.2kb, 1.6kb and 1kb
(Figure 4.1B). The BAS-E1-pET14b construct had a number of E. coli
transformants which produced the desired fragment sizes after digestion with
EcoRI. Sequencing of the Sadl gene in a selection of these E. coli transformants

confirmed that the gene had been successfully cloned into the pET-14b vector.

4.3.1.1.2 Expression of BAS-E1 in Escherichia coli BL21(DE3) cells

For small scale protein expression trials, the BAS-E1 construct was
transformed into E. coli BL21(DE3) cells. BL21(DE3) cells were chosen as they
produce high levels of expression for T7 promoter-driven vectors such as pET-14b
(244). Expression trials in a 50ml culture volume were conducted on five E. coli
BL21(DE3) transformants (BAS-E1.1:BL21(DE3) to BAS-E1.5:BL21(DE3)) to
identify a highly expressing transformant. Protein expression was induced by
addition of IPTG to a final concentration of 1mM and the culture was grown for
four hours at 37°C with shaking. After four hours, 1ml of the culture was taken
for expression analysis. Cell pellets were resuspended in distilled water and
analysed by SDS-PAGE to detect protein expression.

SDS-PAGE analysis for each of the transformants was conducted by
comparing a sample taken before protein induction to the sample taken after four
hours of protein induction to look for the appearance of novel bands. After
InstantBlue staining all transformants had a novel band between the 62 and
98kDa markers that was not seen in the uninduced sample. This band
corresponded to the expected molecular weight of AsbAS1, 86.8kDa. There was
no significant difference in the level of the novel protein produced by each of the
transformants, so it did not matter which was chosen to carry forward to large

scale expression.

4.3.1.1.3 Inclusion body purification of AsbAS1

BAS-E1.4:BL21(DE3) was selected from small scale expression trials as
the transformant to be used for large scale expression and purification of AsbAS1.
For large scale expression the culture volume was scaled up to two 500ml
cultures to give a total culture volume of one litre. Protein expression was
induced by addition of IPTG to a final concentration of 1mM and the cultures were

grown for three hours at 37°C with shaking. After three hours 1ml of each
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culture was taken for expression analysis and the remainder of the cells were
harvested by centrifugation and stored at -80°C. The samples were analysed by
SDS-PAGE to ensure that the novel band between the 62 and 98kDa markers that
was seen in trial expression analysis was produced (Figure 4.2). The SDS-PAGE
gel showed that both 500ml cultures (culture 1 and culture 2) produced a novel
band between the 62 and 98kDa markers after three hours of protein induction
(Lanes 6 and 9) which corresponded to the novel band seen in the small scale

expression trial (Lane 3) and the expected molecular weight of AsbAS1.
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Figure 4.2: Instant Blue stained SDS-PAGE gel of samples taken following large scale
expression of AsbAS1.

SDS-PAGE gel shows analysis of small and large scale BAS-E1.4:BL21(DE3) culture samples taken
before and 3 hours after protein induction. Lane 1, SeeBlue® Plus2 Pre-Stained Standard: myosin
(188kDa), phosphorylase (98kDa), bovine serum albumin (62kDa), glutamic dehydrogenase (49kDa),
alcohol dehydrogenase (38kDa), carbonic anhydrase (28kDa), myoglobin red (17kDa), lysozyme
(14kDa), aprotinin (6kDa). Small scale expression of BAS-E1.4:BL21(DE3): Lane 2, uninduced culture
(0 hours); Lane 3, induced culture (3 hours); Lane 4, blank. Large scale expression of BAS-
E1.4:BL21(DE3): Lane 5, Culture 1 uninduced (0 hours); Lane 6, Culture 1 induced (3 hours); Lane 7,
blank; Lane 8, Culture 2 uninduced (0 hours); Lane 9, Culture 2 induced (3 hours). Expected
molecular weight of AsbAS1 (shown by the arrow) is predicted to be 86.8kDa, which falls between the
62 and 98kDa markers.
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For inclusion body purification, the cells harvested from protein induction
were lysed by sonication in a buffer containing 0.2% (w/v) sodium deoxycholate,
a mild detergent used to lyse cells and solubilise cellular and membrane
components (245). After centrifugation to remove soluble proteins, the pellet
was then washed two times in a buffer containing 2% (w/v) sodium deoxycholate
which involved sonication, incubation at 4°C with slow stirring for one hour
followed by centrifugation. At this stage the pellet appeared brown-white and
had a chalky appearance. The protein was solubilised from the inclusion bodies
by resuspension and incubation at 4°C with slow stirring for one hour in a buffer
containing sarkosyl, a detergent used to disrupt the interactions between
inclusion bodies (246). The solution was dialysed overnight to remove the
detergent and underwent a final centrifugation step to remove insoluble

fragments. The final supernatant was then concentrated from a volume of 80 ml
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Figure 4.3: SDS-PAGE analysis of samples collected during inclusion body purification of AsbAS1.

SDS-PAGE gel of samples collected during inclusion body purification of AsbAS1. Lane 1, SeeBlue®
Plus2 Pre-Stained Standard: myosin (188kDa), phosphorylase (98kDa), bovine serum albumin
(62kDa), glutamic dehydrogenase (49kDa), alcohol dehydrogenase (38kDa), carbonic anhydrase
(28kDa), myoglobin red (17kDa), lysozyme (14kDa), aprotinin (6kDa); Lane 2, BAS-E1,4:BL21(DE3)
uninduced (culture 1); Lane 3, BAS-E1,4:BL21(DE3) induced (culture 1); Lane 4, Soluble protein
isolated by centrifugation following lysis step; Lanes 5 and 6, Supernatant following wash steps; Lane
7, Supernatant obtained following sarkosyl solubilisation and overnight dialysis; Lane 8, Pellet
obtained following sarkosyl solubilisation and overnight dialysis; Lane 9, Supernatant obtained after
final centrifugation step; Lane 10, Concentrated final supernatant. Expected molecular weight of
AsbAS1 (shown by the arrow) is predicted to be 86.8kDa, which falls between the 62 and 98kDa
markers.
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to 7 ml and stored at 4°C. Samples taken at all stages of the purification process
were then analysed by SDS-PAGE to determine whether the induced band from
large scale expression had been successfully purified (Figure 4.3). Lanes 2 and 3
contain the samples from the trial expression (lanes 5 and 6 of Figure 4.2) which
show a strong band produced at the expected molecular weight of AsbAS1
following protein induction. Lane 4 contains the soluble protein present after cell
lysis and centrifugation steps to remove insoluble molecules and membrane
fragments. The strong band between the 62 and 98kDa markers is not present
here indicating that this protein was present in the insoluble pellet fraction. Both
wash step fractions removed some minor impurities and after solubilisation and
dialysis the large band was present in the supernatant which indicated that it had
been successfully solubilised from the inclusion bodies. The pellet remaining after
solubilisation and dialysis still contained a large amount of the protein of interest,
so more protein could have been recovered with a longer solubilisation period,
but the amount of protein recovered was sufficient for antibody production. In
the final supernatant, the band of interest was clearly the most abundant protein
in the sample and had been successfully solubilised from the inclusion bodies.
Concentration of the protein showed that a lot of other lower molecular weight
impurities were also present in the final sample, therefore another stage of

purification was needed in order to obtain pure protein.

4.3.1.1.4 Gel extraction and electroelution of AsbAS1

The protein of interest had been partially purified from inclusion bodies,
but still contained a number of impurities. As the protein was not expressed with
any tags, column chromatography could not be used, therefore to obtain a pure
protein sample gel extraction and electroelution were used. To separate the
proteins based on size, a large SDS-PAGE gel was used to allow a large sample
volume to be loaded. Two 10% SDS-PAGE gels were loaded with 1.5ml of the
concentrated supernatant from inclusion body purification and 500ul of NuPAGE®
loading dye. A tris-glycine buffer was used as it provides better resolution for
large proteins. After electrophoresis and InstantBlue staining, a large thick band
was seen approximately one third of the way down the gel which was likely to be
the protein of interest. The top and bottom halves of the band, sample 1 and
sample 2 respectively, were excised separately from the gel and the protein was
electroeluted into a 0.5x tris-glycine buffer overnight. The electroeluted samples
were dialysed overnight and then freeze-dried until the majority of the aqueous

solution had been removed.
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The two freeze dried samples were then analysed by SDS-PAGE to assess
the purity of the sample and to quantify the amount of protein present. 10 pl of
each protein sample was analysed and a BSA dilution series was used to
determine the concentration of the protein (Figure 4.4). The freeze dried
electroeluted protein samples from the top and bottom halves of the gel extracted
band are shown in Figure 4.4, lanes 3 and 4 respectively. Comparison with the
partially purified sample in lane 2 shows that all of the lower molecular weight
impurities have been removed and just a single band at the expected molecular
weight of AsbAS1 is present. Quantification using the BSA dilution series in lanes
5-9 showed that the top and bottom halves of the excised band contained 1ug

and 0.5 ug protein respectively. This allowed the amount of protein in both of the
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Figure 4.4: SDS-PAGE gel to quantify the concentration and purity of AsbAS1

SDS-PAGE gel to quantify the concentration of protein present in the freeze dried samples following
gel extraction and electroelution of AsbAS1 from the large SDS-PAGE gel. Purity of samples was
assessed by comparison to the partially purified sample following inclusion body purification.
Concentration of samples was calculated by comparison of the purified samples to a BSA dilution
series. Lane 1, SeeBlue® Plus2 Pre-Stained Standard: myosin (188kDa), phosphorylase (98kDa),
bovine serum albumin (62kDa), glutamic dehydrogenase (49kDa), alcohol dehydrogenase (38kDa),
carbonic anhydrase (28kDa), myoglobin red (17kDa), lysozyme (14kDa), aprotinin (6kDa); Lane 2,
Partially purified protein after inclusion body purification; Lane 3, Freeze-dried electroeluted protein
excised from the top half of the gel extracted band (10ul); Lane 4; Freeze dried electroeluted protein
excised from the bottom half of the gel extracted band (10ul); Lane 5, 0.5ug BSA standard; Lane 6,
1ug BSA standard; Lane 7, 2ug BSA standard; Lane 8, 5ug BSA standard; Lane 9, 10ug BSA
standard. Expected molecular weight of AsbAS1 (shown by the arrow) is predicted to be 86.8kDa,
which falls between the 62 and 98kDa markers.
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samples to be calculated. The total volumes of samples 1 and 2 were 7 ml and
10 ml respectively therefore they contained 0.7 mg and 0.5 mg protein
respectively. The total amount of pure protein obtained was 1.2mg and as both
samples had equal purity they were combined and freeze dried.

To confirm the identity of the purified protein, the band in lane 3 of Figure
4.4 was excised and sent for Matrix Assisted Laser Desorption/Ionization - Time
Of Flight - Mass Spectrometry (MALDI-TOF-MS fingerprinting). This technique
involves digesting the proteins contained in the band of interest with trypsin and
dissolving them in a matrix solution which protects the protein and facilitates
ionisation. The peptide molecules are spotted onto a MALDI plate, then ionised
using a laser which promotes the matrix molecules and peptides from a solid to a
gaseous state. These molecules are then accelerated in the electric field of the
mass spectrometer and their mass is calculated by measuring the time of flight
(TOF) over a specified distance (247). The masses of the different peptide
fragments are exported as peak lists which are then analysed by MASCOT, a
search engine that uses the peak lists to search a number of databases containing
protein sequence information to match the masses produced by tryptic digestion
to known proteins. The results are exported as a list of possible matches each
with a mascot score value. This score is calculated using the probability that the
observed match between the MS data and the sequence database entry is a
random event. Probability is converted to a mascot score using -10logo(P),
where P is the probability, therefore meaning that the best match has the highest
score. A significance level is determined for each data set, but usually matches
with a score above 70 are significant (248-249). Mascot analysis of the band
confirmed the identity of the protein to be Avena strigosa B-amyrin synthase,
with a mascot score of 235. This confirmed that the protein purified from E. coli
BL21(DE3) cells was AsbAS1.

4.3.1.1.5 AsbAS1 antibody production and testing

The freeze dried protein was sent to BioGenes, Germany for polyclonal
antibody production. Antibodies were raised in two rats which were immunised
with 0.5mg of purified AsbAS1 protein solution over a three month period. Pre-
immune serum was taken from each rat before immunisation and 3ml of final
bleed serum was obtained from each rat at the end of the immunisation protocol
(serum numbers 13082 and 13803). Each antibody was then tested against a
number of different protein extracts to determine specificity of the antibody and

to quantify the level of antibody dilution needed for Western blotting. Pre-
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immune sera was also tested to determine whether any background signal was
present in the rats before immunisation.

The protein extracts used to test the AsbAS1 antisera were Avena strigosa
S75 root extract, Avena strigosa S75 leaf extract and E. coli expressed AsbAS1
(BAS-E1.4:BL21(DE3)). AsbAS1 is expressed in the roots of young oat seedlings
but is not present in the leaves which provides a method of testing the specificity
of the antibody (49). The closest related protein to AsbAS1 that is present in oats
is the Avena strigosa cycloartenol synthase. This enzyme is expressed in all
tissues and organs of oat, so if it is also detected by the AsbAS1 antibody then
signal would be seen in both root and leaf extracts and the presence or absence
of AsbAS1 protein would be masked (49). However, if a signal is seen in the oat
root extract but not in the leaf extract this will show that the enzyme is highly
specific to AsbAS1. The E. coli expressed AsbAS1 provides a positive control as it
was used to raise the antisera, so should produce a strong signal. To optimise
the protocol, membranes were probed with varying concentrations of the two rat
antiseras to find the concentration which produced the clearest signal with
minimal background. Optimal dilution ratios for serum 13082 and 13083 were
found to be 1:10,000 and 1:5,000 respectively.

Analysis of the three protein extracts produced the same results for both
antisera. Western blots with the pre-immune sera were blank for both sets of
sera at 30 seconds and 30 minutes of exposure. This confirmed that before
immunisation neither of the rats contained antibodies that cross-reacted with any
of the proteins present in the oat or E. coli extracts. Western blots with the final
bleed sera had a clear signal at the expected molecular weight of AsbAS1 in the
A. strigosa root extract and the E. coli expressed AsbAS1, but no signal was seen
in the A. strigosa leaf extract (Figure 4.5). In the samples that produced a signal,
only a single band was seen even after 30 minutes of exposure indicating
that the AsbAS1 antibody is highly specific to AsbAS1, and lack of signal in the
leaf extract showed that no cross-reaction with A. strigosa cycloartenol synthase
is present. Therefore this highly specific, highly concentrated antibody could now
be used to probe root extracts of the sadl mutants to look for presence of the

AsbAS1 protein in the three different mutant groups.
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Figure 4.5: Testing of pre-immune and final bleed sera from AsbAS1 antibody production
Western blot analysis of pre-immune and final bleed sera from AsbAS1 antibody production in two rats
(13082 and 13083). Lane 1, SeeBlue® Plus2 Pre-Stained Standard - phosphorylase (98kDa) and
bovine serum albumin (62kDa) denoted by arrows; Lane 2, A. strigosa S75 root tip protein; Lane 3, A.
strigosa S75 leaf protein; Lane 4, E. coli expressed AsbAS1 (BAS-E1.4:BL21(DE3) transformant). A.
Pre-immune sera testing of serum numbers 13082 and 13083. Sera tested at 5x concentration of the
final bleed sera. B. Final bleed sera testing of serum numbers 13082 and 13083.

Serum
number
13083

1:1,000

4.3.2 Western blot analysis of sadl mutants

None of the sadl mutants had previously been analysed for presence of
AsbAS1 protein, but it was expected that the premature termination of translation
mutants would not contain AsbAS1 protein as the Sadl transcript had been
severely degraded in each of these mutants. Transcript was present in the other
the splicing error mutants but each mutant contains an exon deletion resulting in
a shorter transcript so stable folded protein is unlikely to be produced. All of the
amino acid substitution mutants have full length transcript so all have the
potential to produce fully folded protein, but if the point mutation affects protein
stability, then the protein will be degraded. However, those mutants that do
contain full-length protein will provide valuable clues as to the amino acid
residues and regions of the protein that are important for protein function.

AsbAS1 antibody generation had produced a highly specific, high titre
antibody against AsbAS1 which could now be used to probe protein extracts of

sadl mutants to look for presence or absence of AsbAS1 protein. Protein
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extracted from the terminal 0.5cm of 3 day old root tips from each of the sad1i
mutants was run on an SDS-PAGE gel and transferred to a nitrocellulose
membrane. The membrane was then probed with the AsbAS1 antibody from
serum 13083 followed by a horseradish peroxidase conjugate for

chemiluminescent detection using X-ray film.

4.3.2.1.1 Premature termination of translation mutants

As expected, when compared to the wild-type S75, none of the premature
termination of translation mutants produced AsbAS1 protein (Appendix 8). These
mutants had all had a predicted premature termination of translation codon
within the coding sequence that resulted in a substantial reduction in Sadi

transcript levels.

4.3.2.1.2  Splicing error mutants

Western blot analysis revealed that none of the splicing mutants had any
AsbAS1 protein present (Figure 4.6). The wild type S75 root protein clearly
shows a single band between the 62 and 98 kDa markers at the expected size of
AsbAS1, but none of the splicing mutants have any evidence of a signal at any
size. These mutants each had a point mutation at an intron-exon boundary which
resulted in deletion of the exon adjacent to the mutation producing a shorter
Sad1 transcript. Although deletion of an exon does not alter the reading frame in
any of the splicing mutants, relatively large regions of the coding sequence (110
- 25 amino acids, 225 - 63 amino acids, 589 - 41 amino acids and 1001 - 33
amino acids) would be deleted. The majority of the tertiary structure of AsbAS1
is formed of alpha helices, and all of the deleted regions would result in the
removal of at least one helix which would seriously affect protein stability and
folding. Accumulation of misfolded proteins can be toxic to cells, so eukaryotic
cells have evolved a quality control mechanism to detect misfolded and
unassembled proteins and either retain them in the endoplasmic reticulum for re-
folding or transport them for degradation by a process known as ER-associated
degradation (ERAD) (250-253). It is currently understood that misfolded proteins
are recognised by detection of features such as, abnormal hydrophobic regions,
unpaired cysteine residues or immature glycans. These misfolded proteins are
then translocated to the cytoplasm where they are ubiquitinated and degraded by
the 26S proteosome (254-255). Since no AsbAS1 protein is observed in any of

these mutants, it seems likely that the shortened sadi transcripts produce
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protein that is either unable to fold or is misfolded and is targeted for

degradation.
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Figure 4.6: Western blot analysis of sad1 splicing error mutants using the AsbAS1 antibody
Western blot analysis of the sadl splicing mutants to look for the presence of AsbAS1 protein.
Membrane was probed with the AsbAS1 antibody at 1:10,000 dilution (13083 serum) and
chemiluminescent signal detected by exposure to X-ray film for 30 seconds. Lane 1, SeeBlue® Plus2
Pre-Stained Standard: myosin (188kDa), phosphorylase (98kDa), bovine serum albumin (62kDa),
glutamic dehydrogenase (49kDa), alcohol dehydrogenase (38kDa), carbonic anhydrase (28kDa),
myoglobin red (17kDa), lysozyme (14kDa), aprotinin (6kDa); Lane 2, Wild type S75 root tip protein;
Lane 3-6, Root tip protein from mutant numbers 110, 225, 589 and 1001. A. SDS-PAGE gel to show
even total protein loading. B. Western blot at 30 seconds exposure.

4.3.2.1.3 Amino acid substitution mutants

Western blot analysis of the seven amino acid substitution mutants
revealed that three of the mutants had full length AsbAS1 protein present (Figure
4.7). In the wild-type, a single band is seen between the 62 and 98 kDa markers
corresponding to the expected molecular weight of AsbAS1. This band is also
seen in mutants #358, #384 and #1023 indicating that these mutants all
produce full-length AsbAS1 protein, however the remaining four mutants, #297,
#532, #599 and #1217 do not have any AsbAS1 protein as no signal is seen. As
transcript is present in these four mutants, lack of protein is likely to be caused
by ERAD in the same way as for the splicing mutants. Unlike the splicing
mutants, these substitution mutants produce full-length protein, but the location
of the mutations most likely destabilises the protein fold resulting in misfolded
protein, which is then recognised by the cell and targeted for degradation. The
mutation in #1217 is located near to one of the QW motifs which are postulated
to be involved in protein stability, adjacent to the stacked glutamine and
tryptophan residues. This mutation may therefore disrupt the stacking and

destabilise the protein structure resulting in the protein being targeted for
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Figure 4.7: Western blot analysis of sad1l amino acid substitution mutants using the AsbAS1
antibody

Western blot analysis of the sadl amino acid substitution mutants to look for the presence of AsbAS1
protein. Membrane was probed with the AsbAS1 antibody at 1:10,000 dilution (13083 serum) and
chemiluminescent signal detected by exposure to X-ray film for 1 minute. Lane 1, SeeBlue® Plus2
Pre-Stained Standard: myosin (188kDa), phosphorylase (98kDa), bovine serum albumin (62kDa),
glutamic dehydrogenase (49kDa), alcohol dehydrogenase (38kDa), carbonic anhydrase (28kDa),
myoglobin red (17kDa), lysozyme (14kDa), aprotinin (6kDa); Lane 2, Wild type S75 root tip protein;
Lane 3-9, Root tip protein from mutant numbers 297, 358, 384, 532, 599, 1023, 1217. A. SDS-PAGE
gel to show even total protein loading. B. Western blot at 1 minute exposure.

degradation. The mutation in #599 is found on the protein surface, and is the
only substitution mutation not to be located near the active site or a region
known to be important for stability. If this residue was involved in protein-
protein interactions and mutation resulted in AsbAS1 being unable to interact with
its binding partner, this could destabilise the protein or activate regulatory
mechanisms leading to its degradation.

As for the three mutants which produce full-length AsbAS1 protein, the
reason for their lack of function must come at a stage after protein folding as
disruption to AsbAS1 protein folding would have resulted in protein degradation
as seen for the other substitution mutants. As none of these mutants produce
the end product of the avenacin pathway despite having fully folded protein, it
can only be concluded that the AsbAS1 protein is non-functional. It was therefore
of interest to examine the areas of the protein where the mutations were located
in order to gain further insights into residues or regions of the protein that were
important for protein function.

To ascertain what effect each of the three mutations would have on
protein function, the location of the mutation and its proximity to residues
predicted to be involved the enzyme mechanism were examined in detail on the
homology model of AsbAS1. The point mutation in mutant #358 was found to be

in the active site close to the catalytic aspartate which is essential for function
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and is conserved throughout all OSCs (Figure 4.8A) (52, 124, 210-211). The
mutation was found to be in one of the cysteine residues (Cys563) which
coordinates the catalytic aspartate and increases its acidity to allow it to
protonate the epoxide group of the substrate (144, 212). Both cysteines are
required for activity, as site-directed mutagenesis in Saccharomyces cerevisiae
lanosterol synthase has shown. The cysteine adjacent to the catalytic aspartate
(not corresponding to the mutation in mutant #358) was mutated to a aspartate
residue to form the catalytic motif DDTAE, as is seen in bacterial squalene hopene
cyclases, and this resulted in a significant reduction in enzyme activity (256).
The aspartate is of a similar size to the cysteine and is able to form a hydrogen
bond with the catalytic aspartate which may explain why enzyme activity is not
completely abolished. In mutant #358, the non-adjacent cysteine to the catalytic
aspartate is mutated to a tyrosine residue. This residue is much bulkier than the
original cysteine residue so the vital hydrogen bond required for reaction initiation
is unlikely to be formed. With the reaction unable to commence, the enzyme is
rendered inactive and the avenacin pathway is terminated at this stage. This
demonstrates that two cysteine hydrogen bonds are required for activation of the

catalytic aspartate.

A Mutant no. 358 B Mutant nos. 384 and 1023

Y264

F725 Iss4

Figure 4.8: Effect of mutations in mutants #358, #384 and #1023 on enzyme function

Diagrams to illustrate the location of the residues affected by point mutations in mutants #358, #384
and #1023 and their proximity to conserved and important amino acid residues involved in the
enzyme mechanism. The AsbAS1 tertiary structure is shown in purple. A. The residue affected by the
point mutation in mutant #358. Mutation is found in a cysteine residue (shown in red) hydrogen
bonded to the catalytic aspartate. Hydrogen bonds are shown by grey dashed lines. B. The residue
affected by the point mutation in mutants #384 and #1023. Mutation is found in a serine residue
(shown in red) which has close proximity to the three residues involved in allowing substrate access
(shown in orange) and the Phe725 (shown in purple) which is involved in stabilisation of the D-ring
during cyclisation. Cation-n interactions are shown by grey dashed lines.
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Despite being independent from each other, mutants #384 and #1023
contain the same point mutation, which was also found to be in the active site
close to two mechanistic features that are vital for correct enzyme function
(Figure 4.8B). The mutation substitutes a serine residue (Ser728) for a
phenylalanine. Ser728 is found to be in close proximity to the three residues
(Tyr264, Cys260 and Ile554) postulated to block the substrate access channel
which then undergo a conformational change to allow substrate entry into the
active site (144). Substrate access is dependent on all of the residues being in
the correct orientation so that when they change conformation the substrate can
fit through the newly created opening. The loop on which Ser728 is located is
adjacent to the loop containing isoleucine 554 (Ile554) so the position of the loop
could easily be shifted by mutation of a small serine residue to a large bulky
phenylalanine. If the orientation of Ile554 is altered then the substrate access
may be permanently blocked resulting in a non-functional enzyme. Ser728 is
also located three residues along from a phenylalanine residue (Phe725) which is
involved in stabilising the positive charge formed upon D-ring closure during 2,3-
oxidosqualene cyclisation to allow ring expansion to a 6-membered ring (144,
165). The positive charge is stabilised through cation-n interactions between the
delocalised electrons of the phenylalanine and the positive charge formed on the
newly cyclised ring of the intermediate (164). Phe725 works together with
Phe259 to stabilise the positive charge, and stabilisation is dependent on the
correct orientation of the delocalised electrons on the aromatic residues. AsbAS1
mechanism analysis has demonstrated that at least two aromatic residues are
required for ring stabilisation, therefore substitution of Ser728 with a
phenylalanine residue may affect the orientation of Phe725. If Phe725 is shifted
to a position in which it is no longer able to stabilise the positive charge, Phe259
will not be able to provide enough negative potential to stabilise the charge so the
cyclisation will be terminated prematurely resulting in a truncated tetracyclic
product. This effect is seen in the sterol oxidosqualene cyclases which only have
a single phenylalanine residue for D-ring stabilisation and as a result can only
produce tetracyclic products as cyclisation is terminated at this stage (144). Also,
site-directed mutagenesis experiments on Panax ginseng p-amyrin synthase
where one of the D-ring stabilising phenylalanine residues is mutated have also
found that tetracyclic products were produced (176). If this, rather than blocked
substrate access, occurs in mutants #384 and #1023 then truncated tetracyclic
products may be present in the root tips of these mutants, so this could be

investigated in future experiments.
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All, except one, of the amino acid substitution mutants, whether they
produced folded protein or not, were found in the active site or in a region known
to be important for stability (Figure 4.9). This pattern can be explained by the
method used to select the mutants. Mutant selection was done using a loss-of-
fluorescence screen, therefore only mutants which lacked the ability to express
functional protein or produced folded proteins with mutations in critical regions
would have been selected as they would not have produced a fluorescent product.
There may have been mutants present in the mutagenised oat population that
had single point mutations in the Sad1 gene that resulted in no effect on enzyme
function, but these would not have been selected for as they would have

displayed a wild-type phenotype. This implies that OSC enzymes are very

Figure 4.9: Location of amino acid substitution mutations on AsbAS1 homology model
Location of amino acid residues affected by amino acid substitutions on the AsbAS1 homology model.
The tertiary structure of AsbAS1 is shown in lilac with the four QW motifs shown in purple. Detergent
molecules are shown as grey spheres which represent the lipid bilayer and show how the enzyme is
oriented in the membrane. Amino acid residues directly involved in the catalytic mechanism
(initiation, stabilisation, deprotonation and substrate access) are shown as green spheres. Amino acid
residues affected by the mutations are shown as red spheres and the mutations which produce full-
length AsbAS1 protein are indicated by asterisks (*).
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tolerant of mutations in areas of the enzyme that are not critical for function, and

only those mutations that seriously affect enzyme expression or function that

result in premature termination of the pathway.
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Chapter 5 - Expression and purification of AsbAS1 in
Pichia pastoris

5.1 Introduction

Plant terpene synthases synthesise a diverse range of secondary
metabolites which have a wide range of functions in plants, for example, plant
defence, pigmentation, scents, signalling and allelopathy. Many of these
compounds have been exploited commercially as drugs and medicines (taxol - an
anticancer drug from the yew tree), flavourings (glycyrrhizin - an artificial
sweetener from licorice root), fragrances (eucalyptol - from the eucalyptus tree)
and agrochemicals (rotenone - an insecticide from the vine plant). It is therefore
of huge interest to both the scientific and commercial industries to characterise
the enzymes involved in synthesising these compounds. Oxidosqualene cyclases
(OSCs) are found at the initial stage of triterpenoid secondary metabolite
synthesis and cyclise 2,3-oxidosqualene to a number of cyclic products, for
example cycloartenol and B-amyrin, which are the cyclic backbones for all

steroids and triterpene secondary metabolites, respectively.

5.1.1 Cloning and purification of oxidosqualene cyclases

As mentioned previously, a large number of sterol and triterpene OSCs
have been cloned from mammalian, fungal and plant species. The majority of
these OSCs have been heterologously expressed in yeast, and in vitro or in vivo
assays coupled with GC-MS, LC-MS or HPLC have been used to determine their
function and product specificity.

Despite their importance to the commercial industry, very few OSCs have
been purified and only one, the Homo sapiens lanosterol synthase (hOSC), has
been subjected to in depth biochemical and structural studies. Prior to the
cloning of the OSCs, lanosterol synthase, cycloartenol synthase and B-amyrin
synthase had been purified from their native organisms. 0OSCs had proved
difficult to purify due to their membrane-bound nature, their instability and their
insolubility in the absence of detergents. Lanosterol synthase from rat liver was
the first OSC to be solubilised. This was achieved by isolating liver microsomes
by centrifugation then solubilising the enzyme from the membrane using 0.08 M
deoxycholate. The enzyme was partially purified by centrifugation and ether
extraction and was found to be active, but it proved to be unstable and rapidly

lost activity (257). Subsequent experiments found that solubilisation using 1%
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Triton X-100 greatly improved the solubility and stability of the enzyme, which
could then be stored at 0°C for two weeks without significant loss of activity
(258). Lanosterol synthases have since been purified both partially and fully from
Saccharomyces cerevisiae (211, 258-259), Rattus norvegicus (260) and Bos
taurus (261). Cycloartenol synthase and B-amyrin synthase have also been
partially purified from pea seedlings (262). All purification protocols involve
solubilisation of the enzyme from microsomes using Triton X-100, followed by
various purification steps that include ion-exchange chromatography, affinity
chromatography, isoelectric focussing and gel filtration. Most of the enzymes
were purified to homogeneity and retained activity but yields were relatively low,
typically approximately 2 mg (2-5% final yield from the crude homogenate) (211,
260-261).

Heterologous overexpression of proteins in yeast or bacteria dramatically
increases the amount of protein that can be produced in cultures and therefore
increases yield. However attempts to overexpress OSCs in a bacterial system
proved unsuccessful as the proteins mainly formed inclusion bodies possibly due
to insolubility, improper folding or lack of post-translational modification (211).
Saccharomyces cerevisiae lanosterol synthase has also been successfully
expressed in insect cells. The majority of OSCs have been heterologously
expressed in yeast, but despite the large number of OSCs cloned into a
heterologous overexpression system, only hOSC has been successfully purified on

a large scale and been subjected to kinetic analysis (151).

5.1.2 Purification of hOSC in Pichia pastoris

hOSC was heterologously expressed in the methylotrophic yeast Pichia
pastoris. It was cloned into the pPICZB vector to give a construct with a C-
terminal 6-histidine tag attached to the OSC protein and the construct was
transformed into Pichia pastoris GS115 cells. Western blotting with an hOSC
polyclonal antibody identified a single highly expressing clone that produced 3 mg
hOSC per 1 g cell mass. For large-scale purification, 0.2% Triton X-100 was used
to solubilise hOSC from the membrane after cell disruption and the C-terminal 6-
histidine tag facilitated purification by metal-affinity chromatography. Detergent
exchange from Triton X-100 to 0.8% p-D-octylglucopyranoside (B-OG) was
carried out before elution of hOSC from the column and the fractions containing
hOSC were further purified by gel filtration. The final yield of pure hOSC was 105
mg and subsequent analysis showed that hOSC was monomeric with a molecular
mass of 80 kDa (151).
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hOSC was successfully crystallised in a solution containing 2.4% B-0OG and
diffracted to a resolution of 2.1 A. The enzyme was crystallised with both the
product, lanosterol, and an inhibitor, Ro 48-8071, bound in the active site. The
detergents used for solubilisation of the enzyme during the purification process
were also visible in the final crystal structure and these detergent molecules
identified a single amphipathic helix implicated in anchoring hOSC to the

membrane (151).

5.1.3 Challenges in purifying membrane proteins

Currently there are just over 600 membrane protein crystal structures in
the Protein Data Bank, which represent just 1% of the total number of crystal
structures in the database. So why are structures of membrane proteins so
scarce? The main problems lie in the stages of protein expression, protein
purification and crystal growth. The first membrane protein crystals were grown
using protein purified from natural sources rather than from heterologous
expression. Compared to soluble proteins, after ribosomal synthesis many
membrane proteins undergo complex processes involved in targeting and
inserting proteins into the membrane. Over-expression of a membrane protein
can overload the secretory pathways leading to formation of toxic intermediates
or inclusion body formation (149, 263-265). Eukaryotic membrane proteins
present an additional challenge as bacterial hosts have a very different
translocation mechanisms and membrane composition and also lack post
translational machinery (266). Other hosts, such as yeast, have been much more
successful for eukaryotic membrane protein expression and purification. The
methylotrophic yeast Pichia pastoris has been successfully used for heterologous
expression of a number of membrane proteins, such as hOSC (151); multidrug
resistance transporters (267-268) and G-protein coupled receptors (269-270).

After successful expression in a host, protein purification presents the next
challenge and selection of the right detergent for solubilisation of the membrane
protein is key. The detergent needs to stabilise the protein structure in an
unaggregated state which may involve mixtures of detergents and non-detergent
additives (271-272). Crystal growth is the final hurdle and is unpredictable.
Crystals have been grown using detergent:protein complexes or by reintroducing
the protein to a lipid bilayer environment (although the former method is more
commonly used). Searching for the right conditions requires the correct choice of
precipitant and must take into consideration the complex phase behaviour of the
detergent as well as the protein (273). New methods for crystallisation of

membrane proteins such as lipidic cubic phase and bicelle techniques are being
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developed which may improve the success rate for membrane protein
crystallisation (274-275).

5.1.4 Aims

To date no triterpene OSCs have been purified on a large scale from
heterologous expression. The aim of this part of the project was to develop
methods for purification of AsbAS1. As hOSC is currently the only OSC to be
successfully purified from heterologous expression, the expression system and
purification strategy were used as templates for AsbAS1 expression and
purification. This involved cloning and heterologous functional expression of
tagged AsbAS1 in Pichia pastoris, followed by expression and purification using
metal-affinity chromatography. The ultimate aim was to generate sufficient pure
protein to generate crystals and solve the structure of AsbAS1, which would
provide important new insights into the mechanism of triterpene OSCs and enable
the hypotheses made by the AsbAS1 homology model generated in Chapter 2 to
be tested.

5.2 Materials and Methods

5.2.1 Cloning of Sad1 into pPICZB vector

B-amyrin synthase was amplified by PCR using a full-length cDNA clone,
AsbAS1-pYES2 (49) as a template. The following primers were used which
contained PmII and Xbal restriction sites for cloning into the pPICZB vector (Pmll
site is shown in red, Xbal site is shown in blue, start and stop codons are shown
in bold): pPICZB-5"-native = 5'GTACATCACGTGACCATGTGGAGGCTAACAATAGGT
GAGG-3’, pPICZB-3'-native = 5'-CATGTATCTAGATTAGCTCTTAATCGCAAGAAGTCG
ACGGC-3’, pPICZB-3'-6His 5'CATGTATCTAGATTAGTGATGGTGATGGTGATGGCT
CTTAATCGCAAGAAGTCGACG-3’, and pPICZB-5'-6His = 5'GTACATCACGTGACC
ATGCATCACCATCACCATCACTGGAGGCTAACAATAGGTGAG-3". Three different
primer combinations were used to generate the constructs: pPICZB-BAS1 (native
protein) using pPICZB-5-native and pPICZB-3'-native; pPICZB-BAS2 (C-
terminally 6-histidine tagged protein) using pPICZB-5'-native and pPICZB-3'-
6His; and pPICZB-BAS4 (N-terminally 6-histidine tagged protein) using pPICZB-
5’-6His and pPICZB-3'-native. @ PCR was carried out using Pfu Ultra DNA
polymerase (Stratagene Europe) for 30 cycles (program: 95°C, 0.5min, 50°C, 1

min, 70°C, 3 min, and final extension at 72°C, 10 min). The presence of a

correctly sized product was confirmed by 1% TBE agarose gel electrophoresis
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with ethidium bromide staining, and the resulting DNA fragments were purified
using a Wizard PCR Preps Kit (Promega). Using the two new restriction sites, the
amplified DNA fragments were cloned into the pPICZB-vector (Invitrogen) and
transformed by heat-shock into Escherichia coli DH5a cells (Invitrogen) and
spread onto Low Salt LB pH 7.5 plates (1% tryptone, 0.5% NaCl, 0.5% yeast
extract, 1.5% agar) containing 25 ug/ul zeocin for growth overnight at 37°C.
Plasmid DNA was purified by Wizard SV Minipreps Kit (Promega) and digested
with EcoRI (Invitrogen) for 1 hour at 37°C to confirm the presence of the Sadl
coding sequence. Those E. coli transformants containing the Sadl coding

sequence were sequenced.

5.2.2 Transformation into Pichia pastoris

Competent cells were prepared from a 500 ml culture of Pichia pastoris (P.
pastoris) X-33 or KM71H strain in Yeast Peptone Dextrose (YPD) medium (1%
yeast extract, 2% peptone, 2% dextrose) grown at 30°C with shaking to an ODggg
= 1.3-1.5. Cells were harvested by centrifugation at 1,500 xg for 5 minutes and
resuspended in 500 ml ice-cold sterile water. The resulting pellet was washed
with 250 ml ice-cold sterile water, followed by 20 ml ice-cold 1 M sorbitol and
finally 1 ml ice-cold 1 M sorbitol.

Plasmid DNA for each of the constructs was linearised with Sacl, purified
by phenol/chloroform extraction and ethanol precipitation and transformed into
the competent P. pastoris cells by electroporation. Increasing volumes (10, 25,
50, 100, 200 ul) of the electroporated cells were grown on Yeast extract Peptone
Dextrose+ (YPDS) medium (1% yeast extract, 2% peptone, 2% dextrose, 1 M
sorbitol, 2% agar) plates containing 100 pug/ml zeocin at 30°C. Up to ten colonies
were purified on fresh YPDS plates containing 100 pg/ml zeocin at 30°C.

The Mut phenotype of the P. pastoris transformants was determined by
growing up to 10 purified colonies on Minimal Dextrose (MD) (1.34% YNB, 4x10°
% biotin, 2% dextrose) and Minimal Methanol (MM) (1.34% YNB, 4x107°%

biotin, 0.5% methanol) media agar plates at 30°C.

5.2.3 Small scale expression trials of AsbAS1 P. pastoris X-33 transformants

A single Mut® colony was grown in 25 ml of Buffered Glycerol-complex
(1% vyeast extract, 2% peptone, 100 mM potassium phosphate pH 6.0, 1.34%
YNB, 4x107°% biotin, 1% glycerol) media (BMGY) at 30°C with shaking at 250
rpm to an ODgo = 2-6. The cells were harvested by centrifugation at 5,000 xg

and resuspended to an ODggp = 1.0 in 100 ml Buffered Methanol-complex (1%
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yeast extract, 2% peptone, 100 mM potassium phosphate pH 6.0, 1.34% YNB,
4x107% biotin, 0.5% methanol) media (BMMY) to induce protein expression.
The culture was grown at 30°C with shaking at 250 rpm. Methanol was added to
a final concentration of 0.5% every 24 hours to maintain protein induction. On
day 3 of protein induction, 1 ml of the culture was taken for expression analysis.
Cells were pelleted by centrifugation at 16,000 xg for 2 minutes, the supernatant
was decanted to a fresh 1.5 ml eppendorf tube and 150 pl 80% glycerol was
added. Both supernatant and pellet were frozen in liquid nitrogen and stored at -
80°C.

5.2.4 SDS-PAGE analysis of protein expression

Cell pellets were resuspended in 300 ul Breaking buffer (50 mM sodium
phosphate pH 7.4, 1 mM protease inhibitor, 1 mM EDTA, 5% glycerol) and lysed
by sonication at 18 microns, using a Soniprep 150 (MSE), for 5 sets of 15 second
pulses with a pause of 30 seconds on ice between each pulse. Triton X-100
(Boehringer Mannheim) was added to the cell lysates to a final concentration of
1% and incubated for 1 hour at 4°C with inversion. After centrifugation at
16,000 xg for 15 minutes, the supernatant was collected. For sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE), 7 ul of NuPAGE® LDS
Sample Buffer (Invitrogen) was added to 20 pl of supernatant, incubated at 70°C
for 10 minutes and placed on ice for a further 5 minutes. 20 pl of each sample
was loaded onto a NUPAGE® Novex 4-12% Bis-Tris Gel (Invitrogen) placed in an
XCell SureLock™ Mini-Cell (Invitrogen). Both the upper and lower chambers were
filled with 1x MES SDS Running Buffer (Invitrogen) and 0.5 ml NuPAGE®
Antioxidant (Invitrogen) was added to the upper buffer chamber. The gel was
electrophoresed at 200 V for 40 minutes and stained by incubation with

InstantBlue (Novexin) for 1 hour.

5.2.5 Western blot analysis of protein expression

Samples were prepared and run on a NuPAGE® Novex 4-12% Bis-Tris Gel
(Invitrogen) as described in section 4.2.4, then transferred to a nitrocellulose
membrane using the XCell II™ Blot Module at 30V constant for 1 hour. The
membrane was washed in Tris-Buffered Saline (TBS) (20mM Tris-HCl pH 7.5, 7.5
mM NaCl) and incubated for 1 hour/overnight in blocking solution (3% Bovine
Serum Albumin, 10 mM Tris-HCI pH 7.5, 7.5 mM NaCl). The membrane was
washed with TBS with Tween-20 and Triton X-100 (TBSTT) (20 mM Tris-HCI pH
7.5, 0.5 mM NaCl, 0.05% v/v Tween®-20, 0.2% v/v Triton X-100) and TBS and
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incubated with HiseTag® Monoclonal Antibody (Novagen) diluted 1:1000 in
blocking solution for 1 hour. The membrane was washed again with TBSTT and
TBS and incubated with Goat-Anti-Mouse IgG Alkaline Phosphatase conjugate
(Novagen) diluted 1:5000 in blocking solution for 1 hour. The membrane was
thoroughly washed in TBSTT and incubated with the colourimetric reagent
BCIP/NBT solution (50 mM Tris-HCI pH 8.8, 14 mM MgCl,, 0.1 mg/ml 4-nitro blue
tetrazolium chloride (NBT), 0.05 mg/ml 5-bromo-4-chloro-3-indolyl-phosphate
(BCIP)). The colourimetric reaction was stopped by washing the membrane

thoroughly in deionised water.

5.2.6 GC-MS analysis of in-vivo protein activity

P. pastoris transformants were grown under inducing conditions as
described in 4.2.3. On day 3 of protein induction the cells were harvested by
centrifugation at 5,000 xg for 5 minutes. Cells were disrupted and saponified by
resuspension in 20 ml Extraction Buffer (80% ethanol, 10% w/v potassium
hydroxide, 0.5 mg/ml butylated hydroxytoluene (Sigma)) and incubated at 65°C
for 2 hours. The mixture was diluted with 5 ml water and the products were
extracted 3 times with 1 volume of hexane. The hexane fraction was washed
three times each with 1 volume of water and 3 M NaCl solution. The hexane was
then evaporated under reduced pressure and the resulting extract derivatised
with Tri-Sil Z (Pierce) and analysed by gas-chromatography mass-spectrometry
(GC-MS) on an Agilent 5973 MSD (Agilent, Stockport, UK) coupled to an Agilent
6890 Gas Chromatograph. The column used was a Phenomenex Zebron ZB-5
column (0.25 mm ID x 30 m, 0.25 pm film) (Macclesfield, UK) with a built-in 5 m
guard column. The injector port, source and transfer line temperatures were set
at 250°C and an oven temperature program from 170°C (2.0 min) to 340°C (3.0
min) at 6°C /min was used, with helium as the carrier gas at 0.8 ml/min constant
flow. Splitless injections (1 pl) were made from the derivatised sample. EI+
mass spectral data were acquired for the duration of the GC program from m/z
50-800.

5.2.7 Large scale expression of AsbAS1

A single Mut® colony was grown in 25 ml of Buffered Glycerol-complex
(1% vyeast extract, 2% peptone, 100 mM potassium phosphate pH 6.0, 1.34%
YNB, 4x107°% biotin, 1% glycerol) media (BMGY) at 30°C with shaking at 250
rpm to an ODggg = 2-6. The 25 ml culture was used to inoculate 500 ml of BMGY

media and grown at 30°C with shaking at 250 rpm until the culture reached log
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phase growth (ODgoo = 2-6). The cells were harvested by centrifugation at 5,000
xg and resuspended to an ODgoo = 1.0 in 5 litres Buffered Methanol-complex (1%
yeast extract, 2% peptone, 100 mM potassium phosphate pH 6.0, 1.34% YNB,
4x107% biotin, 0.5% methanol) media (BMMY) to induce protein expression.
The culture was grown at 30°C with shaking at 250 rpm. Methanol was added to
a final concentration of 0.5% every 24 hours to maintain protein induction. On
day 3 of protein induction, 1 ml of the culture was taken for expression analysis.
Cells were pelleted by centrifugation at 5,000 xg for 10 minutes and stored on at

4°C or frozen at -80°C until required.

5.2.8 Extraction and solubilisation of AsbAS1 protein

The following protocol was adapted from Ruf et al. (151). Cells harvested
from the 5 litre culture were resuspended in 250 ml Resuspension buffer (50 mM
Tris-HCl pH 7.5, 5% glycerol (v/v), 2 mM DTT, 2 mM MgCl,) supplemented with 1
tablet of Complete protease inhibitor (Roche) per 50 ml. The cell suspension was
disrupted with P4 = 1000 psi in a French pressure cell press (SLM Aminco) and
then sonicated for 10 minutes at 18 microns on a Soniprep 150 (MSE). Triton X-
100 (Boehringer Mannheim) was added to the crude extract to a final
concentration of 0.2% (v/v) and incubated for 1 hour at 4°C with stirring.
Unbroken cells and cell fragments were removed by centrifugation at 30,000 xg

and the supernatant was stored at 4°C until required.

5.2.9 Immobilised metal affinity chromatography

Purification was carried out using an AKTA Purifier (Amersham
Biosciences). The supernatant was loaded, using a 150 ml Superloop (GE
Healthcare), onto a HiTrap™ Chelating HP 5ml column (GE Healthcare)
equilibrated with Loading buffer (50 mM Tris-HCI pH 7.5, 5% glycerol (v/v), 2 mM
DTT, 2 mM MgCl,, 0.2% Triton X-100 (v/v)). The column was washed with 1
column volume (CV) of loading buffer and 5 CVs of Wash buffer (50 mM Tris-HCI
pH 7.5, 5% glycerol (v/v), 2 mM DTT, 2 mM MgCl,, 0.8% pB-D-
octylglucopyranoside (B-OG) (w/v) (Sigma). Bound protein was eluted with a
linear gradient of Elution buffer (50 mM Tris-HCI pH 7.5, 5% glycerol (v/v), 2 mM
DTT, 2 mM MgCl,, 0.5 M imidazole) and 5 ml fractions were collected on a Frac-
920 (Amersham Biosciences). Fractions with an absorbance at 280 nm were
analysed by SDS-PAGE and Western blotting. Fractions containing AsbAS1 were
pooled and concentrated using an Amicon Ultra-15 Centrifugal Filter Unit 30,000
MWCO (Millipore) and stored at -80°C until required
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5.2.10 Gel filtration

Gel filtration was carried out using an AKTA Purifier. The IMAC purified
concentrated protein solution was loaded at 0.5 ml/minute onto a Superdex 200
16/60 120 ml column (GE Healthcare) equilibrated with Gel filtration buffer (50
mM Tris-HCl pH 7.5, 5% glycerol (v/v), 2 mM DTT, 2 mM MgCl,, 0.15 M NaCl).
The column was washed with 1 CV of Gel filtration buffer and 1 ml fractions were

collected on a Frac-920. Fractions were analysed by SDS-PAGE.

5.2.11 Hydrophobic interaction chromatography

Hydrophobic interaction chromatography (HIC) was carried out using an
AKTA purifier. The IMAC purified concentrated protein solution was diluted with 1
volume of Buffer C (0.1 M sodium phosphate buffer pH 7.6, 2 M (NH,4),S0,4). It
was then loaded at 0.5 ml/minute onto a Phenyl Sepharose Fast Flow (low-sub)
25 ml column (GE Healthcare) equilibrated with 5 CV of Buffer B (50 mM sodium
phosphate buffer pH 7.6) followed by 5CV of Buffer A (0.1 M sodium phosphate
buffer pH 7.6, 1 M (NH4),S0,). The column was washed with Buffer A until
unbound protein had been eluted and then bound protein was eluted with a linear
gradient of Buffer B over 5 CVs and 0.25 ml fractions were collected on a Frac-
920. Fractions were analysed by SDS-PAGE.

5.3 Results and Discussion

5.3.1 Pichia pastoris expression system

Both prokaryotic and eukaryotic systems have been used for
overexpression of oxidosqualene cyclases (OSCs) (151, 211). Attempts to
express Saccharomyces cerevisiae lanosterol synthase (ScLS) in Escherichia coli
(E. coli) failed to produce active protein despite a large number of strain and
vector combinations being used. Prokaryotes do not contain the post-
translational modification machinery that is present in eukaryotes so this may
explain why active enzyme was not produced. Subsequent attempts to
overexpress ScLS in its native organism did result in active protein, however the
expression levels were very low (211).

The expression system chosen for heterologous expression of AsbAS1 was
the yeast Pichia pastoris. Pichia is an attractive system for heterologous protein
expression as it maintains many of the properties seen in other higher eukaryotic
expression systems, such as protein folding, protein processing and post-

translational modification, which are not found in prokaryotic expression systems
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such as E. coli. In addition to this, it has also been shown to produce higher
expression levels than other yeast systems, with expression levels 10- to 100-fold
higher than the Saccharomyces cerevisiae expression system. The P. pastoris
expression system has been successfully utilised for the functional expression of
other plant OSCs for activity assays (123, 151), purification (151) and
crystallisation (144).

P. pastoris is a methylotroph which gives it the ability to use methanol as
its sole carbon source. Methanol is oxidised to formaldehyde and hydrogen
peroxide in the first step of the methanol utilisation pathway. Hydrogen peroxide
is highly toxic to cells, so the reaction takes place in peroxisomes where it is
detoxified by catalase. Methanol oxidation is catalysed by the enzyme alcohol
oxidase (AOX) which has a very low affinity for oxygen, so AOX expression is
upregulated to produce large quantities of the enzyme. AOX is encoded by two
genes, AOX1 and AOX2, although it is the gene product of the former that
provides the majority (85%) of the AOX activity (276-278). Expression of AOX is
tightly regulated at the transcriptional level and the promoter is highly inducible
by methanol (279). This property has been exploited for expression of foreign
proteins in P. pastoris, and a plasmid-borne version of the AOX1 promoter has
been developed to drive heterologous protein expression in P. pastoris (279-281).

pPICZ vectors were used for heterologous expression of AsbAS1. This set
of vectors has three different sub-types (A, B and C) which contain different
restriction sites to allow the target gene to be cloned in-frame with the C-terminal
tags which are present in the vector. The vectors have a C-terminal myc epitope
tag and a C-terminal polyhistidine tag to enable detection purification and
detection of the expressed protein. For positive selection in both E. coli and P.
pastoris, all vectors contain the Sh ble gene which confers resistance to the
antibiotic Zeocin™. Zeocin™ is a water-soluble copper-chelated glycopeptide
antibiotic with a broad spectrum against bacteria and eukaryotes. Copper-bound
Zeocin™ is inactive, but upon cell entry it is activated by removal of the copper
cation by sulfhydryl compounds. It then causes cell death by binding and
cleaving cellular DNA. Zeocin™ is light sensitive and inactivated by high salt
concentrations, so reduced salt media must be used in cultures and incubation
and storage must be in dark conditions (282). The Sh ble, Zeocin™ resistance,
gene was isolated from Streptoalloteichus hindustanus and inhibits Zeocin™ by
binding to it in a stoichiometric manner which prevents its DNA cleavage activity
(283).
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5.3.2 Design of expression constructs

Three constructs were designed for heterologous expression of oat B-
amyrin synthase (AsbAS1) in P. pastoris with the aim of producing large
quantities of protein that could be easily purified, for use in kinetic and structural
studies. Constructs consisted of the full-length Sad1l cDNA sequence with no tag
(BAS1), C-terminal 6-histidine tag (BAS2) or N-terminal 6-histidine tag (BAS4)
(Figure 5.1). 6-histidine tags were chosen as a C-terminal 6-histidine tag had
been successfully used to purify the human lanosterol synthase (hOSC) (151).
None of the constructs utilised the C-terminal 6-histidine and myc epitope tags
originally contained in the vector as the restriction sites chosen resulted in a 60bp
gap between the C-terminus of the protein and the end of both tags. The
resulting size of the tag may have hindered crystallisation and as only a histidine
tag was required for purification, 6-histidine tags were added directly at the end
or start of the appropriate constructs by PCR. pPICZB was chosen as the vector
for heterologous expression of AsbAS1 as it contained the desired Pm/l and Xbal

restriction sites.

A B
PmIil Xbal
BAS1
Pmi1 Xbal
BAS2 HHHHHH
Pmil Xbal

BAS4

Figure 5.1: Design of constructs for B-amyrin synthase expression

A. Three constructs designed for expression of Sadl in Pichia pastoris. All constructs contain the full
length Sad1l cDNA sequence with and without 6-histidine tags. BAS1 does not have a tag, BAS2 and
BAS4 have a 6-histidine tag at the C- and N-terminus respectively. The restriction sites used for
cloning into the pPICZB vector are shown. B. Plasmid map of pPICZB (3.3 kb). 5'A0X1 - AOX1
promoter; AOX1 TT - AOX1 transcription termination and polyadenylation signal; Prgr; — Transcription
elongation factor 1 gene (for Sh ble expression); Pem; — constitutive promoter which drives Sh ble
expression; Zeocin - Sh ble gene for Zeocin™ resistance; cycITT - 3’ end of Saccharomyces
cerevisiae CYC1 gene for efficient 3’ processing of Sh ble gene; pUC ori — pUC origin. Multiple cloning

site is shown between 5’A0X1 and AOX1 TT and restriction sites used for Sad1 cloning are denoted by
*x

5.3.3 Cloning of Sad1 into the pPICZB vector

The full-length Sadi cDNA sequence was amplified by PCR using the
primers required to add the desired restriction sites and tags for each of the 3

constructs. The products were analysed by 1% TBE gel electrophoresis to
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confirm the presence of a correctly sized DNA fragment (Figure 5.2A). The gel
showed a single band between the 2.0 and 3.0kb markers for all constructs which
corresponded to the size of the Sadl coding sequence, ~2.3kb.

The Sadl DNA fragments were then digested with Pm/I and Xbal and
ligated into the pPICZB vector to generate the constructs pPICZB-BAS1, pPICZB-
BAS2 and pPICZB-BAS4, and transformed into E. coli DH5a cells. Plasmid DNA
was isolated from the transformed cells and digested with EcoRI to confirm
presence of Sadl cDNA. The Sadl coding sequence has two EcoRI sites 1kb
apart and pPICZB has one EcoRI site situated ~200bp upstream of the Xbal
restriction site, so successful integration of the Sadl gene into the pPICZB vector
would generate fragments of 4.4kb, 1kb and 0.2kb. All three constructs had E.
coli transformants which produced the desired fragment sizes after digestion with
EcoRI (Figure 5.2B). Sequencing of the Sadl cDNA in each of these E. coli

transformants confirmed that the gene had been successfully cloned into the
pPICZB vector.
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Figure 5.2: Cloning of Sad1 into pPICZB vector

A. PCR amplification of Sad1 from full-length cDNA clone using primers to add desired restriction sites
and 6-histidine tags for the three constructs. The amplified PCR products were run on a 1% TBE
agarose gel and visualised with EtBr staining. B. EcoRI digestion of plasmid DNA extracted from five
pPICZB-BAS?2 transformants to identify constructs containing the Sad1l gene. Plasmids containing the
Sadl gene have bands at 4.5 kb and 1 kb (N.B the 0.2 kb band is not visible) whereas plasmids that
do not contain the Sadl gene have a single band at 3.3 kb. The digested plasmid DNA was run on a
1% TBE agarose gel and visualised with EtBr staining.
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5.3.4 Expression of pPICZB-BAS1, BAS2 and BAS4 in Pichia pastoris X-33

For protein expression, the three pPICZB constructs were transformed into
Pichia pastoris wild-type strain X-33 cells. X-33 was chosen as it has good
growth levels in large-scale cultures and has been used for heterologous
expression of other plant proteins (284-286).

Linearised pPICZB-BAS1, pPICZB-BAS2 and pPICZB-BAS4 plasmid DNA
were transformed into competent P. pastoris X-33 cells via electroporation. Ten
colonies were purified on fresh plates for each construct to select for single
transformants. The methanol utilisation (Mut) phenotype of each colony was
then determined. The linearised plasmid DNA is integrated into the Pichia
genome via homologous recombination which can result in either gene insertion
or gene replacement. Constructs generated in pPICZB vectors integrate into the
Pichia genome at the AOX1 locus by crossover events between the either of the
two AOX1 regions on the pPICZB vector, 5’AOX1 or AOX1 TT (Figure 5.1). Single
crossover events result in insertion of the gene of interest upstream or
downstream of the AOX1 gene. These transformants maintain a functional copy
of the AOX1 gene and therefore have a wild type Mut phenotype, designated
Mut®. Double crossover events result in replacement of the AOX1 gene by the
gene of interest. As the AOX1 gene has been replaced, these transformants have
to rely solely on the weaker AOX2 gene for methanol metabolism and therefore
consume methanol at a slower rate so have a Mut slow phenotype, designated
Mut® (277, 287-288). Mut phenotype is tested by growth of the transformant on
MD and MM media agar plates. MD media agar plates have dextrose as the sole
carbon source so both Mut* and Mut® transformants should grow well. MM media
agar plates have methanol as the sole carbon source, therefore Mut*
transformants should grow well on these plates, whereas Mut® transformants,
which can only utilise the AOX2 gene, will grow at a much slower rate (Figure
5.3). Each of the three constructs had nine independent P. pastoris X-33
transformants. Growth comparisons on MD and MM media agar showed all nine
pPICZB-BAS1:X-33 transformants, five pPICZB-BAS2:X-33 transformants and
eight pPICZB-BAS4:X-33 transformants had a Mut* phenotype, whilst the
remainder displayed a Mut® phenotype. As Mut* transformants are more desirable
for protein expression, all Mut® P. pastoris X-33 transformants were carried
forward to small-scale expression trials.

Expression trials were conducted on all Mut* P. pastoris X-33
transformants for each of the three constructs. Protein expression was induced

by resuspension in 100 ml methanol growth media (BMMY) and a 1 ml sample
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Figure 5.3: Determination of Mut phenotype of P. pastoris X-33 transformants

P. Pastoris X-33 cells transformed with each of the three pPICZB constructs were grown on minimal
dextrose (MD) and minimal methanol (MM) media agar to determine the methanol utilisation (Mut)
phenotype of each colony. Examples of the two phenotypes are shown. Colony A has a Mut®
phenotype as it grows well on MD media but grows poorly on MM media. Colony B has a Mut*
phenotype as it grown well on both MD and MM media.

was taken from each culture after three days of protein induction. Cell pellets
were disrupted by sonication and the lysate was incubated with Triton X-100
(1%). Detergent addition was essential in order to release the membrane-bound
AsbAS1 into the supernatant. Triton X-100 had been used successfully during the
purification of Homo sapiens lanosterol synthase (hOSC) and in in-vitro assays for
many other plant and fungal OSC, so was selected as the detergent used for
AsbAS1 solubilisation in pPICZB-BAS1, pPICZB-BAS2 and pPICZB-BAS4 lysates
(52, 57, 94, 101-102, 104). The cell-free extracts of pPICZB-BAS1, pPICZB-
BAS2 and pPICZB-BAS4 P. pastoris X-33 transformants were then analysed using
SDS-PAGE to look for expression of AsbAS1 protein.

5.3.4.1 pPICZB-BAS1:X-33

SDS-PAGE analysis showed no significant difference between the nine
Mut* pPICZB-BAS1:X-33 transformants and a pPICZB:X-33 vector only control.
The predicted size of AsbAS1 is 86.8kDa so should be seen between the 62 and
98kDa markers on the gel if it has been induced in any of the pPICZB-BAS1:X-33
transformants. However, as all pPICZB-BAS1:X-33 transformants are Mut* and

under the control of the AOX1 promoter, Pichia pastoris alcohol oxidase (PpAOX1)
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would be co-expressed with AsbAS1. The molecular weight of PpAOX1 is
approximately 75kDa which is approximately 12kDa smaller than AsbAS1. The
theoretical calculations imply that AsbAS1 and PpAOX1 could be separated on an
SDS-PAGE gel, however SDS-PAGE analysis of hOSC, which is predicted to have a
molecular weight of 85.6 kDa, showed that it migrates at a distance of 80 kDa, 6
kDa lower than predicted (151). If AsbAS1 travels in a similar way to hOSC on
an SDS-PAGE gel it may migrate a similar distance on an SDS-PAGE gel to
PpAOX1 which may obscure the AsbAS1 band. At the time, the AsbAS1 antibody
was not available, and as this construct did not have a tag, presence of AsbAS1
protein could not be detected by SDS-PAGE analysis alone.

The nine pPICZB-BAS1:X-33 transformants were analysed for production
of AsbAS1 protein by function expression assays which are described in a later

section.

5.3.4.2 pPICZB-BAS2:X-33 and pPICZB-BAS4:X-33

Analysis of the five pPICZB-BAS2:X-33 and eight pPICZB-BAS4:X-33 Mut*
transformants was more conclusive as both constructs contained 6-histidine tags
at the C- and N-terminus respectively, so cell-free extracts could be analysed by
Western blotting as well as SDS-PAGE.

One out of the five pPICZB-BAS2:X-33 transformants (pPICZB-BAS2.1:X-
33) had a strong band present between the 62 and 98kDa markers that was not
seen in the pPICZB:X-33 vector only control (Figure 5.4). As mentioned
previously, due to the co-expression and similar molecular weight of AsbAS1 and
PpAOX1, it was possible that the band observed was alcohol oxidase, therefore a
Western blot using the HiseTag® monoclonal antibody was carried out to detect
whether C-terminally tagged AsbAS1 was present. The Western blot detected a
very faint signal which corresponded to the location of the band seen on the SDS-
PAGE gel which confirms that AsbAS1 has been expressed from pPICZB-
BAS2.1:X-33 (data not shown). The faint signal seen on the Western blot does
not correspond to the intensity of the band seen on the SDS-PAGE gel, therefore
it is likely that this band also contains the co-expressed PpAOX1 which appears to
be expressed at much higher levels than AsbAS1.

Two out of the eight pPICZB-BAS4:X-33 transformants (pPICZB-BAS4.4:X-
33 and pPICZB-BAS4.5:X-33) had a band present between the 62 and 98kDa
markers that was not seen in the pPICZB:X-33 vector only control (Figure 5.5). A

Western blot using the HiseTag® monoclonal antibody detected a faint signal
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Figure 5.4: InstantBlue stained SDS-PAGE gel of cell-free extracts from trial expression of
pPICZB-BAS2:X-33 Mut* transformants.

SDS-PAGE gel of Triton X-100 treated cell-free extracts from Day 3 of the trial expression of pPICZB-
BAS2:X-33 Mut® transformants. Lane 1, SeeBlue® Plus2 Pre-Stained Standard: myosin (188kDa),
phosphorylase (98kDa), bovine serum albumin (62kDa), glutamic dehydrogenase (49kDa), alcohol
dehydrogenase (38kDa), carbonic anhydrase (28kDa), myoglobin red (17kDa), lysozyme (14kDa),
aprotinin (6kDa); Lane 2, pPICZB:X-33 vector only control cell-free extract; Lanes 3-7, pPICZB-
BAS2:X-33 Mut* transformants cell-free extracts. Expected molecular weight of AsbAS1 (shown by
the arrow) is predicted to be 86.8kDa, which falls between the 62 and 98kDa markers.

corresponding to the location of the band seen on the SDS-PAGE gel for pPICZB-
BAS4.4:X-33 but not for pPICZB-BAS4.5:X-33 (data not shown). As for pPICZB-
BAS2.1:X-33, the signal from the Western blot did not correspond to the intensity
of the band on the gel, so the band is also likely to contain the co-expressed
PpAOX1. The lack of signal for pPICZB-BAS4.5:X-33 may be a result of
insufficient AsbAS1 protein loaded onto the gel rather than lack of AsbAS1
expression as the band seen on the SDS-PAGE gel is much weaker than that of
pPICZB-BAS4.4:X-33.

From these preliminary protein expression results, it seems that both
pPICZB-BAS2:X-33 and pPICZB-BAS4:X-33 constructs have a single transformant
which produced AsbAS1 protein to detectable levels on a Western blot. Both
transformants were then analysed to determine whether the expressed protein in

each of the transformants was active.
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Figure 5.5: InstantBlue stained SDS-PAGE gel of cell-free extracts from trial expression of
pPICZB-BAS4:X-33 Mut* transformants.

SDS-PAGE gel of Triton X-100 treated cell-free extracts from Day 3 of the trial expression of pPICZB-
BAS4:X-33 Mut* transformants. Lane 1, pPICZB:X-33 vector only control cell-free extract; Lane 2-5,
pPICZB-BAS2:X-33 Mut' transformants cell-free extracts; Lane 6-7, SeeBlue® Plus2 Pre-Stained
Standard: myosin (188kDa), phosphorylase (98kDa), bovine serum albumin (62kDa), glutamic
dehydrogenase (49kDa), alcohol dehydrogenase (38kDa), carbonic anhydrase (28kDa), myoglobin red
(17kDa), lysozyme (14kDa), aprotinin (6kDa); Lane 8, pPICZB:X-33 vector only control cell-free
extract; Lane 9-12, pPICZB-BAS2:X-33 Mut* transformants cell-free extracts. Expected molecular
weight of AsbAS1 (shown by the arrow) is predicted to be 86.8kDa, which falls between the 62 and
98kDa markers.

5.3.5 In-vivo functional assay of AsbAS1 activity in Pichia X-33 transformants

Protein expression analysis in P. pastoris X-33 transformants with 6-
histidine tagged constructs had identified two transformants (pPICZB-BAS2.1:X-
33 and pPICZB-BAS4.4:X-33) expressing AsbAS1 protein. These two
transformants were then tested using an in-vivo assay to determine whether the
expressed protein was active. All nine Mut* pPICZB-BAS1:X-33 constructs were
also analysed using the in-vivo assay as protein could not be detected via SDS-
PAGE analysis.

Pichia pastoris cells produce the membrane sterol ergosterol as their major
sterol product by cyclisation of 2,3-oxidosqualene to lanosterol, which is catalysed
by lanosterol synthase. They do not, however, produce any secondary metabolite
triterpenes such as p-amyrin, therefore any B-amyrin detected in the
transformants would be a direct result of the heterologously expressed AsbAS1

activity. The enzyme can use the endogenous 2,3-oxidosqualene as a substrate
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so the enzyme activity of AsbAS1 can be assayed in-vivo without feeding a
substrate (123, 289).

Each transformant was grown using the same protocol as for the small-
scale expression trials. After disruption and saponification of the cell pellets,
triterpenes were extracted using hexane and analysed by GC-MS. Raw GC-MS
data was analysed using the AMDIS software package which removes background
noise from the raw data, extracts individual component spectra and compares
them to a library of common triterpenes (290). The total ion chromatogram
(TIC) of each clone was compared to the TIC of the pPICZB:X-33 vector only
control to identify novel peaks. The spectra of any novel peaks were compared to
the library of common triterpenes to identify the product(s) that had been
produced.

The nine pPICZB-BAS1:X-33 Mut* transformants together with the
pPICZB-BAS2.1:X-33 and pPICZB-BAS4.4:X-33 transformants selected from
small scale expression trials were then tested for enzyme function using the in

vivo assay.

5.3.5.1 pPICZB-BAS1:X-33

Of the nine pPICZB-BAS1:X-33 Mut* transformants analysed, all produced
a novel peak which had a fragmentation pattern identical to that of B-amyrin.
Figure 5.6A shows the AMDIS analysis of one of the transformants pPICZB-
BAS1.6:X-33 compared to the pPICZB:X-33 vector only control. Both TICs have
a peak at a retention time of 26.6 minutes and a fragmentation pattern corresponding
to that of ergosterol, the primary sterol in Pichia pastoris. pPICZB-BAS1.6:X-33
contains a novel peak with a retention time of 27.7 minutes that is not observed
in the pPICZB:X-33 vector only control. The extracted spectrum of this novel
peak is shown in Figure 5.6B and displays the characteristic fragmentation
pattern of B-amyrin, with the molecular ion at m/z 426, and ions at m/z 393, 218
and 203, thereby confirming that the compound in the novel peak to be B-amyrin.
As stated previously, Pichia pastoris cells do not make secondary metabolite
triterpenes, therefore the production of B-amyrin is a direct result of
heterologously expressed AsbAS1 activity (123, 289). The same analysis was
conducted for the other eight pPICZB-BAS1:X-33 transformants (data not shown)
and all had a novel peak corresponding to B-amyrin, thereby confirming that all
transformants contained active AsbAS1 protein.

In order to determine which transformant had the highest levels of

expressed protein, and could therefore be carried forward to large-scale
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Figure 5.6: GC-MS analysis of pPICZB-BAS1:X-33

A. TIC chromatogram of hexane extracts from Pichia transformants with (i) pPICZB:X-33 as an empty
vector control and (ii) pPICZB-BAS1.6. pPICZB-X-33 control shows only presence of the primary
membrane sterol, ergosterol (1), whereas in pPICZB-BAS1.6:X-33, a novel peak at 27.7 min is
detected. B. Mass spectra of the extracted spectrum of (i) the novel peak (2) from pPICZB-BAS1.6:X-
33 and (ii) a B-amyrin standard.

expression trials, the levels of B-amyrin production were compared between all
pPICZB-BAS1:X-33 transformants. Although this method would not give
quantitative data on the amounts of AsbAS1 protein present, measuring the
amounts of B-amyrin synthesised in each of the transformants would allow
indirect quantification of protein levels on the assumption that the transformant

with the highest product levels produced more functional AsbAS1 protein.
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Figure 5.7: Comparison of B-amyrin levels in pPICZB-BAS1:X-33 transformants

Peak area of B-amyrin produced by each transformant is expressed as a percentage of total peak area
of ergosterol. The vector only control pPICZB:X-33 produces no B-amyrin and all transformants show
some degree of AsbAS1 activity.

Comparisons were made between the nine pPICZB-BAS1:X-33 transformants by
expressing B-amyrin levels as a percentage of the total ergosterol level.
Ergosterol levels remained at a similar level to the pPICZB:X-33 vector only
control in all transformants so did not appear to be affected by pPICZB-BAS1
expression. The peak area of the B-amyrin peak was expressed as a percentage
of the peak area of the ergosterol peak for each of the transformants and the
data was displayed on a graph (Figure 5.7). The highest levels of B-amyrin
production was observed in pPICZB-BAS1.6 which had 30% peak area compared
to ergosterol levels, and twice the ratio of B-amyrin:ergosterol seen in any other
transformant. This high ratio indicated that pPICZB-BAS1.6:X-33 had high levels
of functional AsbAS1 protein, possibly as a result of multiple gene insertion
events at the AOX1 locus during transformation of the pPICZB-BAS1 construct
into Pichia pastoris X-33. This data indicated that pPICZB-BAS1.6:X-33 is likely

to be a highly expressing transformant.

5.3.5.2 pPICZB-BAS2.1:X-33 and pPICZB-BAS4.4:X-33

The two transformants selected from the small scale expression trials as
producing the highest AsbAS1 protein levels, pPICZB-BAS2.1:X-33 and pPICZB-
BAS4.4:X-33, both produced a novel peak which had a fragmentation pattern
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identical to B-amyrin. Figure 5.8 shows the AMDIS analysis of both transformants
compared to the pPICZB:X-33 vector only control. All TICs had a peak at 26
minutes which corresponded to the primary membrane sterol ergosterol. The
TICs of the transformants also had a novel peak at 27.7 minutes that is not
observed in the vector only control with a fragmentation pattern identical to that
of B-amyrin. The extracted ion chromatogram at m/z 218, a characteristic
fragmentation size of B-amyrin, showed a single peak thereby further confirming
the identity of the novel peak to be B-amyrin.

Estimates for B-amyrin production were calculated in the same way as the
pPICZB-BAS1:X-33 transformants by expressing the peak area of the B-amyrin
peak as a percentage of ergosterol peak area. B-amyrin production was 8% and
2% of the total ergosterol levels for pPICZB-BAS2.1:X-33 and pPICZB-BAS4.4:X-
33 respectively. If it is assumed that B-amyrin levels are a direct reflection of
AsbAS1 protein levels then pPICZB-BAS1.6:X-33, which had 30% of total
ergosterol levels, contains 4-fold and 15-fold more functional AsbAS1 protein than
pPICZB-BAS2.1:X-33 and pPICZB-BAS4.4:X-33 respectively. This implied that
the untagged Sadi construct had much higher functional protein levels than both
the C- and N-terminally 6-histidine tagged constructs. This could be a result of
higher expression levels for the untagged construct, or that the untagged

construct is more active than both of the tagged constructs which implies that the
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Figure 5.8: GC-MS analysis of pPICZB-BAS2.1:X-33 and pPICZB-BAS4.4:X-33

TIC and EIC (m/z 218) chromatograms of hexane extracts from Pichia transformants with A.
pPICZB:X-33 as an empty vector control, B. pPICZB-BAS2.1 and C. pPICZB-BAS4.4. pPICZB-X-33
control shows only presence of the primary membrane sterol, ergosterol (1), whereas in pPICZB2.1
and pPICZB4.4 a novel peak (2) at 27.7 min is detected. EIC at m/z 218 shows both of these
transformants have the characteristic fragmentation ion of B-amyrin.
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6-histidine tag may interfere with enzyme function. However, the presence of a
tag on both of these constructs enables the protein to be purified on a large scale
by immobilised metal affinity chromatography (IMAC), so despite their reduced
expression levels compared to the untagged transformant, pPICZB-BAS1.6:X-33,
both tagged constructs would be much easier to purify. Therefore both tagged
transformants, pPICZB-BAS2.1:X-33 and pPICZB-BAS4.4:X-33 were carried

forward for large scale expression trials.

5.3.6 Large scale expression of pPICZB-BAS2.1:X-33

Small scale expression trials identified a single highly expressing
transformant for each of the three different constructs designed for AsbAS1
expression in Pichia pastoris X-33. pPICZB-BAS1.6:X-33 was selected as the
transformant for the untagged construct, pPICZB-BAS2.1:X-33 for the C-
terminally 6-histidine tagged construct and pPICZB-BAS4.4:X-33 for the N-
terminally 6-histidine tagged construct. All transformants produced functional
protein and GC-MS analysis allowed indirect quantification of protein levels
through comparison of B-amyrin product levels produced by each of the
transformants (on the assumption that the transformant with the highest product
levels produced more functional AsbAS1 protein). pPICZB-BAS1.6:X-33 was
shown to produce the most functional protein followed by pPICZB-BAS2.1:X-33
(4-fold less) and finally pPICZB-BAS4.4:X-33 (15-fold less). pPICZB-BAS1.6:X-
33 was therefore the first choice for large scale expression as it produced the
most functional protein. However, as this construct lacked a tag and at the time,
no antibody against the AsbAS1 protein was available, purification of this
construct would have been very difficult. The other two transformants contained
constructs with 6-histidine tags, so would allow for purification of the protein via
IMAC followed by gel filtration, therefore the highest expressing of these two
transformants, pPICZB-BAS2.1:X-33 was the first to be chosen for large scale
expression of AsbAS1.

For large scale expression of pPICZB-BAS2.1:X-33, the culture volume was
scaled up to five litres. Protein expression was induced by resuspension in five
litres of methanol growth media (BMMY) and the cells were harvested by

centrifugation after three days of protein induction and stored at -80°C.

5.3.7 Immobilised metal affinity chromatography of pPICZB-BAS2.1:X-33

Purification of Homo sapiens lanosterol synthase (hOSC) was carried out

using IMAC, which utilised the 6-histidine tag on the expressed protein followed
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Figure 5.9: IMAC purification of pPICZB-BAS2.1:X-33 and SDS-PAGE analysis of eluted fractions
A. Linear elution profile of AsbAS1 from a nickel charged metal affinity column using a 0.5M imidazole
gradient. Absorbance at 280nm of eluate from the column is represented by the blue line (left axis),
conductivity is shown by the brown line and concentration of imidazole in the elution buffer is shown
by the green line (right axis). Sample injection at the start of the purification is shown by the red line
and fraction numbers are also shown in red. Fraction A1 was collected during the 1CV Triton X-100
wash, Fractions A2-A6 were collected during the 5CV B-OG wash and the remaining fractions A7-B4
were collected during elution with an imidazole gradient. The fractions labelled with a star denote
those chosen for SDS-PAGE and Western blot analysis. B. SDS-PAGE gel of fractions eluted from the
column. Lane 1, SeeBlue® Plus2 Pre-Stained Standard: myosin (188kDa), phosphorylase (98kDa),
bovine serum albumin (62kDa), glutamic dehydrogenase (49kDa), alcohol dehydrogenase (38kDa),
carbonic anhydrase (28kDa), myoglobin red (17kDa), lysozyme (14kDa), aprotinin (6kDa); Lane 2,
Cell free extract from Day3 pPICZB-BAS2.1:X33 culture; Lane 3, Unbound protein; Lane 4, Fraction
A3 - B-OG detergent exchange wash; Lane 5-9, Fractions A8-Al11 - 1% elution peak; Lane 10, Fraction
B3 - 2" elution peak. Expected molecular weight of AsbAS1 (shown by the arrow) is predicted to be
86.8kDa, which falls between the 62 and 98kDa markers.
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by gel filtration (151). Homology modelling predicted hOSC and AsbAS1 to have
highly similar structures (see Chapter 2) and both proteins have an almost
identical molecular weight, therefore the conditions used for hOSC purification
could be applied to AsbAS1 purification.

The cells harvested from protein induction were lysed and incubated with
Triton X-100 to solubilise the protein from the membrane. After centrifugation
the cell-free extract was loaded onto a nickel-charged metal affinity column and
washed to remove unbound protein. Detergent exchange was carried out by first
washing the column with Wash buffer containing Triton X-100 (0.2% v/v)
followed by Wash buffer containing B-OG (0.8% w/v). Detergent exchange was
performed to prepare the protein for further crystallisation trials, as the optimal
conditions for hOSC crystallisation were achieved using B-OG (144, 151). Bound
protein was eluted with a linear gradient of 0.5 M imidazole and as all fractions
were eluted, their absorbance was measured at 280 nm and the data displayed in
graphical form. The elution profile showed two peaks, one large peak at the start
of the imidazole gradient and a much smaller peak towards the end (Figure 5.9A).
The fractions containing these eluted peaks together with fractions collected from
each of the wash steps were analysed by SDS-PAGE and Western blotting (Figure
5.9B and 5.10).

The InstantBlue stained SDS-PAGE gel showed presence of a large band
which corresponded to the expected molecular weight of AsbAS1 in fractions
containing the cell-free extract, unbound protein and elution fractions A8-Al1l
(Figure 5.9B). Upon Western blotting using an antibody against the 6-histidine
tag, the band observed in fractions A8-Al1l gave a strong signal, but no signal
was observed for the band seen in the cell-free extract and unbound protein
fractions (Figure 5.10). This indicated that the band observed in these fractions
is likely to be Pichia pastoris AOX1 as it is co-expressed with AsbAS1 and has an
almost identical molecular weight. As PpAOX1 does not have a 6-histidine tag, it
would not bind to the column so would be present in the unbound fraction as is
observed on the SDS-PAGE gel. The intensity of the signal seen on the Western
blot corresponds with the size of the band on the SDS-PAGE gel which implied
that AsbAS1 was a major constituent of this band.

To confirm the identity of this band, it was excised from the gel, from
fractions A8 and All and sent for MALDI-TOF-MS fingerprinting. Mascot analysis
of the bands from fraction A8 and All confirmed the identity of protein to be
Avena strigosa p-amyrin synthase, with mascot scores of 137 and 250

respectively. This provided convincing evidence that the large band seen in the
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Figure 5.10: Western blot of fractions from IMAC purification of pPICZB-BAS2.1:X-33.
Colorimetric detection of fractions eluted from the metal affinity column with an antibody directed
against the 6-histidine tag. Lane 1, SeeBlue® Plus2 Pre-Stained Standard: myosin (188kDa),
phosphorylase (98kDa), bovine serum albumin (62kDa), glutamic dehydrogenase (49kDa), alcohol
dehydrogenase (38kDa), carbonic anhydrase (28kDa), lysozyme (14kDa); Lane 2, Cell free extract
from Day3 pPICZB-BAS2.1:X33 culture; Lane 3, Unbound protein; Lane 4, Fraction A3 - B-OG
detergent exchange wash; Lane 5-9, Fractions A8-A11 - 1% elution peak; Lane 10, Fraction B3 - 2™
elution peak. Expected molecular weight of AsbAS1 (shown by the arrow) is predicted to be 86.8kDa,
which falls between the 62 and 98kDa markers.

fractions eluted from the IMAC column was AsbAS1. Therefore fractions A8-Al1l
were pooled and concentrated from 20 ml to 3 ml and stored in 1 ml aliquots at -
80°C.

Comparisons between the crude extract and the fractions eluted from the
column demonstrated that IMAC purification had been successful in partially
purifying AsbAS1. Western blotting and MALDI-TOF-MS analysis showed that
AsbAS1 was the major protein observed in the eluted fractions A8-Al1l, however
there was still a large number of contaminating proteins present in these
fractions. It is unlikely that all of the contaminating proteins were histidine-rich,
so there must be another explanation for the presence of impurities. One cause
could be protein aggregation as a result of detergent addition to the cell lysate.
Although necessary for AsbAS1 solubilisation from the membrane, Triton X-100
may have bound to other proteins thereby causing aggregation with AsbAS1 and
resulting in aggregated protein binding to the IMAC column via the AsbAS1 6-

histidine tag. Another reason for the eluted impurities could be that the
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detergent exchange wash step was too short, so weakly bound protein may have
remained on the column and been eluted in the final elution step and
contaminating the fractions. In an attempt to solve this problem, the IMAC
purification was repeated using a fresh pPICZB-BAS2.1:X-33 culture and the
purification protocol was modified to include longer wash steps with 5CV and
10CV of Triton X-100 wash buffer and B-OG wash buffer respectively. However,
these elongated steps resulted in AsbAS1 being washed off the column indicating
that it is only weakly bound. Weak binding could be as a result of protein

aggregation or due to the 6-histidine tag not being fully exposed.

5.3.8 Secondary purification of pPICZB-BAS2.1:X-33

Despite the large number of impurities present in the pooled fractions from
IMAC purified AsbAS1, two different secondary purification steps, gel filtration and
hydrophobic interaction chromatography, were carried out. The aim was to
remove some of the major impurities and to determine which method would be
most successful for subsequent purifications.

Gel filtration separates proteins based on the relative size of the protein
molecules. The gel filtration matrix contains porous beads which allow small
molecules to diffuse into them, but large molecules cannot enter as they are too
large. The column is pre-equilibrated with a buffer which fills both the area inside
and outside the beads. Once the protein sample is applied to the column, it
moves through the bead matrix. Large molecules cannot enter the beads, so
pass through the column and are eluted first whereas small molecules are able to
migrate into the matrix so spend longer in the column and are eluted later (291).

For secondary purification of AsbAS1, 1 ml of the concentrated pooled
fractions from IMAC was loaded onto the gel filtration column. The column was
washed with 1 CV of gel filtration buffer and 1 ml fractions were collected which
were monitored at an absorbance of 280 nm as they were eluted from the
column. AsbAS1 has a high molecular weight and was one of the largest proteins
present in the IMAC purified sample, so was expected to be eluted in one of the
early peaks. The elution profile showed five peaks, none of which were clearly
defined indicating that complete protein separation was not achieved. SDS-PAGE
analysis of fractions eluted at the maxima of each peak showed all fractions
contained multiple proteins but there was some evidence of size separation as
fractions eluted earlier contained the largest proteins and fractions eluted later
contained smaller proteins (Figure 5.11). A band corresponding to the expected

molecular weight of AsbAS1 was observed most strongly in the second eluted
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Figure 5.11: SDS-PAGE analysis of fractions eluted from gel filtration of IMAC purified AsbAS1
SDS-PAGE gel of fractions eluted from the column. Lane 1, SeeBlue® Plus2 Pre-Stained Standard:
myosin (188kDa), phosphorylase (98kDa), bovine serum albumin (62kDa), glutamic dehydrogenase
(49kDa), alcohol dehydrogenase (38kDa), carbonic anhydrase (28kDa), myoglobin red (17kDa),
lysozyme (14kDa), aprotinin (6kDa); Lane 2, Concentrated protein from pooled IMAC fractions A8-
Al1; Lane 3, Fraction 51 - 1% elution peak; Lane 4, Fraction 64 - 2" elution peak; Lane 5, Fraction
68 - 3 elution peak; Lane 6, Fraction 69 - 3™ elution peak; Lane 7, Fraction 74 - 4™ elution peak;
Lane 8, Fraction 76 - 4™ elution peak; Lane 9, Fraction 78 - 4™ elution peak; Lane 10, Fraction 89 -
5% elution peak. Expected molecular weight of AsbAS1 (shown by the arrow) is predicted to be
86.8kDa, which falls between the 62 and 98kDa markers.

peak and contained three lower molecular weight contaminating proteins.
Evidence of the band was also seen at lower levels in peaks three and four
however these fractions contained much higher levels of lower molecular weight
contaminating proteins.

This result indicates that gel filtration would be a suitable method for
secondary purification of AsbAS1 as clear size separation was seen for the IMAC
purified sample which removed a number of the lower molecular weight
contaminants. Had the purity of the IMAC purified sample been higher, gel
filtration would have been much more successful, therefore once the IMAC
purification step has been optimised, gel filtration can be utilised as the final

polishing step to remove minor impurities.

Hydrophobic interaction chromatography (HIC) separates proteins based

on the strength of hydrophobic interactions to hydrophobic ligands immobilised

134



Chapter 5 - Expression and purification of AsbAS1 in Pichia Pastoris

on an uncharged matrix. The sample is loaded onto the column in high salt
conditions as hydrophobic interactions are enhanced in these conditions enabling
hydrophobic regions of the protein to bind to the column. Proteins are then
eluted by a linear decrease in salt concentration, allowing weakly hydrophobic
proteins to elute first followed by strongly hydrophobic proteins (292-294).
AsbAS1 has hydrophobic helix on the protein surface that facilitates membrane
attachment. It was thought that this slight increase in hydrophobicity might
enable it to bind more strongly to the hydrophobic column than the soluble
proteins present in the IMAC purified sample.

For secondary purification of AsbAS1, 1 ml of the concentrated pooled
fractions from IMAC was loaded onto the HIC column. Non-bound proteins were
eluted with a high salt wash and bound proteins were eluted with a linear
gradient of low salt buffer and 0.25 ml fractions were collected which were
monitored at an absorbance of 280 nm. The elution profile showed one major
peak which eluted at the end of the low salt gradient. SDS-PAGE analysis of
alternate fractions from the peak showed that sample purity had not been
improved, as the majority of the major impurities were still present in the eluted
fractions (Figure 5.12). This indicated that protein aggregation had occurred
which may have been caused by high salt concentrations. However despite the

possibility of protein aggregation, there was no evidence that the purity of the
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Figure 5.12: SDS-PAGE analysis of fractions eluted from hydrophobic interaction
chromatography of IMAC purified AsbAS1

SDS-PAGE gel of fractions eluted from the column. Lane 1, SeeBlue® Plus2 Pre-Stained Standard:
myosin (188kDa), phosphorylase (98kDa), bovine serum albumin (62kDa), glutamic dehydrogenase
(49kDa), alcohol dehydrogenase (38kDa), carbonic anhydrase (28kDa), myoglobin red (17kDa),
lysozyme (14kDa), aprotinin (6kDa); Lanes 2-9, Even fractions 16-39; Lane 10, SeeBlue® Plus2 Pre-
Stained Standard; Lanes 11-19, Even fractions 31-48. Expected molecular weight of AsbAS1 (shown
by the arrow) is predicted to be 86.8kDa, which falls between the 62 and 98kDa markers.
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sample had been improved, therefore HIC is unlikely to be a beneficial step

should the IMAC purification step be optimised.

5.3.9 Repeat purification problems of pPICZB-BAS2.1:X-33

Subsequent attempts to purify AsbAS1 using IMAC were significantly less
successful than the first attempt (see 4.3.7). After extending the wash steps to
ensure all unbound protein was eluted proved to be unsuccessful as AsbAS1 was
washed off the column, IMAC was repeated several times using the original
protocol which had been so successful for hOSC. However the peak seen at the
start of the imidazole elution gradient never appeared at the same magnitude and
although SDS-PAGE analysis revealed a band was seen at the expected molecular
weight of AsbAS1, MALDI analysis repeatedly found this to be PpAOX1l. This
implied that the yeast transformant was no longer making AsbAS1. However in
vivo functional analysis carried out on each of the cultures used for large scale
expression showed that all the cultures produced B-amyrin at similar levels to
those seen in the original functional assay of pPICZB-BAS2.1:X-33 activity. This
indicated that AsbAS1 was being produced at similar levels.

The subcellular localisation of OSCs in mammalian and yeast cells has
been shown to be both in microsomes and in lipid particles. Partial purification of
native OSCs in mammals and yeast has been achieved by detergent solubilisation
of the microsomal fraction (258-260). Therefore microsomes were isolated from
induced cultures of pPICZB-BAS2.1:X-33 in order to increase the purity of the
crude extract before IMAC. The microsome fraction was obtained and a number
of different detergents were used to solubilise pPICZB-BAS2.1:X-33 from the
microsomes. SDS-PAGE analysis showed a single band at the expected molecular
weight of AsbAS1 but this band was also found to be PpAOX1 by MALDI analysis
(data not shown).

The problems encountered with AsbAS1 purification seemed to be as a
result of PPAOX1 contamination which produced ambiguous results. As the AOX1
promoter is used to drive heterologous protein expression of AsbAS1 in Pichia
pastoris and pPICZB-BAS2.1:X-33 has the Mut* phenotype, PpAOX1 is co-
expressed with AsbAS1. Unfortunately as PpAOX1 has a similar molecular weight
to AsbAS1, they both migrate to the same point on an SDS-PAGE gel and cannot
be separated by gel filtration. Presence of a histidine tag on the expressed
AsbAS1 should have facilitated separation by IMAC as AsbAS1 is able to bind to
the column whereas PpAOX1 is not. However, although this was seen on the first
purification attempt, subsequent attempts indicated that PpAOX1 also bound to

the column as it was seen in the eluted fractions.
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If PPAOX1 was not expressed, this would solve the problem of PpAOX1
contamination leading to ambiguous results. Therefore the three pPICZB
constructs, pPICZB-BAS1, pPICZB-BAS2 and pPICZB-BAS4, were transformed
into the Pichia pastoris KM71H strain. This strain contains a non-functional AOX1
gene and relies on the secondary AOX gene in Pichia pastoris, AOX2, for
production of the alcohol oxidase enzyme. AOX2 has the same activity as AOX1
but due to a weaker promoter has a much lower expression level (277, 279).
pPICZB constructs expressed in KM71H will not be co-expressed with AOX1 so
this should prevent the ambiguous results seen with the Mut* transformants.
Although AOX2 also has the same molecular weight as AOX1, due to its much

lower expression levels, it should not interfere with AsbAS1 detection.

5.3.10 Expression of pPICZB-BAS1, BAS2 and BAS4 in Pichia pastoris KM71H

Linearised pPICZB-BAS1, pPICZB-BAS2 and pPICZB-BAS4 plasmid DNA
were transformed into competent P. pastoris KM71H cells via electroporation.
Colonies were purified on fresh plates for each construct to select for single
transformants. As all P. pastoris KM71H transformants are Mut®, there is no need
for selection on MM and MD media. After purifying selection, pPICZB-
BAS1:KM71H had seven transformants, pPICZB-BAS2:KM71H had six
transformants, and pPICZB-BAS4:KM71H had ten transformants. Previously, P.
pastoris X-33 transformants were tested for expression of AsbAS1 by SDS-PAGE
analysis. However this technique was not suitable for the pPICZB-BAS1
constructs as they did not have a tag and no AsbAS1 antibody was available at
the time. Tagged constructs were tested using Western blotting against the
HiseTag® monoclonal antibody but these proved to be unclear due to the low
amounts of AsbAS1 protein loaded onto the SDS-PAGE gel. Testing the
transformants for functional expression proved a much more conclusive technique
as product levels could be detected even if present at very low levels. If it was
assumed that product levels mirrored protein levels, transformants which
expressed the highest levels of functional protein could be easily identified and
carried forward to large scale purification.

For in-vivo functional analysis of all P. pastoris KM71H transformants, each
transformant was grown and analysed using the same protocol as for pPICZB:X-
33 transformants (see 4.3.4 and 4.3.5).
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5.3.10.1 pPICZB-BAS1:KM71H

Of the seven pPICZB-BAS1:KM71H Mut® transformants analysed, all
produced a novel peak which has a fragmentation pattern identical to that of B-
amyrin which confirmed that all transformants produced active AsbAS1 protein.
To identify a candidate for large scale expression, the B-amyrin level in each of
the transformants was analysed as a percentage of ergosterol level for an indirect
quantification of AsbAS1 protein levels. The peak area of the B-amyrin peak was
expressed as a percentage of the peak area of the ergosterol peak for each of the
transformants and the data was displayed on a graph (Figure 5.13). The highest
level of B-amyrin production was observed in pPICZB-BAS1.4:KM71H which had
5.8% peak area compared to ergosterol levels. However this level of B-amyrin
production was significantly lower than that seen for the highest expressing
pPICZB-BAS1:KM71H transformant which produced B-amyrin to 30% of
ergosterol levels. This low production of B-amyrin may be linked to the slow
growth levels of the Pichia KM71H strain. The growth of the yeast depends on

supply of carbon for use as an energy source, which Pichia KM71H can obtain
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Figure 5.13: Comparison of B-amyrin levels in pPICZB-BAS1:KM71H transformants

Peak area of B-amyrin produced by each transformant is expressed as a percentage of total peak area
of ergosterol. The vector only control pPICZB:KM71H produces no B-amyrin and all transformants
show some degree of AsbAS1 activity.
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from methanol should glycerol not be available. In wild-type Pichia, both the
AOX1 and AOX2 genes can be used to metabolise methanol but Pichia KM71H
lacks a functional AOX1 gene so can only use the much lower expressed AOX2
gene for methanol metabolism and as a result grows at a slower rate. Both the
KM71H and the X-33 transformants were grown using the same conditions and
protein was induced over the same number of days, so the slower growing
KM71H would have had a lower final cell density therefore would produce lower
amounts of AsbAS1 protein overall. However, as AsbAS1 levels were measured
as a percentage of ergosterol levels rather than quantitative amounts, this implies
that the KM71H cells were expressing AsbAS1 protein at lower levels than X-33
cells. Therefore, optimisation of the growth and induction conditions is needed to
maximise the density of the cell culture and the amount of AsbAS1 protein
expressed. This could be done via finding the optimum concentration of methanol
required for induction, increasing length of protein induction, using a fermentation
system and increasing shaking speed to maximise aeration of the culture. Pichia
transformation could also be repeated to try to generate a high copy number

transformant with multiple integration events.
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This work describes the detailed characterisation of B-amyrin synthase
from the diploid oat Avena strigosa (AsbAS1). AsbAS1 catalyses the first
committed step in biosynthesis of avenacin A-1, an antimicrobial triterpene

glycoside localised in oat roots that confers broad spectrum disease resistance.

Chapter 2 discusses the characterisation of AsbAS1 on a structural level to
explore the mechanism of enzyme action and identify residues and regions of the
protein that are likely to be catalytically important. In the absence of a crystal
structure for the enzyme, a homology model was generated using the human
lanosterol synthase crystal structure as a template. Validation of the AsbAS1
model showed that the indicators calculated from the model were indeed similar
to those calculated from known protein structures of a similar size — a necessary
condition for a reliable model. The AsbAS1 model, together with information
gathered from a comprehensive sequence alignment and phylogenetic tree of all
cloned plant OSCs, was used to explore AsbAS1 mechanism and the mechanistic
differences between the sterol and triterpene OSC classes.

During the first stage of the OSC mechanism, when the substrate is
prefolded in the active site, clear differences between sterol and triterpene OSCs,
and monocot and dicot triterpene OSCs are observed. Triterpene OSCs fold the
B-ring into the chair conformation, whereas sterol OSCs form the energetically
unfavourable boat conformation. This is mediated by Tyr98 (hOSC numbering)
which forces the C,o carbon of 2,3-oxidosqualene below the molecular plane
thereby enforcing the boat confirmation (144). Triterpene OSCs, have a smaller
residue at the equivalent position thereby removing the steric pressure on Cjg
and allowing the chair conformation to form. However, this was found to be
restricted to dicot triterpene OSCs only. Monocot triterpene OSCs have retained a
bulky aromatic residue at the equivalent Tyr98 position, so to allow the
favourable chair conformation to be formed, have reversed the residues that
position the tyrosine. This elevates the position of the tyrosine with respect to the
Cyo of the substrate and no longer causes steric hindrance. Phylogenetic evidence
indicates that monocot and dicot triterpene OSCs have evolved separately, with
monocot triterpene OSCs being more closely related to sterol OSCs. Therefore it

seems that monocot triterpene OSCs have retained many of the features of sterol
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0OSCs, but these have been modified to allow the enzyme to function as a
triterpene OSC.

After the substrate has been positioned in the active site, very few
differences were found between sterol and triterpene OSCs during cyclisation of
the first three rings. A number of amino acid residues were compared which had
previously been identified using site-directed mutagenesis or inhibitor studies. All
amino acid residues involved in reaction initiation and stabilisation of the first
three rings were highly conserved in AsbAS1 and hOSC as well as in all other
plant OSCs indicating that despite the different evolutionary paths of monocot
and dicot OSCs, they have maintained a very similar catalytic mechanism. The
major difference between sterol and triterpene OSC mechanism occurs at
cyclisation of the D-ring. It is here that the two mechanisms diverge, with D-ring
formation signalling the end of sterol OSC cyclisation, whereas triterpene OSC
cyclisation continues. In sterol OSCs, D-ring stabilisation is coordinated by
His232 and Phe696, which do not provide enough negative potential to stabilise
the positive charge, so deprotonation takes place and a tetracyclic product is
formed (144). However in AsbAS1 and other triterpene OSCs, His232 is replaced
by a aromatic residue (Phe or Tyr) therefore the positive charge is coordinated by
two aromatic residues which provide sufficient negative potential to stabilise the
positive charge and allow the formation of the 5" E-ring. This single residue
change has been shown to differentiate between tetracyclic and pentacyclic
products and the multiple sequence alignment clearly shows all sterol OSCs
contain a His232 residue whereas all pentacyclic triterpene OSCs have an
aromatic residue (Phe or Tyr) at the equivalent position (176).

E-ring stabilisation occurs only in pentacyclic triterpene OSCs and in
AsbAS1 stabilisation appears to be mediated by Trp257 and Phe259 which allow
the E-ring to be expanded to a 6-membered carbon ring. Both of these residues
are conserved in one class of pentacyclic triterpene OSC, B-amyrin synthases, but
not in lupeol synthases where the tryptophan is replaced by a leucine residue.
This reduction in stabilising negative potential results in lupeol synthases being
unable to expand the E-ring resulting in a product, lupeol, with a 5-membered E-
ring. Deprotonation at the end of the cyclisation cascade still remains unclear as
due to the non-polar nature of the active site cavity, there are currently no
candidate basic residues in the vicinity of the product cation to facilitate
deprotonation.

The predictions from the AsbAS1 model and the multiple sequence
alignment indicate that a very small subset of active site residues are responsible

for defining product identity for plant OSCs. Just a single residue change can
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completely alter the product produced by the enzyme and presumably over time,
it is these single base changes that have facilitated the diversification of the
pentacyclic triterpene OSCs. It is also important to note that the two AsbAS1
residues Trp257 and Phe 259, appear only to be a requirement for defining B-
amyrin/lupeol product identity and pentacyclic products in triterpene OSCs that
produce single products (i.e. solely B-amyrin or lupeol). There are multifunctional
triterpene OSCs from Pisum sativum (54), Arabidopsis thaliana (52, 132, 139),
Lotus japonicus (134) and Rhizospora stylosa (56) that synthesise more than one
product, often including both B-amyrin and Ilupeol, that contain different
combinations of these apparent defining residues. It therefore seems that the
active site environment as well as the conserved active site residues are also
important for dictating product identity which adds another level of complexity to

the OSC mechanism.

Chapters 3 and 4 discuss the characterisation of 17 AsbAS1 (sadl)
mutants at the gene, transcript and protein level. The 17 sadl mutants were
sequenced and found to contain single point mutations resulting in three types of
predicted mutations: premature termination of translation, splicing errors and
amino acid substitution. Two groups of mutants (#A1, #B1 and #610; and #384
and #1023) were found to have identical point mutations. Diversity array
analysis (DArT) showed that the majority of the sadl mutants were independent.
Mutants #Al and #B1 were genetically the most similar, but there was no
conclusive proof that they were identical, so were treated as independent
mutants in the analysis. Further DArT analysis using more replicates for each
mutant will be needed to confirm whether these mutants are truly independent.

RT-PCR analysis of the sadl mutants at the transcript level revealed that
all of the predicted premature termination of translation mutants had severely
reduced transcript levels compared to the wild type S75. Nonsense mediated
mMRNA decay is thought to be the cause for transcript reduction and occurs post-
transcriptionally as a result of mRNA instability (236). All of the splicing error
mutants had transcript present and further analysis by Northern blotting and RT-
PCR showed that each of the splicing mutants had a reduced transcript size. This
reduction in size corresponded to a deletion of the exon that each splicing
mutation is associated with. Finally, all of the amino acid substitution mutants
had full-length transcript present which was expected as nonsynonymous
mutations were not anticipated to affect transcript stability.

To analyse the sadl mutants at the protein level, a highly specific AsbAS1

polyclonal antibody was generated from AsbAS1 protein purified from inclusion
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bodies. @ Western blotting showed that both the premature termination of
translation and splicing error mutants had no AsbAS1 protein present. As the
splicing mutants produce shortened sadl transcripts, it seems likely that the
protein produced is unable to fold or misfolded and is hence targeted for
degradation. Three out of the seven amino acid substitution mutants produced
full length AsbAS1 protein which indicates that the protein is able to fold but is
non-functional. The location of these mutations were visualised on the AsbAS1
homology model to ascertain what effect the mutations might have on protein
function. Mutant #358 contained a mutation in one of the cysteine residues that
coordinates the catalytic aspartate. The cysteine is essential for activation of the
aspartate and therefore reaction initiation is likely to be affected. Mutants #384
and #1023 both contained the same mutation in a serine residue close to the
substrate access channel, and Phe725 which is involved in stabilising the D-ring.
These mutants could therefore have blocked substrate access or product exit
from the active site or be unable to stabilise the D-ring leading to deprotonation
and formation of a tetracyclic product. If the latter occurs then truncated
tetracyclic products may be present in the root tips of mutants #384 and #1023.
The location of all the amino acid substitution mutants on the AsbAS1
structure gives an insight into the stability of OSC enzymes. As the majority of
the AsbAS1 secondary structure is helical, it is assumed that in the original
mutagenised oat population there were other sadl mutants that contained amino
acid substitutions in other areas of the protein. However, if these had no effect
on enzyme function then they would not have been selected for in the loss of
function screen. This therefore implies that OSC enzymes are very tolerant of
mutations in areas of the protein that are not critical for function, and only those
mutations that seriously affect enzyme expression or function result in premature

termination of the pathway.

Chapter 5 describes the cloning and heterologous expression of AsbAS1
(Sadi cDNA) using the Pichia pastoris expression system with the aim of
developing a purification strategy for AsbAS1. Three constructs were designed
for heterologous expression and consisted of the full-length Sad1i cDNA sequence
with no tag (BAS1), C-terminal 6-histidine tag (BAS2) or N-terminal 6-histidine
tag (BAS4). All three constructs were transformed into wild-type Pichia pastoris
X-33 and Western blotting and an in vitro functional assay was used to identify
the highest expressing functional transformant for each construct.

The construct with a C-terminal tag was used for large scale expression to

develop a purification strategy for AsbAS1. The purification protocol was based
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on the conditions used for purification of human lanosterol synthase (hOSC) and
a combination of IMAC and gel filtration enabled partial purification of AsbAS1.
The partially purified sample still contained a number of contaminants and
subsequent purification attempts were hindered by the presence of the
expression host enzyme PpAOX1, which is co-expressed with AsbAS1 and has a
similar molecular weight. Therefore to prevent PpAOX1 contamination, the three
AsbAS1 constructs were transformed into a Pichia strain lacking the AOX1 gene
(KM71H) and a highly expressing functional transformant was identified for the
un-tagged protein. In future, highly expressing functional tagged constructs in
the KM71H strain can be identified and used to further develop the purification
protocol to obtain pure AsbAS1 which can then be used for kinetic and structural

studies.

This work has raised interesting questions about the evolution of the plant
oxidosqualene cyclase family, in particular, how triterpene OSCs have evolved
from ancestral sterol OSCs and how monocot and dicot triterpene OSCs have
evolved separately. This study can be extended to look at the evolution of OSCs
from their bacterial ancestors across all kingdoms of life. Evolutionary analysis
can be combined with product profiles and known conserved residues of OSCs to
generate a catalytic landscape of the OSC family. This landscape together with
the continuing discovery of novel OSCs and structural information from homology
modelling or crystal structures is expected to give clues as to the direction of
OSC evolution. This will facilitate the design of novel OSCs which synthesise new
secondary metabolites not previously seen in nature that may have applications

in the medical or commercial industries.
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The characterisation of B-amyrin synthase from Avena strigosa has
provided an insight into the structure and function of the enzyme, but has also
raised a number of questions and hypotheses that can be explored through

further studies.

Chapter 2 described the structural characterisation of AsbAS1 via
homology modelling. Docking of some of the reaction intermediates and the -
amyrin product into the active site identified residues and regions of the enzyme
that were likely to be catalytically important. Homology modelling allows
hypotheses to be made regarding enzyme structure and mechanism, but alone it
cannot provide experimental evidence for the involvement of specific residues or
regions of the enzyme in catalysis. Also, as the enzyme is modelled on a
template structure there is a possibility that errors may be introduced into the
homology model. Therefore, the involvement of these residues in catalysis and
ring stabilisation should be examined experimentally, and this can be done using
site directed mutagenesis. The effect of the mutations would be ascertained by
heterologous expression in yeast, followed by GC-MS of metabolite extracts to
look for novel cyclisation products. Experiments could be conducted in Pichia
pastoris or Saccharomyces cerevisiae as neither produce secondary metabolites
so accumulation of a novel product can be detected.

Residues that are targets for mutagenesis include Tyrl19 which is
implicated in prefolding of the B-ring of the substrate prior to catalysis. Tyrl119
could be mutagenised to asparagine or isoleucine which are seen in the dicot B-
amyrin synthases to see if B-amyrin is still produced. Alternatively the two
residues (Phe731 and Leu473) that position Tyrl11l9 could be reversed to
determine whether a chair-boat-chair conformation of the A-B-C rings can be
achieved. This residue reversal mirrors what is seen in sterol OSCs which prefold
the B-ring into the boat conformation. A number of aromatic residues have been
implicated in ring stabilisation (letters in brackets denote which ring(s) each
residue is implicated in stabilising); Trp611 (A, B), Phe731 (A, B, C), Phe725 (C,
D, E), Phe259 (C, D, E). Each of these candidate residues could be mutagenised
to non-aromatic residues and GC-MS could be used to detect novel cyclisation
products. The ring structure of any truncated cyclisation products will provide

valuable information as to which stage of the cyclisation each residue is involved
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in.  Product specificity of the enzyme could also be investigated using site
directed mutagenesis. Mutagenesis of Phe259, which is implicated in defining
pentacyclic products in dicot triterpene OSCs, to a histidine as is seen sterol OSCs
will determine whether Phe259 has a similar role in monocot triterpene OSCs. If
this is the case, it would be expected that tetracyclic dammarenyl products would
be produced. The role of Trp257 in defining B-amyrin or lupeol product identity
could be investigated by mutagenising this residue to a leucine as is seen in

lupeol synthases and see if lupenyl based products are produced.

In addition to targeting individual residues, mutagenesis could also be
used to investigate the role of specific regions of the enzyme. Sequence analysis
shows that all plant OSCs have an insertion at the N-terminus of approximately
30 amino acids when compared to animal and fungal OSCs. Homology modelling
of AsbAS1 showed that this inserted region was modelled as an unordered loop
that extended away from the protein surface. The role of this loop region in
plants is unclear as it secondary structure cannot be assigned, but it may be
involved in protein-protein interactions or (add other reason here). To ascertain
whether the loop is essential for protein function, it could be removed by
mutagenesis and the truncated protein expressed in the Pichia pastoris
expression system. AsbAS1 protein could then be detected using the AsbAS1
antibody and protein function could be assayed by GC-MS.

Mutagenesis could also be used to make point mutations in the
amphipathic membrane-binding helix in order to solubilise the protein. Due to
the membrane bound nature of the enzyme, purification currently requires the
application of detergents which hinder the subsequent column purification steps.
If the protein was able to be solubilised, purification may be more successful
which would enable crystallisation trials to be done.

Chapter 2 also discussed the phylogenetic analysis of all cloned plant
OSCs. This study could be extended to include animal and fungal OSCs as well as
bacterial squalene hopene cyclases (SHCs). This will provide insights into how
each of the kingdoms evolved, whether each evolved separately from a common
ancient ancestor or whether the eukaryotic cyclases evolved from bacterial SHCs.
The current plant OSC multiple sequence alignment could also be examined in
more detail to study the sequence homology of inserted N-terminal loop region

that is seen in plant OSCs.

Chapters 3 and 4 described the characterisation of the 17 sadl mutants at

the gene, transcript and protein level. Protein analysis using the AsbAS1



Chapter 7 - Future work

antibody showed that three of the amino acid substitution mutants, #384, #532
and #1023, had full length AsbAS1 protein present. Mapping the point mutations
to the AsbAS1 homology model indicated that #532 was likely to be affected in
reaction initiation, and #384 and #1023 (which have identical mutations) could
be affected in substrate entry or ring stabilisation. Studying the metabolite
profiles of these three mutants by GC-MS to look for accumulation of novel
cyclisation products may provide further insights into the cyclisation mechanism.
Further applications of the AsbAS1 antibody could be to look for the
presence of B-amyrin synthase in other oat species as well as other cereals and
grasses. The AsbAS1 antibody could also be used to determine the subcellular
localisation of AsbAS1. Currently studies on yeast have shown that OSCs could
be associated with lipid particles, but the subcellular localisation of OSCs in plants
is currently unclear. Immunolocalisation of oat root sections with the AsbAS1
antibody could determine whether AsbAS1 is localised to the endoplasmic

reticulum or a subcellular organelle.

Chapter 5 described the cloning and expression of AsbAS1 in Pichia
pastoris. AsbAS1 was successfully expressed and resulted in production of
transformants that expressed functional AsbAS1. Partial purification of C-
terminally 6-histidine tagged AsbAS1 protein has been achieved in wild-type
Pichia cells but contamination with the Pichia AOX1 led the AsbAS1 constructs to
be expressed in an AOX1 deficient strain. It is clear that AsbAS1 expression
levels in both the wild-type and AOX1 deficient strains need to be optimised and
following the identification of highly expressing functional tagged transformants
(pPICZB-BAS2 and pPICZB-BAS4) in the AOX1 deficient strain, large scale
purification can be repeated. The availability of a highly specific AsbAS1 antibody
will allow for accurate detection of AsbAS1 in induced cultures. If expression of
AsbAS1 in the AOX1 deficient strain removes the AOX1 protein contamination,
then the purification protocol can be optimised to obtain pure AsbAS1 protein that

can be used for kinetic and structural studies.
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Results table for BLAST search carried out against the UniProt Knowledge database using the AsbAS1
cDNA sequence as a query.

Length Identity Positives
UNIPROT:ID Source Score E value
(AA) % %
Q93WU1_9POAL Beta-amyrin synthase Avena strigosa 757 4059 98 98 0.0
Beta-amyrin synthase Avena
Q6IWAQ_9POAL longialumis 757 4055 98 98 0.0
Q6IW99_9POAL Beta-amyrin synthase Avena 757 4041 97 98 0.0
prostrata
Q6IWA1_9POAL Beta-amyrin synthase Avena 757 4031 97 98 0.0
longiglumis
Q6IWA2_9POAL Beta-amyrin synthase Avena clauda 757 3859 92 96 0.0
Q6IW97_9POAL Beta-amyrin synthase Avena 757 3852 92 95 0.0
ventricosa
C5YIEO_SORBI Putative uncharacterized proteln 753 2845 66 80  7.9e-295
Sorghum bicolor
Cycloartenol synthase, putative,
Q2R712_ORYSJ expressed Oryza sativa subsp. 760 2789 66 78 6.8e-289
japonica
B6SVP8_MAIZE Cycloartenol synthase Zea mays 760 2680 63 78 2.4e-277
COPGA6_MAIZE Futative “”Charf\f;fgzed protein Zzea .65 2677 62 78  5.0e-277
QoITos_ORysy 051190286800 protein Oryza sativa ;5 5567 4 77 2.0e-275
subsp. japonica
B6U7M4_MAIZE Cycloartenol synthase Zea mays 762 2661 62 78 2.5e-275
Putative uncharacterized protein )
B9GB84_ORYS] Oryxa Shtive Subsp. Taponica 762 2593 61 78  4.0e-268
QoIS49 ORys) 051190562100 protein Oryzasativa .5, 5593 g4 78 4.0e-268
subsp. japonica
Putative uncharacterized protein
C5YRX4_SORBI 5085021260 Sorghum bicolor 733 2211 59 75  1.9e-251
Putative uncharacterized protein
C5Y5B0_SORBI  Sb05g022745 (Fragment) Sorghum 627 2410 68 82  9.9e-249
bicolor
A4VB63_9LILI Cycloartenol synthase Dioscorea 759 2376 54 74 4.0e-245
zingiberensis
Q8VWY4_COSSP Cycloartenol synthase Costus 759 2376 55 73 4.0e-245
speciosus
C7U323_9LILI Cycloartenol synthase Dioscorea 750 2374 54 74 6.5e-245
zingiberensis
Q672x6_ORYs) 050290139700 protein Oryzasativa ;54 5355 55 73 5.8e-244
subsp. japonica
A7BJ36_9ROSI Cyc'°arte”°'czmr(‘jt2|ase Kandelia 758 2364 54 74 7.4e-244
Q2WGL6_LOTIA Cycloartenol synthase Lotus 757 2360 54 73 2.0e-243
japonicus
Q2XPU6_RICCO Cycloartenol synthase Ricinus 750 2358 54 74 3.2e-243
communis
BOFPA2_9APIA Cycloartenol synthase Panax 758 2357 54 73 4.1e-243
notoginseng
Qosxve_GLygL  Cycloartenol Sg’lgtbhraase Glycyrrhiza 757 2357 55 73 4.1e-243
082139_PANGI  Cycloartenol Synthase Panax ginseng 758 2355 54 73 6.7e-243
Q9SPJ0_ORYSA Putative cycloartenal synthase 757 2349 54 73 2.9e-242
(Fragment)
A7BJ35_RHISY Cycloartenol synthase Rhizophora 758 2347 54 73 4.7e-242

stylosa



Q941S0_9POAL
Q6IWA6_9POAL

Q6IWAS5_9POAL
BOHBB8_POPTR
Q6IWA7_9POAL

Q8W3Z3_9ROSI
Q6IWA4_9POAL

C57987_SORBI

C5XUJ6_SORBI

Q6IWA3_9POAL
Q6IWAS_9POAL
CAS1_ARATH

Q6QZW7_9APIA
A9QW75_9FABA
Q8W3Z4_9ROSI
Q2TU69_9APIA
COP7K9_MAIZE

D3WI27_CIMRA

023909_PEA
Q6BE25_CUCPE
Q9SLPO_LUFCY

B1PLH3_SOLLC

Cycloartenol synthase Avena strigosa
Cycloartenol synthase Avena
longiglumis
Cycloartenol synthase Avena
prostrata
Predicted protein Populus trichocarpa
Cycloartenol synthase Avena
longiglumis
Cycloartenol synthase Betula
platyphylla
Cycloartenol synthase Avena strigosa

Putative uncharacterized protein
Sb10g029175 (Fragment) Sorghum
bicolor

Putative uncharacterized protein
Sb04g003200 Sorghum bicolor

Cycloartenol synthase Avena
ventricosa

Cycloartenol synthase Avena clauda
Cycloartenol synthase Arabidopsis

thaliana
Cycloartenol synthase Centella
asiatica
Cycloartenol synthase 1 Polygala
tenuifolia
Cycloartenol synthase Betula
platyphylla
Cycloartenol synthase Bupleurum
kaoi
Putative uncharacterized protein Zea
mays

Putative 2,3 oxidosqualene cyclase
Cimicifuga racemosa

Cycloartenol synthase Pisum sativum
Cycloartenol synthase Cucurbita pepo
Cycloartenol synthase Luffa cylindrica
Cycloartenol synthase Solanum
lycopersicum

759
759

759
761
759

757
759

649

757

759
759
759

757

761

767

757

759

757

756
766
765

757

2347
2346

2343
2340
2340

2337
2335

1349

2325

2317
2316
2314

2312

2306

2299

2296

2295

2295

2290
2287
2282

2280

54
54

54
54
54

53
53

71

54

53
53
53

53

54

53

52

53

53

53
52
52

51
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73
73

73
72
72

73
73

84

72

72
72
72

72

72

71

72

72

72

71
72
72

73

4.7e-242
6.0e-242

1.2e-241
2.6e-241
2.6e-241

5.4e-241
8.8e-241

5.2e-240

1.0e-239

7.1e-239
9.1e-239
1.5e-238

2.4e-238

1.0e-237

5.7e-237

1.2e-236

1.5e-236

1.5e-236

5.2e-236
1.1e-235
3.6e-235

5.9e-235
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Appendix 2: BLAST search of AsbAS1 against the Protein Data Bank

Results table for BLAST search carried out against the RCSB Protein Data Bank (PDB) using the
AsbAS1 cDNA sequence as a query.

Identity Positives E

PDB ID Source Length Score
(%) (%) value
1W6K_A LANOSTEROL SYNTHASE 732 1310 40 56 e-144
1W6I_A LANOSTEROL SYNTHASE 732 1309 40 56 e-144
2SQC_B SQUALENE-HOPENE CYCLASE 631 316 23 40 7e-29
2SQC_A SQUALENE-HOPENE CYCLASE 631 316 23 40 7e-29
3SQC_C SQUALENE--HOPENE CYCLASE 631 312 23 40 2e-28
3SQC_B SQUALENE--HOPENE CYCLASE 631 312 23 40 2e-28
3SQC_A SQUALENE--HOPENE CYCLASE 631 312 23 40 2e-28
1UMP_C SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1UMP_B SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1UMP_A SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1SQC_ SQUALENE-HOPENE CYCLASE 631 309 23 40 5e-28
1079_C SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1079_B SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1079_A SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
106R_C SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
106R_B SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
106R_A SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
106Q_C SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
106Q_B SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
106Q_A SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
106H_C SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
106H_B SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
106H_A SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1H3C_C SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1H3C_B SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1H3C_A SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1H3B_C SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1H3B_B SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1H3B_A SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1H3A_C SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1H3A_B SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1H3A_A SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1H39_C SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1H39_B SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1H39_A SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1H37_C SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1H37_B SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1H37_A SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1H36_C SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1H36_B SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1H36_A SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1H35_C SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1H35_B SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1H35_A SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1GSZ_C SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28
1GSZ_B SQUALENE--HOPENE CYCLASE 631 309 23 40 5e-28



1GSZ_A
1LTX_B
1DCE_D
1DCE_B

SQUALENE--HOPENE CYCLASE
GERANYLGERANLTRANSFERASE
GERANYLGERANYLTRANSFERASE
GERANYLGERANYLTRANSFERASE

631
331
331
331

309
81
81
81

23
30
30
30

40
51
51
51

Appendix 2

5e-28
0.12
0.12
0.12

151



Appendix 3

Appendix 3: Structure of original AsbAS1 model

Superimposed image of hOSC crystal structure (green) and the original AsbAS1 model (lilac) with the
33 amino acid unordered loop shown in orange. The product of hOSC catalysis - lanosterol (red
sticks) is shown bound in the active site. Detergent molecules (purple spheres) used for solubilisation
and crystallisation of hOSC show the orientation of the enzyme at the membrane. A detergent
molecule is also bound in the substrate access channel. The unordered loop extends away from the
protein surface and no secondary structure could be assigned to this region. It did not appear to
interact with any of the structural or mechanistic features of the enzyme, hence was removed from
the final model.

S
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Appendix 4: Table of characterised plant oxidosqualene cyclases

Table of all currently characterised plant OSCs used to construct the phylogenetic tree in Figure 2.7. The OSCs are grouped according to their enzyme classification and are
shaded using the colours of the corresponding clade on the phylogenetic tree. A total of 101 sequences were analysed and consisted of 81 sequences from cloned and

functionally characterised plant OSCs and 20 sequences for predicted OSCs from a variety of plant species.

Abbreviation in

Common

Functionally

GenBank Accession

ERZVISINS e SITERLETE phylogenetic tree abbreviation Sl expressed number
Cycloartenol synthase Cucurbita pepo CP-CAS CPX Yes Yes BAD34644
Cycloartenol synthase Luffa cylindrica LC-CAS1 - Yes Yes BAA85266
Cycloartenol synthase Betula platyphylla BP-CAS1 BPX Yes Yes BAB83085
Cycloartenol synthase Solanum lycopersicum SL-CAS1 - Yes No ACA28830
Cycloartenol synthase Olea europaea OE-CAS OEX Yes No BAA86931
Cycloartenol synthase Kandelia candel KC-CAS KcCAS Yes Yes BAF73930
Cycloartenol synthase Rhizophora stylosa RS-CAS RsCAS Yes Yes BAF73929
Cycloartenol synthase Ricinus communis RC-CAS RcCAS Yes Yes ABB76767
Cycloartenol synthase Arabidopsis thaliana AT-CAS1 - Yes Yes AAC04931
Cycloartenol synthase Betula platyphylla BP-CAS2 BPX2 Yes Yes BAB83086
Cycloartenol synthase Polygala tenuifolia PT-CAS1 - Yes No ABX75046
Cycloartenol synthase Bupleurum kaoi BK-CAS - Yes No AAS83469
Cycloartenol synthase Centella asiatica CA-CAS - Yes No AAS01524
Cycloartenol synthase Glycyrrhiza glabra GG-CAS GgCAS1 Yes Yes BAA76902
Cycloartenol synthase Lotus japonicus LJ-CAS 0SsC1 Yes Yes BAE53431
Cycloartenol synthase Panax ginseng PG-CAS pMM31 Yes Yes BAA33460
Cycloartenol synthase Pisum sativum PS-CAS PNX Yes Yes BAA23533
Cycloartenol synthase Allium macrostemon AM-0SC - Yes No BAA84603
Cycloartenol synthase Avena strigosa AS-CAS AsCS1 Yes Yes AAT38891
Cycloartenol synthase Costus speciosus CS-CAS CS0Cs1 Yes Yes BAB83253
Cycloartenol synthase Dioscorea zingiberensis DZ-CAS - Yes ? CAM91422

Putative cycloartenol synthase Sorghum bicolor SB-0OSC3 - No No XP_002453283
Putative cycloartenol synthase Sorghum bicolor SB-0SC4 - No No XP_002453282
Putative cycloartenol synthase Oryza sativa 0S-0SsC1 - No No -
Putative cycloartenol synthase Oryza sativa 0S-0SC2 - No No -



Cycloartenol synthase

Putative cycloartenol synthase

Predicted oxidosqualene cyclase

Cycloartenol synthase
Cycloartenol synthase
Cycloartenol synthase
Cucurbitadienol synthase
Lanosterol synthase
Putative lanosterol synthase
Lanosterol synthase
Putative lanosterol synthase
Lanosterol synthase
Putative lanosterol synthase

Multifunctional triterpene synthase

Putative triterpene synthase

Putative triterpene synthase

Putative pentacyclic triterpene synthase

Triterpene synthase
B-amyrin synthase
putative B-amyrin synthase
cycloartenol synthase
Putative triterpene synthase
Putative triterpene synthase
Putative triterpene synthase

Putative triterpene synthase

Putative triterpene synthase

Lupeol synthase
Lupeol synthase
Lupeol synthase
Lupeol synthase

Lupeol synthase

putative B-amyrin synthase

Dictyostelium discoideum
Chlamydomonas
reinhardtii
Physcomitrella patens
Abies magnifica
Adiantum capillus-veneris
Stigmatella aurantiaca
Cucurbita pepo
Arabidopsis thaliana
Cucurbita pepo
Lotus japonicus
Luffa cylindrica
Panax ginseng
Taraxacum officinale

Costus speciosus

Oryza sativa
Oryza sativa
Triticum aestivum
Sorghum bicolor
Avena strigosa
Oryza sativa
Zea Mays
Oryza sativa
Sorghum bicolor

Oryza sativa

Oryza sativa

Oryza sativa

Betula platyphylla
Glycyrrhiza glabra
Lotus japonicus
Olea europaea

Taraxacum officinale

Centella asiatica

DD-CAS

CR-CAS1

PP-OSC
AbM-CAS1
AC-CAS
SA-CAS
CP-CuS
AT-LAS
CP-0SC
U-LAS
LC-0SC
PG-LAS
TO-0SC

CS-MTS

0S-0SC5
0S-0SCé6
TA-OSC
SB-0SC1
AS-bAS
0S-0SsC8
ZM-CAS
0S-0SsC10
SB-0SC2
0S-0sC11

0S-0sC7
0S-0sC12

BP-LUS
GG-LUS1
LJ-LUS
OE-LUS
TO-LUS

CA-DAS

ACX

CPQ
LSS
CPR
0sC7
Lc-0SC2
PNZ
TRV

Csosc2

AsbAS1

BPW
GgLUS1
0SC3
OEW
TRW

CaDDS

Yes

No

No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes

No
No
No
No
Yes
No
No
No
No
No

No
No

Yes
Yes
Yes
Yes

Yes

Yes

Yes

No
?
Yes
Yes
Yes
Yes
No
Yes
No
Yes
Non-functional

Yes

No
No
No
No
Yes
No
No
No
No
No

No
No

Yes
Yes
Yes
Yes

Yes

Yes
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AAF80384
XP_001689874

XP_001758555
AAG44096
BAF93208
AJ494839
BAD34645
NP_190099
BAD34646
BAE95410
BAA85267
BAA33462
BAA86933

BAB83254

AX382063
XP_002445263
CAC84558

ACG28931

XP_002442519

BAB83087
BADO08587
BAE53430
BAA86930
BAA86932

AAS01523



Multifunctional triterpene synthase
Dammarenediol-II-synthase

Arabidiol synthase
Baurol synthase

Thalianol synthase

Marneral synthase
Multifunctional triterpene synthase
Predicted lupeol synthase

Multifunctional triterpene synthase

Lupeol synthase
putative oxidosqualene cyclase
Multifunctional triterpene synthase
Lupeol synthase

Isomultiflorenol synthase

Lupeol synthase
Multifunctional triterpene synthase
Multifunctional triterpene synthase

Camelliol synthase

B-amyrin synthase

Baccharis oxide synthase
B-amyrin synthase

B-amyrin synthase

B-amyrin synthase
B-amyrin synthase
B-amyrin synthase
B-amyrin synthase
B-amyrin synthase
B-amyrin synthase
Multifunctional triterpene synthase

B-amyrin synthase
B-amyrin synthase (isogene)

B-amyrin synthase

Olea europaea

Panax ginseng

Arabidopsis thaliana
Arabidopsis thaliana

Arabidopsis thaliana

Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana

Rhizophora stylosa

Bruguiera gymnorrhiza
Euphorbia tirucalli
Kandelia candel
Ricinus communis

Luffa cylindrica

Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana

Arabidopsis thaliana

Stevia rebaudiana
Gentiana straminea

Nigella sativa

Bupleurum kaoi
Panax ginseng
Saponaria vaccaria
Gypsophila paniculata
Euphorbia tirucalli
Betula platyphylla
Rhizophora stylosa

Bruguiera gymnorrhiza
Panax ginseng

Artemisia annua

OE-MTS
PG-DAS

AT-ARS
AT-BARS1

AT-THAS

AT-MARS
AT-MTS
AT-PEN3

RS-MTS2

BG-LUS
ET-OSC
KC-MTS
RC-LUS
LC-IMS

AT-LUP1
AT-LUP2
AT-LUP3
AT-CamS
AT-bAS

SR-BOS
GS-bAS
NS-bAS

BK-bAS
PG-bAS1
VH-bAS
GP-bAS
ET-bAS
BP-bAS
RS-MTS1
BG-bAS

PG-bAS2

AA-bAS

OEA
PNA

At4g15340
BARS1

At5g48010

MRN1
T30F21.16

RsM2

BgLUS
EtOSC
KcMS
RcLUS
LcIMS1

LUP1
LUP2
F1019.4
CAMS1
AtBAS

StrBOS
GSAs1
Ns-bAS1

PNY
SvBS

EtAS
BPY
RsM1
BgbAS

AaBAS

Yes
Yes

Yes
Yes

Yes

Yes
Yes
No

Yes

Yes
Yes
Yes
Yes

Yes

Yes
Yes
Yes
Yes

Yes

Yes
Yes

Yes

Yes
Yes
Yes

Yes
Yes
Yes

Yes

Yes

Yes

Yes
Yes

Yes
Yes

Yes

Yes
Yes
No

Yes

Yes
No
Yes
Yes

Yes

Yes
Yes
Yes
Yes
Yes

Yes
Yes

Yes

No
Yes
Yes

Yes
Yes
Yes

Yes

Yes

BAF63702
BAF33291

BAF33292
NP_193272

BAB11065

NP_199074
NP_177971
NP_198464

BAF80442
BAF80444
BAE43643
BAF35580
ABB76766

BAB68529

NP_178018
NP_178017
NP_176868
NP_683508
AB374428

BAH23676
ACO024697
ACH88048
AAS83468
BAA33461
ABK76265
ABC33922
BAE43642
BAB83088
BAF80441
BAF80443

BAA33722

ACB87531
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B-amyrin synthase

Mixed amyrin synthase
Multifunctional triterpene synthase

B-amyrin synthase
B-amyrin synthase
B-amyrin synthase
B-amyrin synthase
B-amyrin synthase
B-amyrin synthase

Aster sedifolius
Pisum sativum
Lotus japonicus
Polygala tenuifolia
Medicago truncatula
Pisum sativum
Glycine max
Glycyrrhiza glabra
Lotus japonicus

AstS-bAS
PS-MTS
LJ-MTS
PT-bAS

MT-bAS1
PS-bAS

GM-bAS

GG-bAS1

LJ-bAS

AsOXA1
PSM
LjAMY2

PSY
GgbAS1
LjAMY1

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
No
Yes
Yes

AAX14716
BAA97559
AAO33580
ABL07607
CAD23247
BAA97558
AAM23264
BAA89815
BAE53429
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Appendix 5

Appendix 5: Multiple sequence alignment of characterised plant OSCs

Multiple sequence alignment of all characterised plant OSCs shown in Appendix 4. The alignment was generated in MUSCLE and viewed and edited using Jalview. The
OSCs are grouped in the alignment according to their enzyme classification and are shaded using the colours of the corresponding clade on the phylogenetic tree
(Horizontal key). Important conserved structural features and amino acids involved in the enzyme mechanism are also annotated (Vertical key). Both the horizontal and
vertical keys are shown below. The OSCs are named according to their abbreviations in the phylogenetic tree (Figure 2.7).

HORIZONTAL KEY VERTICAL KEY

Substrate access
QW motif
DCTAE catalytic motif

DICOT B-amyrin synthases

Arabidopsis triterpene synthases

DICOT multifunctional triterpene synthases
DICOT lupeol synthases Pre-folding of the B-ring

MONOCOT triterpene synthases Catalytic initiation

oo

DICOT lanosterol synthases Ring stabilisation (letter(s) denote(s) which ring residue is

MONOCOT cycloartenol synthases involved in stabilising)

DICOT cycloartenol synthases e Except monocot triterpene OSCs

O O0OoOodddn

ASbAS ¢ Only in monocot triterpene OSCs



Frame 1

RS-MTS?
BG-bAS
ET-BAS
BF-LAS
FC-BAST
Bi-bAS
PE-BASZ
VH-BAS
CFP-bAS
AA-LAS
AstS-LAST
P5-MTS
L T-MTS
MT-BAS I
CG-bAS
GM-bAS
L7-bAS
PT-bAS
F5-bAS
NS-bAS
G5-bAS
SR-BOS
AT-LUPT
AT-LUFT
AT-LUP2
AT-bAS
AT-Cam5
LC-TMS
RC-LUS
ET-08C
KC-MTS
BG-LUS
RE-MTSZ
AT-MTS
AT-ARS
AT-THAS
AT-PENZ
AT-BARST
AT-MARS
CA-bAS
OE-MTS
FC-DAS
TO-LUS
OE-LUS
BpP-LUS
L I-LUS
CE-LUSS

MWR - LETA
MWR - LMTA
MWR - LETA

MWR - LEKIA
MWR - MHN I A
MWEKE-LEIG
MWE - LEWVA

MWR - LKEIG
MWR - LETLA
MWK -LEIG
MWR. - LEVG
MWK -LKEIG
MWR -LEIG

-LRIG

1 '
SEG--GHDP-Y¥LYSTHNYVGRGQ- IWEFD

EG--GEDP-Y¥LYSTHNYVGRGQ-TWEFD
EG-G-HNDE-Y¥LYSTHNYVGRQ- TWWVFD

DG--MHMNP-Y¥LYSTHNNFVGRQ-TWEFD-P-N-¥YGTQEERD

GEDP-YIYSTHNNFVGRQ-TWEFD

NENDP-YLYSTHNNFVGRQ-TWEFD
SEDDK-YLYSTHNYVGERQ- TWEFD

GHDP-Y¥LYSTHNNFIGRQ-TWEFD
ANDP-¥LYSTHNFVGRQ-TWEFD

RHDP-YLYSTHNNFVGR Q- IWEFD
GHDP-Y¥LFSTHNYVGRGQ- IWEFD

-G-KDR-NIFSTHNFVGRQ-TWEFD
--GENP-Y¥IFSINNFVGRQ- TWEYD
--KHEP-Y¥LFSTHNHNFVGRQ-TWEYD
EG--GKDP-YIYSTHNFVGRQ-TWEYD-P-D-GGTPEERA -
DE--GHNDP-Y¥IFSTHNNFVGRQ-TWEFD-P-E-AGSPEERA -
DG--GEKDP-Y¥IFSTHNNFVGRQ-TWEYD-P-D-AGTPEERA -
EG--KNDP-¥LFSTHDYTGRQ-TWEFD-P-D-AGTPEERA -
EG--GNDP-¥LFSTHNFVGRQ-TWEYD-P-E-AGSEEERA -
DATGPFSE-YLYSTHNNYIGRQ-TWEFD-P-D-AGTPEERA -
EG--GHDP-NLYSTHNYVGRQ-IWEYD-R-MN-AGIAEERE -

. , .
P-D-AGTPEERA -
P-D-AGTPEERA -
P-Q-PPTPQELA-
P-Q-AGSPQERA-
P-DYVASPGELE -
P-N-YGSREEKA
P-D-YGTPAERA -

-T-D-¥GTPEAIEK -

-HEWEPSSDVLW
SHEVETSSDWVLW

S-N-YGTPEERA -
P-N-YGTPEELA -
P-D-AGTSQEKEA-
P-D-AGTPEERA
P-E-AGSEEERA-

KG-NGEDP-HLFSSHNNFVGRQ-TWKFD-H-K-AGSPEERA -
KGKDP-YLFSSENNFVGRQ-TWEFD
NGEDP-¥LFSSNNFVGRGQ- TWEFD
NGDDP-¥LFTTHNNFAGRQ- TWEFD
NMEEEP-¥LFSTHNFLGRQ-TWEFD

FEHHP-YIYSTHNNFQGRQ - IWWFD -P-N-AGTPEEQA

GHDP-YIYSMNNFIGR Q- IWEFD

P-K-AGTREERT -
P-K-AGTPEERA -
P-D-GGSPEERH -
P-D-AGTVEELA-
P-N-AGTPEERA-

--HHP-NI¥STHNHFLGRQ- IWEYD-A-N-AGTPQDIA-
-GDHP-¥I¥STHMHNFLGRQ-TWEFE-P-E-AGTPEERA -
SGHHP-Y¥IY¥STHHNFVGRQ-TWEFD-P-E-AGTPEERA -
SAHHP -Y¥LTESTHNFVGRQ-TWYFE-P-D-GGTPEERD -
-GDETHLFTTHNYTGRQ-TWEFD -A-D-ACSPEELA-
SHDT-HLFTTHNYVGRQ- IWEFD-A-H-AGSPQELA -
-EDT-HLFTTHNYAGRQ- IWEFD-A-N-AGSPQEIA-
-DDP-HLCTTHNFLGRQ- IWEFD-A-MN-AGSPAELS -

DHT-HLFTTHNYVGR Q- IWEFD-A-MN-AGSPEELA

-QDP-HLFTTHHNFAGRQ- IWEFD-A-HN-GGSPEELA -
SHGA-YLYSTHNNFVGRQ- IWEYD-P-D-AGTPEERL -
SHGP-¥LYSTHNFAGRQ- IWEYD-P-N-GGTPEERE -
-HDP-¥LYSTHNNFVGRQ-YWEFQ-P-D-AGTPEERE -

GDDE-WLTTTHNNHVGRQ-HWQFD
STGP-WLTTTHNHIGRGQ-HWEFD
--GP-GLYSGNDFIGRQ-HWEFD
--GKE-GLVWSVSNFIGRQ-HWVFD
--GA-GLISVNNFIGRQ-HWEFD

P-D-AGTEEERA -
P-E-AGTPDERV -
P-D-AGTPQERA-
P-H-AGTPQEHE -
P-H-AGTPQEHA -

, . ,
-KAEEARQNFYKNR
-EVEEARQNFYKNR
-QVQQARLNFYHNHR
-EVEEARRNFYDNR
-EVEQWVRRQFWDHR
-QVDEARLNFWQNR
-EVEEARLHFWHNNR
-EVEEARQDFYKNR

-EVEQARVDFWHNHR
-EVEQARAEFWHNHNR
-QVEAARQHFYDHMNR
SQVEEARQDFYHNHMNR
-QVEEARKNFYDHNR
-QVDAARLHFYHNHNR
-QVEAARQHFYHHNR
SQVEEARQDFYHNHMNR
-EVEAARQAFYDHNR
-QVEEARRNFYHNHMNR
-EVEKARQDFHENR
-EVEEARRMFWHNHNR
-EVEQARQHFWHNHNER
-AVEEARRGFLDMNR
-AVEEARRSFFDHNR
-AVEDARRHNYLDHNR
-SVWVEARRIFYDHNR
-AVEEARREFYDDR
-EIERLRHHFTKHNR
-EVEEARQNFWKHNR
-EVEDARLRFWHNHNR
-QVEEARQNFWRDR
-QVEEARENFWRDR
-QWEEARQNYFKHNR
-EVDEARQNFSINR
-EVEEARRMNFSHNHNR
-EVEDARHEFSDHNT
-EVDQARQNFSHNHMNR
-EVEEARRNFSHNHNR
-EVEEARLMFANHNEK

SYQWEPRPSGDLL

SYQWVEPRPCGSDLLW
-YHWEPSSDLLW
-YQWEPSGDLLW
-YQWEPSGDLLW
SYEVERPSGDWVLW
SYQWVERPSSDVLW

FQWEPCGDLLW

FEWVEACSDLLW

SYEWVETCGDR LW

FEVKEPCGDLLW
FQWVKPCGDLLW
FEVERCADLLW

SYKEWVEPCGDLLW

FQFENCGDLLW
FEVEPCGDLLW
FDIKPCGDVLL

-RHVEPRPSSDILW
SHQFEATGDWVLW

FRVWKGCSDLLW
SRVKPSSDLLW
PRWKEGCSDLLW
FHWEASSDLLW
FRWEASSDL IW

-HEGFPSADLLW

FQWEPNSDLLW
FHIKPSSDLLW
FRIKEPCSDLLW
FLIEPSSDLLW
FRWRPCSDLLW
SRFKISADLLW
SHY KASADLLW
SRFETTADLLW
SQYKACADLLW
SRFEKASADLLW
SRFEASPDLFW

SEVEKLRETYKYHLINNGIHPCGDMLM
-AYDEAREEFQRHNRKLKGWVHPCGDLFM
-EVEKARKDYVNNKKLHGIHPCSDMLM

-EIEKIRLNFKLHNE
-EVERLREEFKKHNR
-EVEKVREEFTENR
-EIERMRQEFTKNR
-EIERLRREFTKNER

FQFEQSADLLM
FRTEQSADLLM
FQMEQSADLLM
FSIKQSADLLM
FSIKQSADLLM

FLREEKEHN -
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-FEQ-
FLGEKEHN--FEQ-
FLREEN--FKQ-
FLKEKN--FKQ-
FLREKEN--FRQ-
FLREKSG - -FKQ-
FLEEEN--FKQ-
FLREEN--FKQ-
FLREKG--FEQ-
FLREKSG - -FKQ-
ILEKEEN--FKQ-

SWMRENHM- -FKQ-

-WLRENHN--FMQ-
ILRENN--FKQ-

SWLRENN--FKQ-

SWLRENMMN- -FKQ-
FLRDEN--FKQ-

-WLRENHN--FKQ-

-MLEENEDRFDL -
FLREKEHN--FKQ-
FIREER - -FKQ-
FLREKK--FEQ-
FLKEAK--FEQ-
FLEEAK--FEQ-
FLREEEKE--FEQ-
FLEEEE--FEQ-
LLREEN--FKQ-
FLREKN--FKQ-
FLREEEK--FKQ-
FLREEE--FKEQ-
FLSEEE--FKEQ-
FLREKEN--FRQ-
FLREKEK--FEQ-
FLREKEG--FEQ-
FLREEE--FEQ-
FLREKMN--FEQ-
FLREKK--FEQ-
FLREKEK--FEQ-
LIKESG--LDL-
LIKESG--IDL-
LIKESG--IDL-
LRKENP--TINK-

LVKENG - -RVQ -
LREENP - -CQP -
LREEMNP--CGP -
LRKEENHYGTHHN -

--TIPQ--V

--TIPQ- -V
--TIPQ--A
--TIPP--V
--TIPQ- -V
--TIPQ- -V
--1IPQ--V
S-TIPQ- -V
--TIPQ- -V
--TIPQ- -V
--TIES--V
--TIPS--V
--TIDG--V
--TIAS--V
--TIPR--V
--TIPS--V
- -TIPKE--V
S-TIGG- -V
--SIPP--V
--SIPA--V
S-TIPQ- -V
--GIPQ--L
- -VIPP--V
- -VIPP--V
--RIAP--V
--VIPP--A
--EIPA--V
--KIPK--V
--RIPA--V
--1IPQ--G
SSRIPQ--V
--KIPQ--V
--KIPR--V
--KEIPR--V
--KIPR--V
--KIPR--V
--KIPR--V
--KIPR--V
SLSIPP--V
-MSIPP--V
-LSIPP--L
--1PDA--1
--IPPA--1
--IPPP--V
--IPPA--V
--NIPAA-V



1 ' 1 ' 1 ' 1 '
EG---GSP-WLRSWNHLLGRQ-VWEFD-P-D-LGTPEERA- -

1 ' 1
-DVEKARREFAEHR

' 1 '
-FEREHSSDLLM

1 '
RMQ--FAKENC
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1 [
--QKL---DLLA--V

Q5-05CF  ------- MWR -LEWS----------- - --FERKHSSDLLM---------

05-05C12 MWE-LEIA----------- EG----GP-WLEKSGNSHVGRE -TWEFD-P-N-FGTSEERE----AVEAARIEFQKNR --FRTRHTSDVLA--------- FEMQ--LAEKANN--FSI---DLQK--E
05-05C3 MWR - L EKWVA - EG---GGA-LLRSTNGFLGRA-VWELD-P-D-HGTPEDRA -DVERVRREFTDDR - -LRRRESADLLM “RMQ--FAKQKK--LORRRDSIPPA-V
05-05C4 MWR - LEWA----------- ES--GGTP-LLRSTNGFLGRA-VWEFD-P-D-HGTPEDRA----DVERVRREFTODHR - -LHHRESADLLM- - ------- RMQ- -QNEHQR - -RRY - - -RIPPWVHNN
05-05C11  ------- MWR - LEWA----------- QG---GGA-LLRSTHNGFAGRA-VWEFD-P-D-HGTPEDRA----NVERVRRDFTDHR - -LRRPESADLLM- - ------- FEMQ--FARENN- -HQRRGDRIPPAWVN
g8-08C€2 - ------ MWR -LKTS----=-=-=-=---- EG---GGS-WMOTYSGFHGRQGVWEFD-P-G-AGTQEERT----KVEQLRQEFTENR --FRRRESQDLLM--------- RMQ--FTGQKH--LHA---DMPAA-T
05-05¢89 - ------ MWE-LEIG----------- EG--AGMP-LLRSPNGFLGRE-TWEFD-P-D-AGTPEERA----EVERLRRDFTRHNR --FTRRESIIKLLLFPLLTTASLFQ--FAKQNMN--LYT---NLRWV--N
O5-05C10 ------- MWE-LEFG----------- EG--ASHMP-LLRSSNGFLGRE-TWEFD-P-N-GGSPEEHA----VVERLRRDFTRNR --FTQRECSDLLM--------- RMQ----- EQNQVYSK----HEWV--5
ZM-CAS - - - - - - MWR -LKIG---=-=-=-=-=---- ER--PSMNP-LLRSPNGF-GRE -VWEFD-P-A-AGTPEERA----EVDRLRQEYTRNR --FTRRQCSDLLM--------- RMQ--YAKQMNL--HNT---NLPA--1
05-05¢8 - ------ MWR -LEIA---- - AESGGGESG---S5P-LLHTGNGFLGRA-VWEFD-P-D-AGTPEERA----EVARLRRDFTRHR - -FORKESQDLLM- - - - --- - - EMOALYAKLGH - -DLSA- -V
AS-bAS MWR -LTIG----------- EG---GGP-WLESHNNGFLGRQ-VWEYD-A-D-AGTPEERA----EVERVRAEFTKNR --FQREESQDLLL--------- RLQ--YAEDNP - -MIPTE-A
58-05C71 MWR - L EWVA - GGP-WLKSCNNFRGRYV -VWEFD-P-E-LGTPEERA -EVERVRREFTERR--FEKRESSDLLL SRMQ - -YAKHEH - -DPPP--T
TA-O5C MWR -LEWS----------- -GGP-WLRSVNNFLGRA-VWEFD-P-D-¥YGTPEERA----EVKRVRREFTDRR - -FEKKESQDLLM- - ------- RMQ- -%YAKEKEH - -DLPA--1
L L L R B A N T e BT B A T B eI T I e B T I I I B BT BB i T R N B T R T eI R R e e T I I T e R T T B I R I e BT I e I R R
05-08C6  ------- MWR -LKWVA----=-=-=-~---- EG---GAP-GLRSCNGFLGRA-VWEFD-P-N-AGTPEERA----EVERMRREFTLRR --FERREAQDLLM-------~-- RMQ--¥YAKQNR --LQV---DWPA--8
o5-MrS - - - - - - - MWR - LEWA----------- EG---5GP-WLRSTNHHVGRE -VWEFD-P-5-GGTPEEIA----EVERARETFRDODHW- -VEHTHNSADLIM- - ------- RLO--FEKENP--AEM---KYS5V--1
PG-LAS - ----- - MWE-LILS------------ Q---GDP-GLESVNNHIGRQ-FWEFD-P-N-LGTPEERA----HIDKLRQQFHNMNR - -FRVEHSSDLLM- -------- R¥Q--FEREKES--RKL--GDDDE - -V
ro-08C - ------ MWK -LOLS---=-=-=-=-=---- KG--DDDP-EVREVNHHMGR G -YWEFD-P-H-AGTPEEQS----QIESMREEFTRNR - -LNYTHSSDLLM- ---~-~-- -~ RFQ--LTSKNRGGIEK----- SH--V
Cp-05C 0 - ----- - MWT-LEFS----------- KG------- WETSDMNAHLGRGQ-FWEFD-P-NLQPSLEEQA----RVHNVCHNDFYTHR - -FQAKHSSDLLM- - ------- RLO--LEEANG--5EV---KLPTQ-WV
LC-O5C MWE -LEWS----------- KG------- WETSEMNDHVGRQ -YWEFD-P-NLEPSEEERA----ETENVCNEFHKENR - -FHYVEQSSDLLM- - ------- RLO--LREEMASNWVKL----LTQ--1
LI-LAS MWK -LRIS - ES- KEDELIRSVNNHVGROQ-FWEFD-P-D-LGTEQERA -OVEQARKEFNQNR - -FETENSESDLLM -RLQ--FERENG--VHM SEWVEN- -V
AT-LAS MWR -LELS----------- EG---DEE----SWNQHVGRQ-FWEYD---NQFGTSEERH----HINHLRSHNFTLHNR --FSSKEHSS5DLLY--------- RFQ- -CWEEKGKGMER - ---LPQ- -V
CP-Cus - ------ MWR -LEWG---AE---5VGEE---DEE-WVESYSMNHLGRQ -VWEFCADAA-ADTPHQLL----QIQHNARNHFHHNR - -FHREQSSDLFL--------- AIQ--YEEKEILIA--KGA---KGGA- -V
DD-CAS FTRMTTTHWS -LEWD - - - === - --=--- - mmmmmm o m s RGRQ-TWEY S - === -=-=-=-=-- - mmmm i mmmmmmmm i m s QEKKEATDVDI--------- HLL--RLEEPG--=-~->--=-==-=-=---- T
SA-CAS - - - - - - - - o s oo - s oo - - o - - o - - - - - -- - -- - - MGRE - - - -FE-P - - - - - - - - - oo oo oo o oo oo o o o o o o o o s o o o s o o o s o s o s s s o s oo - m - o - - ---------- oo
CR-CASI  ------- MWEFISAG----------- TT---GGP-LLRSLNGHNKGRQ-TWEYD-P-A-AGTPEQRA----EAERLREEFTANK - -DEHHHSGDELL--------- RLQ--5SADRIR - -HS5PPS--G
FP-O5C - - - - - MWR -LEIA-----=-=----- EGGGEGEGGEL-PLRTLHNHHVGRQ -VWEYD -EHGAAGDLAHRY - - - -AVDKARVAFAENR - -FEQAHSSDLIM-------- - RLO--FARENP - --LPTQ-V
AbM-CAST ------- MWE-LEIA----------- EG---GSP-WLQTLNHHVGRQ-VWEFD-P-K-AGTSEDHL ----AVEKARVDFYNKR - -FIQHHSADLLM--------- RLO--CGGENP - --LPAQ-V
AC-CAS MWT-LEIA----------- DG-DSGST-WLHTLMNEHTGRQ-TWHFD-P-D-AGSPSDLL----AVENARREFFENR - -FTEEHSADLLM- - ------- FEMQ- -YAERNP - --LPHNP-V
58-05C3 MWR -LRIT- EG--GGDP-WLRTEKNAHVGRQ-VWEFD-A---AADPDP-A -VDAARRAFVDTR - -RQLEHSADLLM “RIQ--FAKENP- -DLPA--1
SB-05C4 MWR -LRWA----------- EDGGGGGEGE -GLRTENGHYVGR O -VWEFD-A- - -AADPD-PA-- - - - VDAARQAFWVDTR - -HHLEHSADLLM- - - ----- - RIQ--LAKENP- -DLLA--M
A5-CAS - ------ MWR -LEIA----------- EG--GGDP-WLRTENAHVGRQ -VWEFD-P-E-AGDPEALA----AVEAARRDFAAGR - -HRLEHSADRLM- - ------- RIQ--FEEENP - -DLSA--1
05-05¢2 - ------ MWR -LRWA----------- EG--GGDP-WLRTKENGHVGRQ -VWEFD-P-A-AGDPDELA----AVEAARRGFAARR - -HELKHSSDLLM- -------- RMQ - -FAEANP - -DIPA--1
05-05¢f ------- MWR -LRWA---EE----AGAG---GEG-WLSSTHNAHVGRQ-VWEFD-A-A-AADDDDAAAAAEEVEAARREFTRRR - -HQIKHSADLLL--------- LLQ--FTRSHMNP - SEIPG--1
DZ-CASY  ------- MWR -LKIA----=-=-=-=---- -GMP -WLRTTNNHVGROQ-VWEFD-P-N-LRTPEELA----EVERAREAFHQHR - -FEKKHSSDLLM--------- RLQ--FAKENP--LEL---TLPQ--V
Ap-05C - ---- - - MWELLEMA----------- -GN -WLRTTHNHAGR Q- IWEFD-P-N-LGTPEEIE----AVENAREIYRKNR - -FEMEHSSDLLM- -------- RLO--FAEENP--AEI---GLPQ- -V
C5-CA51  ------- MWR -LEIA----------- -GGP-WLRTENNHVGRQ-VWEFD-P-5-LGTPEEIA----EVERVREAFRETR - -FEEKEKHSADLLM- - ------- RLO--FAEKEMP--LEM---NYPI--1I
KC-CAS MWR -LKIA----=-=-=-~---- -GDP-WLRTINNHVGRQ-AWEFD-P-SLYGSPEDIA----DIENARRNFTINR - -FRHRHSADLLM---->----- RLQ--FAKENR--LPE---WLPK--V
R5-CAS MWR - LETA- -GDP-WLRTINNHVGRQ-VWEFD-P-S5LVGSPEDTIA -DIENARRMFTINR - -FHHRHSADLLM -RLO--FAEENR--LPP SWLPHE- -V
RC-CAS MWE-LRIA----------- EG--5GHP-WLRTTNDHIGRQ -VWEFD-5-5KIGSPEELS----QIENARQNFTKNR - -FIHEHSSDLLM- -------- RIQ--FSEEMP--ICE---VLPQ--V
BP-CAS2  -=-=----- MWK -LKIA---=-=-=-=-=---- -GEP-WLRTLNNHVGRQ-VWEFD-P-K-LGSPEELA----EIERARETSLKEVR --FEKEKHSSDLLM-----~---- RIQ--FAKENP--RGA---WLPQ--V
AT-CASY ------- MWE-LEIA----------- -GSP-WLRTTHNHVGRQ-FWEFD-P-N-LGTPEDLA----AVEEARKSFSDNR - -FVWQKEHSADLLM- - ------- RLO--FSRENL--IS5P---VLPQ- -V
PG-CAS - ------ MWE-LEIA----------- -GHNP-WLRTLNDHVGRQ- IWEFD-P-N-IGSPEELA----EVEKVRENFRNHR - -FEEEHSADLLM- - ------- RIQ--FAMNEMNP--G5V---VLPQ- -V
CA-CAS  --=----- MWK -LKVA--=-=-=-=-=-=---- -GHP-WLRTYNNHVGROQ - IWEFD-P-K-LGSPEELA----EIEKARENFHNHR - -FEKQHSSDLLM-----~--- - RLQ--FAMENP--RHE---WLPQ--V
BK-CAS  ------- MWE-LEIA----------- -GHNP-WLRTYWNDHVGRQ-VWEFD-P-K-LGSPEELA----EVEKARDNFRIHR - -FEEKKHSSDLLM- -------- RLO--FANEMNP--5RE---MLTQ- -V
P5-CAS  ------- MWE -LEWVA----------- -GTP-WLRTLHNMNHVGRQ-VWEFD-P-H-5G5PQDLD----DIETARRNFHDNR - -FTHEHSDDLLM- - - ----- - RLQ--FAEEMNP--MNE---VLPK- -V
CCE-CAS MWK -LEKIA----------- -GEP-WLRTYWHNNHVGRQ-VWEFD-P-K-LGSPEDLL----EIEKARQNFHDMNR - -FTHEHSADLLM- - ------- RIH--FAKEMNP--MHNE SWLPK- -V
LI-CAS MWE-LETLA- GHP-WLRSTHNSHVGRQ-VWEFD-P-K-LGSPQDLA -EIETARNMNFHDNR - -FSHEHSSDLLM -RIQ--FSKEENP--IGE SWLPHE- -V
SL-CAS MWE -LEWA----------- -GSP-WLRTTHNNHVGRE -VWEFE-A-D-FGSPEDRA----QIEKFREHFTKEHR - -LEQKHSADLLM- - ------- RY¥Q--LSKENQ-GISI----LPQ--V
L L L B R T R e I e B T e T e T I e I T I R I e B T N N e B T I B T T e I T I R T I e I I e I T I T e R R T e I e B I e I T e BT I e B I
PT-CASI - ------ MWR -LEIA---------- MEG--5G5P-WLRTGHNDHIGRQ-VWEFDMELE -VGS5TQQLE----EIENARKLFYENR - -FQNEHSSDLLM- -------- RIQ--FAEEYP--GTK---VLPQ- -V
BP-CAST  ------- MWE-LEIG----AETARGDGGGGGGSETWLRSLNNHLGRQ - IWEFH-P-E-LGTQEELQ----QIDDARRRFWERR - -FERRHSSDLLM--------- RIQ--FAEENP--55A---NIPQ- -V
CP-CAS ------- MWQ-LEIGADTVPSDPSMNAGG - - - - - - - WLSTLMHHVGRQ -VWHFH-P-E-LGSPEDLQ----QIQOARQHFSDHR - -FEKEHSADLLM- - ------- FEMQ--FAEENS--5FV---NLPQ- -V
LC-CASE - ------ MWQ-LEIGADTVPADPSNAGG- - - - - - - WLSSLHNNHVGRQ-VWHFH-P-E-LGTPEDLQ----QIQHARQRFSDHR - -FEKKHSADLLM- - - ----- - RMQ--FAEKNNS--5FV---NLPQ--1
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Frame 2 ®
1 1 1 1 1 1 1 1 |— 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

RS-MTS5 1 RIEEGEE - EKATTALRRAVQFFSALQASDGHWP AE|MA-GPLFFLPPLVMCMC ITGHLD TYVFPAEHRKEKEILRY IYYHQ - - - - -------- ME -DGGWSELHIEGHSTMFCTALNYICMRILGEG
BG-bAS RIEEGEG- EKATRALRRTYQFFSALQASDGHWP AR IA-GPLFFLPPLVMCYY ITGHLDAVFPAEHRKEKE ILRY INYHGQ - -=----=------ ME -DGGWSLHIEGHSTMFCTALNYICMRIIGEG
ET-LAS EIMNEGED - EKATTALRRAVHFFSALQASDGHWP AE|MA-GPLFFLPPLVMC LY ITGHLDTVFPAPHRLEILRY IYCHQ - - ~-=--=------- ME -DGGWSLHIEGHSETMFCTYLEYICMRELLGEG
BP-LAS EWEDGEE - EKSTAALRRAVHFYSALQASDGHWP AE|MA-GPLFFLPPLVMCMY ITGHLNTYVFPAEHQKEEILRY I¥YYHQ - ----------- ME -DGGWSLHIEGHSTMFCTALSYICMRILGEG
PC-BASY EVGDDEA - EAATTTLRRAVHFFSALQASDGHWP AEMS -GPLFFLPPLVMC VY ITGHLDTYVFPAEHRKEILRY IYCHG - - - - -------- HE -DGGWSELHIEGHSTMFCTTLSYICMRILGEG
Bi-bAS EIEDGED - EKASVTVHRAAHYFAALQASDGHWP AE|MA-GPLFFLPPLVMC YWY ITGHLNQWVFPAPHREEILRYLYCHQ - - - - -------- ME -DGGWSELHIEGHSTMFCTALSYICMRILGEG
PC-BASZ EWEDGEE - EAATTTLRIRAVHYFSALQADDGHWP AE|MA-GPLFFLPPLVMCLY ITGHLNTVFPAEHRIEILRYIYCHQ - - ---------- D -DGGWSLHIEGHS TMFCTALSY ICMRILGEG
lH-bAS ELGDGEE - EAATATVHRAVNYLAAIQAEDGHWP AR IA-GPQFFLPPLVFCLY ITGHLNSVFNVHHREEILRSIYYHG - - - - -------- ME -DGGWSLHIEGHSTMFCTALNY ICLEMLGVG
L K T T R L R R R B R [HORORRIE RCRCREIEREIE ORI RE -~ - - © o o o s s s s s s s s e e e e s e e e e e e e e --HIEGHSTMFCTALNYICLEMLGWVGE
AA-bAS KIEDGEE - EKATTTLRRSWVHNFFAALQADDGHWP AE|MA -GPLYFMQPLVICLY ITGHLHNTWVFPAEYRKEILRYMYCHQ - - - - -=---=--- - ME -DGGWSFHIEGHSTMFCTTLEYICMRELLGEG
AstS-bAST KIEDGEE - EKAKITLRRAVHNLFSALQADDGHWP AEMA-GPOQYFMQPLVMC LY VTGHLNSWVFTEEYRKEKEILRYMYCHG - - - - - - - --- - - HE -DGGWSEFHIEGHSIMFCTTLSYICMRLLGEG
WP5-MTS EIKDEEE - ENVAITLRRAYVHHLSTLQSHDGHWPAYMA -GPLFYFPPLVFCMYVWTGHLDSIFPYEYRKEKEILRY IYCHG - - ---------- MHE -DGGWELHVEGHSIMFCTWLNYICMRILGEG
LI-MTS EIEDGE K - DEVTTTVRRAAHHLAGLQTSDGHWPAQIA -GPLLFTPPLIFCMY ITGHLDSVFPEVYRKEILRYTYVHQ - ----------- ME -DGGWSELHIEGHSTMFCTWLHNYICMRILGEG
MT-BAS I EIEDGEE--ITY----- EKATTTLRIRGTHHLAALQTSDGHWPAQIA-GPLFFMPPLVFCVWY ITGHLDSVFPREHRKEKEILRY IYCHQ - - ---------- ME -DGGWSELHIEGHSTMFCTALNYICMRILGEG
CC-bAS KIGDGEE--ITY----- EKATTAVRRAAHHLSALQTSDGHWP AQIA-GPLFFLPPLYVFCMY ITGHLDSVFPEEYREEILRY IVYHQ - ----------- ME -DGGWSLHIEGHSTMFCTALNYICMRILGEG
Ch-bAS TIEDGEE--ITY----- QOEKVTSAVRIRGAHHLAALQTSDGHWPAQIA-GPLFFLPPLYVFCMY ITGHLESYVFPEEHRKEILREY TYYHQ - - - - - - - - - - - - ME -DGGWSLHIEGHSTMFCTALNY ICMEMLGEG
LI-bAS KIEDGEE--ITY----- EKATTTLHRAAHHLAALQTSDGHWPAQIA-GPLFFQPPLVFCMY ITGHLNSYVFPEEYRKEKEILRY IYVHG - - ---------- ME -DGGWSLHIEGHSTMFCTALNY ICMEMLGEG
PT-LAS KVEDGQQ--ITY¥----- EMATDTVRRAAHHLGGLOQSSHGHWPAQIA -GPLFFMPPLVFCLY ITGHLNTYVFPEEHRKEKEILRY I¥YYHQ - - - - -------- MHE -DGGWSELHIEGHSTMFCTALSY ICMRMLGE G
PS-bAS KEIEDEEE--ITY----- EKTTTTLRRGTHHLATLQTSDGHWPAQIA-GPLFFMPPLVFCWY ITGHLDSWYVFPPEHRKEEILRY IYCHQ - - - - -------- ME -DGGWSELHIEGHSTMFCTALNYICMRILGEG
NS-bAS ELSEMQI--ASY----- EDWVTTTLRRAVRFVSAMQTSDGHWAAD LS -GPLYFMPPLVFALY ITGTLDTIFSPEHEKEILRYMYWVHQ - - - - -------- ME-DGGWSEFHIEGHSTMFGTTLHY ICMRMLGE G
G5-bAS EWVDDGQE--TIMH----- OMATTALRRAVHLLSALQSSDGHWP AEMA-GSLFFLPPLIICLY ITGHLHMNNIFPTEHTHEILRY LY CHG - ----------- ME -DGGWSLHIEGHSTMFCTALNYICMRILGEG
SER-BOS KIEDGEE--IS8Y----- DEVTATLRRSEWVHLLAALQADDGHWPAENT-GPMFFIQPLVICLY ITGHLDRVFPKEKEHKKE ILRYLYTQQ--=---=-=----- - ME-DGGEWSLHIEGQSIMFGTIMSYWVCMRLLGESG
AT-LUPRT EATHIEE - ETTTHALRRGYRYFTALOQASDGHWPGE|T-GPLFFLPPLIFCLYITGHLEEVFDAEHRKEMLRHIYCHD - - - = -=-~------ ME-DGGWSLHIESKSVMFCTYLNYICLEMLGEHN
AT-LUPT KEIDGGEA - EKATHALRRGYVAFLSALQASDGHWPGERT-GPLCMLPPLVFCLY ITGHLEEVFDAEHRKEKEMLRY INCHQ - - - - -------- HE -DGGWEFHIESKSIMFTTTLHYICLRILGWG
AT-LUPZ KEIDDGEG - KHNATDALRRAVSFYSALQSSDGHWPAE YT -GTLFFLPPLVFCFY ITGHLEKIFDAEHRKEKEMLRHIYCHG - - - - - - - --- - - HE -DGGWSELHIEGKSYVMFCTYWLNY ICLRMLGEG
AT-tAS EVWEDSEK - ETATSALRRGIHFFSALQASDGHWP AE|MA-GPLFFLPPLVFCLY ITGHLDEVFTSEHRKEKEILRYIYCHQ- - ---------- KE-DGGWSELHIEGHSTMFCTTLHYICMRILGES
AT-Cams EVEDAMNM- EIATHNALREGYMNFLSALQASDGHWP AE|MA-GPLFFLPPLVFCLYVTGHLHEIFTQDHRREWLRY IYCHQ - - - - ------ - - ME-DGGWSELHIEGHSTMFCTTLHYICMRILGEG
LC-TMS EWGDGEE - EMALDAMRIRGAHFLAAIQASDGHWP SETS -GPLFYVWCPLLICMY IMGFMDEVFSPEHEKEMMRY IYHHG - - - - --=------ ME -DGGEWSLHVGGHSNMFCTTFNYISLRLLGEE
RC-LUS EWEDGEE - ETAAAALRRSYVHLFSALOQASDGHW. AE|fM5 - GLLFFLPPLVFAVY ITGHLHNTVFSPEHRKEILRY IYCHQ - - ~-=--=---=--- - ME-DGGWS IHIEGHSTMFCTWLNYICMRILGE A
ET-05C RIKEDEE - EAATAALRRGYHLFSALQAKDGHWP AE|MA-GPMFFYPPMVFCLY ITSQLDONVLSKEHITIEILRY IYCHG - - ---------- ME -DGGWSLHIEGHSMMFSTYWLNY ICMRILGEG
KC-MTS EWVQDGEE--ITR - - - - - DIATTALRRSWVHLLSALQASDGHWC AEMS -GPMFYYWPPMVFALY ITGHLTTVFSAEHCKEILRY IYCHGQ - ----------- HE -DGGWSELHIEGHSTMFCTWLNYICMRILGEG
B -LUS EVQDGEE - - EITATTALRRSYVHLVSALQASDGHWC AE|MS -GPMFFYPPMVYFSLY ITGHLNAVFSAEHCKEILRY IYCHP - - - - -------- ME -DGGWELHIEGHSAMFSTWLHNYNWLGKLGEG

EVERDGEE - - ETVTHAIRRSAHYLSATQSSDGFWP ADAS - APVFYLAPWYIGLYVIGHLNTVFPAEHQKEEILRY IYCHQ - - - - -------- ME -DGGWSELHYEDGGTMFGTAFNYVCMRILGEG

EIGDAEN- - KDAKTALRRGILYFEALQAEDGHWP AEMS -GCLFFEAPFVICLY ITGHLEKILTLEHRKEELLRYMYHHG - - - - -------- ME-DGGEWE IHVEGQSAMFCTWINYICLRILGVE

RYWEDAAK- - EDAKTALKRGLHYFTALQADDGHWP ADYMS -GPNFFIAPLVICLY ITGHLEKIFTVEHRIELIRYMYHNHG - - =-=--=-~-~----- ME -DGGEWSLYVESPSIMFCTVYINYICLRIVGWVE

IIEDARK- - EDAKTALKRGLLYFTALQADDGHWP AE|MS -GPHNFYTPPFLICLY ITGHLEKIFTPEHVKELLRHIYHMG - - - = -=-~-=---- ME -DGGEWSLHVESHEVMFCTVYINYVCLRIWVGEE

RIEDAKEK- - EDAKNTLRRGIHYMAALQSDDGHWP SE|fMA -GCIFFNAPFVICLY ITGHLDKEVFSEEHRKEKEMLRYMYHHG - - - - - - - - - - - - HD-DGGWE IDVESHSFMFCTYWINYICLRIFGWD

IWEDAEK- - EDAKTALRRGLLYFTALQADDGHWP AE|MA-GSIFFNAPFVICLY ITGHLEKIFTHEHRWVWELLRYMYHHG - - - - - ------ - ME -DGGWELHWVESPSHNMFCSYWINYICLRILGWE

RIEDAEK- - EDAKTALRRGYLYYAACQANDGHWPSEMS -GSMFLDAPFVICLY ITGHLEKIFTLEHVKEKELLRYMYNTQ- - ---------- ME -DGGWELDVESHSVMFCTWLHNYICLRILGWE

RLGEQEE - -WNY----- QVVTTAVHEALRLNRAIQAHDGHWP AEMA -GPMFFTPPLITALYISGAIDTHLTIQHKEKEMIRFIYLH - ----------- HE-DGGWSEFY IEGHSTMIGSALSYVALRLLGEG

RLGEKEE--¥TY----- ETATTAVHEALLLNRAVOQASDGHWP AEMA-GPMFFTPPLIIVLY ISGAINTILTSEHREEMYRY IYHHG - -=--=--=------ ND -DEGEWSFYIEGHSTMIGSALSYIALRLLGEG

RLODEMEGQ--WHY ----- DAVTTAVHEALRELHNRAIQAHDGHWPAEMA-GSLLYTPPLITALYISGTIDTILTEQHEKELIRFYWYNHG -=-=-~-~-~-=------ ME -DGEGWSSYIEGHSETMIGSEVYLEYVMLRELLGEG

KLHETEE - -WTHN----- DAVTTTLHRAISFYSTIQAHDGHWPAE QA -GPLFFLPPLVIALYVTGAMNDILTPAHQLEIKERY IV NHG - ----------- ME -DGGWSLHIEGHSTIFGSWLSYITLRLLGEE

KEIKETEG--ITE - EAVITTLRRAISFYSTIQAHDGHWP AE|JA-GPLFFLPPLVLALYVTGAINYVYVLSREHQKEEITRY IYHNHG - - - - -------- HE -DGGWSEIHIEGHS TMFGSYWLSYITLRLLGEG

EVEKETEW--ITE----- EAVITTLRRSLSFYSSIQAHDGHWPGE|JA-GPLFFLOQPFVMALY ITGDLNTIFSPAHQKEETIIRYLYNHQ - - ---------- ME -DGGWSEFHIEGHSTMFGSALSYIALRILGEG
LI-LUS ELEDVEK - -VTA---- - EALITTIRRSITFYSSIQAHDGHWPAESA-GPLFFYQPLVMALY ITGSLDDVLGPQHKKETIIRYLYNHQ - ----------- ME-DGGWISFHIEGHSTMFGSALSYIALRVLGQS
GG-LUST ELSDAEMN--ITY----- EALVTTITRAISFYSSIQAHDGHWP AEYA-GPLFFLOQPLVMALY ITGSLODVLGPEHKEKE IMRY LYHHG - - - - -------- ME -DGGWSFHIEGHSTMFGSALSYVALRILGEG
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05-05C7  KRGEHED--VMG- - - - - EAVWESLKRAISRVCHNLQAHDGH A-GLMFFLPGLIITLHYSGVLNTVLSSEHQKEEMRREY IYNHQ - -=-=-=-=---=---- MNE-DGGWGELHIEGHSTMLGEESLHNYVALRLLGEG
05-05C12 KEDGNHNPIN--IDT----- ATVSDILKEALSYFSAIQAYDGHWPGOIAP -GPLFTTATMI IVLYYTESLTITLSSEHHEEICRYLYNRQ - ----------- NI -DGGWSLHAEGESSMLSTALNYTALRLLGEN
05-05C3 KLGEKEQ--VTE---- - EIAMASLRRALDEFSSLOADDGHWPGOHS -GVMF IMPGLIFALYYTGSLDTTISPEHRQEICRY IV NHOQAKKQTKEENY IRADP -K---|---IISS5STMFGTCSHNYITLRLLGEY
05-05C4 KLGEKEE--VTE----- EIAMASLRRALDEFSSLQADDGHWPGOIAS -GVMF IMPGLIFALYYTGSLDTIISPEHRREICREY IV NHG - - - - - - - AYFFPNE -DGGWISSLMLSSSTMFGTCSHYITLRLLGEE
05-05C1] KLGEKEQ--VTE SETVMASLRIRALDEFSSLOADDGHWPGOIYS -GAIFIMPVLIFSLYATGSLDTVISSEHRREICRYIYHNHQ - - - - - == ---- - MNE-DGGWGEMLILGSSTMFATCLNYVTLRLIGEE
S8-05C2 KLEDGDE - -VTE---- - EIVQESLRILALGWMSALQAEDGHWPGOIAHS -GIMYILPFWIFALHITGSIDVVLSKEHEREICRHIYNHG - - - - - - - - - - - - NE-DGGWSFNILDDSAMFGTCLHNYWVTLRLLGEY
05-05C9 NMHEDSSE--ITE----- EVLLTALKRVLDOHSS LQAHDGHWPGRAS -GVLFILPLMIFALHYTHSLNDWVLSSEHIREICRY IV NIG- - - -ASHNFLIFNE -DGGWSTLTLGPSTMFGSCVHYATLRLLGEE
O5-05C10 MLEDSSE--VTE----- EVLLTSLRRVLDOYSSLQAPDGYWPGRWS-GILFILPLMIFALHYTKSLNDWVLSSEHIREICREY IV NIG- - ---------- AY - -GEWSTHTLGPSSMFGSCVHNYATLRLLGEY
ZM-CAS KIDQDSD--VTE----- ETILITLRRALNOYSSLOQGPAGHWPGOIMG-GISFILPLMIFALHYTREMDEVLSIEHIREICRY IYHMO - - -~ --=-=----- NE-DGGWETHTLGPSSMFGTCVHYATLRILGEY
05-05C8 IVEDNGQHN ETILSSLRRALNOYSTLOAHDGHWPGOMS - GILFIMPLLIFSMAYTGTLDVYLSLEHKREICRY IV NHG - - - - - - - - - - - - AY - - GEWGETOWVLGOSTMFGSCLHYATLELLGEA
AS-bAS KLEKSTE ETIYESLMRALHOYSSLOQADDGHWPGOMS -GILFIMPIITIIFSLYYTRSLDTFLSPEHRHEICRY IV NQOG - - - - - - - - - - - - NE -DGGWGEHKMYVLGPSTMFGSCMNYATLMILGEK
SB-05C71 KLAENWVE EITILAALRRALDOQHSS LQAEDGCWPADMS -GILFIMPLLYFALYTTGSLDTVLSKEHRREICREY IV NHG - - - - ------- - HE -DGGWEKQWVLGPSTMFGSCLNYVALRLIGEEK
TA-O5C KLADSAQ ETLLTSLRRCLSOHSALQAHDGHWAGOIHS -GILFIMPILIFALHYTGSLNTYVLSTEHRCEICRY IYNHQ - ==~ --=--~---- NE-DGGWGETQWLGPSTMFGESCLHNYVTLRLLGEY
O5-05C5 - - - - - - - - - - - - - - - - - - - - o s s s s s - s - - - - R & R I I B B T T T B T AR I R T I B R R R Rl R e e e e e R
O5-05C6 KLWDSTQ--VTE---- - QIILASLRRALTOHSSLOQAHDGHWPGOIHS -GIMFIMPILIFALY ITGSLDAVLSSEHRREICRY IV NHG - - - - ------- - AY - -OHWE TOWVLGPSTMFGSC - HYWVTLRLLGQE
C5-MTS RIQEAEN--ISK----- EAVDICLRIEAVTRISTLQAHDGHWPGOIQGAGPMFLLPGLY ISLHITGALNTILTPEHQEEMRRERY LY NHG - - - - - - - - - - - - NV -DGGWELYSNGPSHMIGSVLHYVTLRLLGEG
PG-LAS KEGSEGE--ITTSSSGVEGYEMALRIRALKFYSTIQADDGHWPGOYG -GPLFLLPGLYIGLYVMGVMDTILAKEHQREMCRY IYHHG - - - - - - = - - - - - NV -DEGEGWGELHIEGCSTMLCTALNYITLRLLIRG
To-05C KEEGGDD - --------- EVWWETLHKEALKFYSSLOQGEDGSWPGOMG -GPLFLLPGLIISGLHYMGMED LVLSIEQQNEIRRY LY NHG - - - - ------- - NV -DGGWSLHIEGNSTMLSTALNYWVSLRLLGEE
CP-05C KLRSEEE--MSE---- - EAVETTLRRAIRFYSTMOQTODGFWPGOMA-GPLFLLPGLY IGLSYTKALDTYVLSRHHQOQEMRREY LY NHG - - - - - - - - - - - - ME-DGGWSGLHIEGNSTMLCTALSYWVSLRLLGEE
LC-05C KWASEEE--IS5E----- EAVETTLRRAIRFYSTMQTOQDGFWPGOMG -GPLFLLPGLY IGLSYTHALNVALSCHNHRQOMCREY LY NHG - - - - ------- - HE -DGGWSLHIEGNSTMLCTALSYWVSLRLMGEE
LI-LAS NIQKEED - SEVWVEDTLHRALRCYSTLOQAQDGFWPGOYA-GAMFMLPGLY IGLSEVTGALNAALSPEHQSEMERYVLHHGQ - - - - - - = ---- - MNE-DGGWGELHIEGPTTMFGTVLHYVAMRLLGED
AT-LAS KWVKEKEGEERLIMNE - - - - - EVWHNYTLRRSLEFYSILOQSODGFWPGOMG -GPLFLLPALYIGLYYTEVLDGTLTAQHQIEIRRY LY NHG - - - --------- HE-DGGWSLHVEGNSTMFCTVLSYVALRLMGEE
CP-Cus KWEEGEE - -VGK----- EAVESTLERALGFYSAVQTRDGHNWASOIYG -GPLFLLPGLY IALHYTGVYVLNSVLSKHHRYEMCRY LY NHG - - - - - ------ - HNE-DGGWGLHIEGTSTMFGSALNYVALRLLGED
DD-CAS HCPEGCD --LMNRA----KTPQQAIKKEAFQYFSKEVQTEDGHWAGOYG -GPMFLLPGLY ITCYWTGYQ---LPESTQREIIRYLFNRG------------ HPVDGGWIELHIEAHSDIFGTTLQYVSLRLLGY -
BA-CAS == -mccmememmcemmmm e me e e sfRiaiai s S Ss s R B R AQREGLIVYLRHNHQ------=------ NA-DGGWGELDWVESPEQWFTEVLHYVALRLLGYD
CR-CASTI PVPDAPD--A------- ERVEEHLKGAISFYECLQQEDGHFPGOMG -GPMFLLPGLY ITLY TCGALDQIFSPAHKEKEALRY LHNHG - - - --------- NE-DGGFGLHIEGGSTMFGTGLHNYVMARLLGLA
FP-Q5C KIEMLSD--LDE----- EAVTTTLRRSMREFYSTLQAHDGHWPGOMG -GPMFLMPGLY IALYYTGALNTVLTPAHQSEMRRERY LY NHG - - - - -------- HK-DGGWELHIEGHSTMFGSVLTYWVTLRILGDG
AbM-CASI KLESAND--ITE----- EVIQTTLWRAIRFYATIQAHDGHWPGOMG -GPMFLMPGLY IALYYTGALNAVLSEMHEKEICRYLYNHG - - ---------- HE-DGGWIELHIEGHSTMFGTVLHNYVTLRLLGQA
AC-CAS KVHDQESK--LPE-~---- ONVYDTLHRAVLFYSTIQAEDGHWAGOHYG -GPMFLMPGLY IALYYTGSLNVVLSEAHEEEMVYREYLYNHQ - - - - - - - - - - - - NE-DGGWELHIEGHSETMFGEVLESYVTLRLLGQE
S58-05C3 KLGEHED - SEAVSTTLHRAISEFSTLOQAHDGHWRGOYG -GPMFLMPGLIITLYYWTGALNTYLSPEHQKEE IRRY LY HHG - - - - - - - - - - - - HNE -DGGWSLHIEGPSTMFGSALTYVILRLLGEG
SB-05C4 KLDEHED - -VTV---- - EAVSTTLHRALNRFSTIQAHDGHWPGOMG -GPMFLMPGLY ITLYYTGALNIVLSPEHQEEIRREYLYNHG - - - --------- HE -DGGWIEMHIEGPSTMFGSALSYWVILRLLGEG
A5-CAS KLEEMED - -VTE - --- - EAVSTSLHRAISEFSTLQAHDGHWPGOMG -GPMFLMPGLLITLYYTGALNAVLSPEHQEEIRREYLYNHG - - - --------- HE -DGGWISLHIEGPSTMFGSALTYWVSLRLLGEG
05-05C2 KLEEHEA- -VTG---- - EAVLESLKRAIARYSTFQAHDGHWP GO\ G -GPMFLMPGLIITLYVSESGALNTALSSEHQKEEIRRYLYNHQ - == - - - === - - - ME-DGGWGELHIEGHSTMFGEALTYVELRLLGEG
05-05C1 KLGEDED - -VTE - - - - - EAVLTSLKHRAIRRYSTLOQAHDGHWPGOMA-GPMFLLPGLY IWLHYTGALNTWVLSTEHQEEIRRY LY N -G------------ HNE-DGGWSLHIEGTSTMFCTVLTYWVTLRLLGDE
DZ-CAS1 KWVRDDED - -VTE - - - - - EAVTTTWRRAISEHSTLQAHDGHWPGOMG -GPMFLMPGLY IALYYTGALNTVLSPEHQREICREYLYNHG - - - - -------- HKE-DGGWSELHIEGHSTMFGSALTYITLRLLGEEK
AM-O5C KLAEMEM--ITE----- EAAAITLRRAMNRYSTLQAHDGOWPGOMG -GPMFLMPGLIIALSYTGALNTVLSVEHQHEIREYLYNHG - - - - ------- - ME -DGGWSLHIEGHSTMFGSVLAYVTLRLLGEG
C5-CASI KIEEHED - -VTE---- - ELVWTSLRIKAISRVETLOQAHDGHWP GO\ G -GPMFLMPGLIITLYYTGALNTVLTSEHQKEE IRRYLYNHQ - == - - - ===~ -- - MNE-DGGWELHIEGESTMFGEALTYVILRLLGEG
KC-CAS TWEDDER - -VTE - - - - - QAVTYWALRRTLDYFSTIQAHDGHWPGOMG -GPMFLMPGLY ITLSWVAGALNAILSREHQGEICRY LY NHG - - - - ------- - HNE -DGGWSLHIEGPSTMFGSVLNYVTLRLLGEG
R5-CAS AVEDDED - SQAVTWTLRRALDYFSTIQAHDGHWPGOYG -G PMFLMPGLY IALSYTGALNAILSREHQREICRYLYNHQ - - - - - - - - - - - - ME -DGGWISLHIEGPSTMFGSVLNYWVTLRLIGEG
RC-CAS KVMKESEQ--VTE---- - EKVEITLRRALNYYSSI QADDGHWP GO{YG -GPMFLMPGLITALSITGALNAILSEEHEREMCRY LY NHG - - - - - - - - - - - - MR -DGGWELHIEGPSTMFGEVLCYVSLRLLGEG
BP-CAS2 KVHWETED - -VTE - - - - - EMYVTRMLRIRAISFHETLQAHDGHWAGOYG -GPMFLMPGLY ITLS I TGALNTYVLSEEHEEEMCRY LY HHG - = = - - - = - - - - - NE-DGGWGELHIEGPSETMFGTVLEYVTLRLLGEG
AT-CAS1 KIEDTDD - -VTE - - - - - EMVETTLHRGLDFYSTIQAHDGHWPGOMG -GPMFLLPGLIITLSITGALNTVLSEQHEQEMRRY LY NHG - - - - - - - - - - - - HNE -DGGWSLHIEGPSTMFGSVLNYVTLRLLGEG
PG-CAS KWVNDGED--I5E----- DEVTYTLERAMSFYSTLQAHDGHWPGOMG -GPMFLMPGLY ITLSITGVLNVVLSKEHEREICREY LY NHG - - - - - ------ - HR -DGGWISLHIEGPSTMFGTVLNYWVTLRLLGEG
CA-CAS KVMKDIGD--I8E----- DEVTITLHRALSFYSTLQANDGHWAGOYG -GPMFLMPGLY ITLSITEALNAILSKEHEREICRYLYNHQ - -=-=-=-=---=---- NR -DGGWGELHIEGPSTMFGEVLHYVTLRLLGEG
BiK-CAS KVMKSTED--ITE----- DTYTTTLHRAVEFHAS IQACDGHWPGOYG -GPMFLMPGLY ITLSITGALNAVLSKEHKEHEICRY IYNHQ - == === --=---- MR -DGGWGELHIEGPSETMFGTVLHYVTLRLLGEG
P5-CAS KWVEDVED - SEAVATTLRRGLHNFYSTIQSHDGHWPGOYG -G PMFLMPGLY ITLSYVTGALNAVLTDEHREEMRRY LY HHQ - - - - - - - - - - - - HKE-DGGWSLHIEGPSTMFGSVLCYVTLRLLGEG
GG-CAS RWVEDIED--VTE----- ETWETTLRRAINFHSTLQSHDGHWPGOMG -GPMFLMPGLY ITLSITGALNAVLTEEHREEICRYLYNHG - - - - -------- HKE-DGGWSELHIEGPSTMFGSVLNYVALRLLGEG
LI-CAS KWVEDVED - -VTE - - - - - EAVNYWTTLRIRAISFHSTLQSHDGHWPGOMG -GPMFLMPDLY ITLSITGALNAVLTDEHREEMCREY LY NHG - - - - - - - - - - - - HKE-DGGWSELHIEGPSTMFGSVLNYWVTLRLLGEG
SL-CAS KINDMEW--ITE----- DHVATTLRRALSFYSTLQNNDGHWAGOYG -GPMFLMPGMI TALSITGALNAVFSSEHEREMIRYLYNHG - - ===~ --=---- NS -DGGWGELHIESHSTMFGSALSYVTLRLLGEG
DE-CAF == --=-=-c----mmcem-- - - - - LA s R T R [ R R T R T T T R R ---lEGPSTMFGEVLNYVTLRLLGEE
PT-CAST KVMEDGND - -ITE---- - EVVTTTLRIRAISFHSTLQAHDGHWP GG -GPLFLMPGLYITLSITGAPHAVLESEQHREEMCRYLYNRQ - = = = - - == - - - - NE-DGGWGELHIEGHSTMFGEVLHNYVTLRLLGEG
BP-CAS1 KIKDTEE--VRE----- EAVGMTLRIRAINFYSTIQADDGHWP GG -GPMFLIPGLY ITLSITGTLHAFLSKEHQCEICRYLYNHQ - === - - ==~ --- MNE-DGGWGELHIEGPSTMFGTALNYITLRLLGEP
CP-CAS KVEDEED - SEAVTRTLRIRAINFYSTIQADDGHWPGOYG -GPMFLIPGLY ITLSITGALNAVLSTEHOQREICRY LY NHG - - - - - - - - - - - - HE-DGGWSLHIEGPSTMFGSVLNYWVTLRLLGEE
LC-CAS? KWVEDKEED - -VTE - - - - - EAVSRTLRIRAINFYSTIQGDDGHWPGOMG -GPMFLIPGLY ITLSITGALNAVLSTEHQREICRY LY NHG - - - - ------ - - HE-DGGWSLHIEGPSTMFGSVLNYWVSLRLLGEE




Frame 3
RE-MTST ---PNG--6Q------- DDACTRAREWIHDHGSYTHIPSWGEETWLSILGYWYDWSGCHPMPPEFWMLPS -FLP -
BC-bAS ---PHG--GQ------- DDACARARKWIHDHGEYTNIPSEWGKTWLSILGYWYDWSGSHPMPPEFWMLFES-FLP -
ET-bAS ---PHG--GQ------- DHACSRARKWI IDHGGATY IPSWGKTWLSILGYWYEWSGSHNPMPPEFWILFT-FLP -
BP-bAS cooHHkeclEHilcccocnono DNACARARKEWI LDHGGYTHMPSWGKTWLSILGIFEWIGSNPMPPEFWILPS-FLP -
PC-BAST ---PDG--GW------- HHNACARGREWI LDHGSWTAIPSWGKETWLSILGYWYEWIGSHPMPPEFWILPS-FLP -
Bk-bAS ---POG--GY------- HHACSRARKWILDHGSY THMPSWGKTWLSILGYWFEWSGSHNPMPPEFWILFS-FLP -
PC-BASZ - - -R0GE--GE------- HHACARARKWILDHGSVYTAIPSWSKTWLSILGLFODWSGSNPMPPEFWILFF-FLP
l¥H-bAS ---PDE--GD------- DNACPRAREWI LDHGSYWTHIPSWGKTWLSILGLFDWSGSHNPMPPEFWILPS -FMP
GP-bAS -PDE - -DHACPRARKWI LDHGSYTHIPSWGKTWLSILSGLFDWSGSHNPMPPEFWILPS-FLP
AA-bAS ---PDG--GL------- DGACTEAREWI LDHGSYWTTIPSWGKETWLSI LGWCEWAGTHPMPPEFWILPS-FLP
AsEs-pAS] - --PDG--GL-=------ HEACAKARKWILDHGTATANPSWGKTWLSILGLCEWSGTHNPMPPEFWILFS-FLP
P5-MTS ---PNG--GK------- EDACARARKWIHDHGSY THYWSSWGKIWLSYVLGIFDWCASHNPMPPEFWMLES -FLL
LI-MTS ---PRG--6Q------- DHNACARAREWIHDHGGATHIASWGKETWLSILGIFDWSGTHPMPPEFWILPS-FLP
MT-BAST ---PRG--6Q------- DHNACARARMNWIRAHGGYW TY IPSWGKTWLSILGLFDWLGSHPMPPEFWILPS-FLP
CC-bAS = - - PRIG--GR= === == DHACARARKWIHDHGGY THIPSEWGKTWLSILGYFDWCGSHPMPPEFWILPS-FLP
GM-bAS ---PNG--GH------- DNACARARKEWIRDHGGWTHIPSWGKTWLSILGYFDWCGSHNPMPPEFWILPS-FLP
i1 7-bAS cooHiMHec(dilcccccono DNACARAREWI LDHGGYWTHIPSWGKETWLSILGIFDWKEGSHNPMPPEFWILPS-FLP
PT-bAS - --PEG--GL------- HHACWYWRARKEWI LDHGGY THIPSWGKETWLSYVLGIFDWSGSHPMPPEFWILPS-FLP
FPS-bAS - --PDG--GE------- DHNACYVRARMWIRQHGGYTHIPSWGEKTWLSILGYVFDWLGSHPMPPEFWILPS-FLP
ns-bAS - --PDG--GE------- DNACARGREWIRDHGGYWTWIPSWGEKTWLSILGLYEWSGCHPMPPEFWYWLPS-FLP
G5-bA8 - --PDG--GK------- ENACARARKWILDHGSYTAIPSLGEAWLSILGLYDWSGTHPMPRPE IWSLPS-5LS
SR-BD5S  ---PDG--GL------- HGACTKARKEWI LDHGSYLASPSWGKIYLTILGWYHEWEGCHPLPPEFWILPS-IFP
Ar-tiy - --PE------------ QDACKRAROQWILDRGGY IFIPSWSKFWLSILGYYDWSGTHPTPPELLMLES-FLP
AT-LP? ---PDG--GL------- ENACKRAROWILSHGGY I¥ IPCWGKVWLSVLGIYDWSGWVHPMPPE IWLLPY -FLFP -
AT-LUPZ SHNACKERAROWI LDHGGY TY IPSWGKIWLSILGSIYDWSGTHNPMPPEIWLLPS-FFP -
AT-bAS ---PDG--GH------- DHNACGRAREWILSHGGY T TY IPSWGKETWLSILGYWFDWSGSHPMPPEFWILPS-FFP -
AT-Cams ---PNG--GP------- GHACKRARDWILDHGGATY IPSWGKTWLSILGYFDWSGSHPMPPEFWILFS-FLP -
LC-TMS coolpessoooooooo s EAVCKARMNWIHDHDGY TS ILSWSKTWLSILHNYFDWSASHPMPPEYWMLPET -WWVP
RC-LUS ---RDG--GI------- ENACERGREWI LDHGGATGISSWGEKTWLSILGYWYEWDGTHPMPPEFWAFRPS -S5FP -
ET-0Q5C ---PNG--GL------- ENACERARKEWI LDHGSATAISSWEKTWLSILGYWYEWEGSHPMPPEFWFLPT -MFP -
KC-MTS - - -A0GE--GK------- DHACERARKWI LDHGEATAILISSWGKTWLAILGYYEWDGCHPMPPEFWWFFPT-FFFP -
BC-LUS = SREE = =G K === DHACERARRR ILDHGEATAILISSWGKTWLAILGYYEWDGCHPMPPEFWAFFT-FFFP -
RE-MTSZ2 ---PGG--GR------- DNACERARKG I LDHGGYTY IPSGGKTWLAMLGYFDWSGCHPMPPEFWMLRPP-FFP -
AT-MTS -ADLDDIK -GSGCARARKWI LDHGGATY TPLIGKAWLSILGYYDWSGCKPIPPEVWMLPT-FSP -
AT-ARS - --AGHDDDQ------- GSTCTEARKEWILDHGGATY TPLIGKACLSVLGYWYDWSGCKPMPPEFWFLPS-SFP -
AT-THAS ---%GH-DDQ------- RHNGCAKAHKWIMDHGGATY TPLIGKALLSVLGYYDWSGCHPIPPEFWLLPS-SFP
AT-PENZ ---PDH--DG------- ESACARARKWI IDHGGATY TPLFGEAWLSVLGYWYEWSGCKPIPPEFWFFRS -YFPR
AT-BARST ---AGH-DDHK------- GEACARAREWI LDHGGATYSPLIGKEAWLSYLGYYDWSGCKPIPPEFWFLPS-FFP
AT-MARS ---PRH-DEQ------- ESACARARKEWI LDHGGATYAPMVAKAWLSVLGYYDWSGCKPLPPE IWMLPS -FSP
CA-bAS o o o Elelel ool s 00 O o o ol o O DGAYVERARKWI LDHGGAAS IPSEWGKTYLAVLGYYEWEGCHPLPPEFWLFFPE -ALP
OE-MTS ---PRR--6-------- HGSIARARKWI LDHGGATGIPSWGKETYLSVLGYWYDWDGCHPLPPEFWLFRS-FLP
PC-DAS LAESDD--G-------- HGAYERGREWI LDHGGAAGIPSWGKETYLAVLGYYEWEGCHPLPPEFWLFPS-5FP
To-LUS ---ADS-VAE------- DMALYEGREWI LDHGGAYGIPSWGKEFWLTILGYWYEWSGCHPMPPEFWLMPE -FFP
QE-LUS soolEtiesigEosoosoo DEAYVARGRKWI LDHGGAYGIPSEWEKFWLTVLGYYEWDGCHPMPPEFWLLPH-FSP
BP-LUS ---LER--GE------- DEAMAKSREWI LDHGGLYAIPSWGEKFWYTYLGLYEWSGCHPLPPEFWFLRPD-IFPRP
LI-Lus ---LER--GE------- DMAYWARGREWI LDHGGLYAIPSWGEKFWYTYLGYYEWSGCHPLPPEFWLLPKE-IFPR
CG-LUST cco[Hi#fflccoccoccococcooo EAMAKEGR EWI LDHGGLYAIPSWGEKFWYTWYLGAYEWSGCHPLPPELWLLPE -FAP
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PMSYLYGKRFVWGLITPLIQQLREELFTQPYDQ
PMEYLYGKRFWGPITPLIQQLREELFTQPYDQ
PMEYLYGKRFWGPITPLILQLRQELHTQPYHH
PMSYLYGKRFYWGPITPLILQLREELY TQRPYHDQ
PMSYLYGKRFVWGPITPLILQLREELYGQPYMNE
PMEYLYGKRFWAPMTPLILQLREELYDQPYDH
PMEYLYGKRFWGPITPLILQLREELYAQAYDE
PMSYLYGKRFWYWGPITPLIKQLREELFNERYED
LPMSY LYGKRFWGPITPLIKQLREELFSQFPFED
PMSYLYGKRFVWGPITPLILQLRDELYAQPYDE
PMEYLYGKRFYWGPITPLILELRNEIFLQPYHE
PMSYLYGKRFYWGPITPLILMLREELLTQPYEK
PMSYLYGKRFVWGPITPLILQLREELFTQPYEK
PMSYLYGKRFVWGPITPLILQLREELHTQPYE K
PMEYLYGKRFYWGEPITPLILQLREELFTEPYEHK
-------------- PITPLILQLREELFTQPYEK
PMSYLYGKRFYWGRPITPLILQLREELFTQRYE K
PMSYLYGKRFVWGPITPLIKQLREELFTQPFEE
PMEYLYGKRFYGPITPLILQLREELHTEPYEHK
PMSYLYGKRFYWGPITSGLILTLREELHLQPYDE
PMSYLYGKRFYWCRITPLISELREELHCERYHNDQ
PMSYLYGRRFVWGPITPLVLQLREELYSQSYND
SIPMSYLYGKRFVGPITPLILLLREELYLEPYEE
YMPISYLYGKKFVGQITPLIMOQLREELHLQPYEE
YMPMSY LY GKRFYWGPLTPLIMLLRKEELHLQPYEE
HLPMSYLYGKRFYWGPITSLILQLRKEKELYLQPYEE
YMPMEYLYGKRFYGPISPLILOQLREEIYLQPYAR
YMPMEYLYGKRFQAPLTPLVLOQLRDELHTQRPYDOQ
YMPMSY LY GKRFYWGRPITPLILQIREEIYNERY MK
HYMPMSY LYGKKEFVWGPLTPLILQLREQEIYNQPYHT
FIAMESY LYGKKFYGPITPLILQLREEIYNERPYDE
AMESYLYGKKFWGPITPLILQLREEIYNERPYDQ
PMSYLYGRRFYWGPITPLVOQQLREELHTQPFHE
GVSYLYGKKEFWATPTPLILQLREELYPQPYDE
GLEYLYGKKFWATPTPLILQLQEELYPEPYTHK
GLSYLYGKKFVAPPTPLILQLREELYPEPYAK
AMSY LY GKKEFWAKPTPLILQLREELYPQPYAE
GLSYLYGKNFWATSTPLILQLREEIYPERPYTHN
GMSY LYGKKEFWATPTALILQLREELYPQPYSE
PMEYLYGKKYHGP ITOLVISLRKEIHPIPYEHK
PMSYLYGRKEYHGPLTDLVLSLRNEIHIKRPYNE
PMSYLYGKRYHGPITDLWVLSLREQEIYNIPYEQ
PMSYLYGKRFVGEITELVRDLREQELYTDPYDE
PMEYLYGKRFWGPITGLVLSLRQEIYTEPYHG
PMSYLYGKRFYWGPITGSLIQSLRQELYNERPYHDQ
PMSY LYGKKFYWGPITALVRESLRKELYNERPYDR
PMSY LYGKKFVGPITALIRSLEREELYNEPYNG
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Q5-05C7 -=-=-PNG--G-=-==-=-==-- DGCIENGRMWILDHGGATFTTSWSKFWLSVLGVFDWSESSGHNNPYPPELLLLPY-QLP----FHPG------- SREMEIY|IRMVFIIPMEY IYGKRFYGPVTPVVLELRSELYNDPYDE
o5-05C12 -%WoD -DISMHEARKWIHDHGGATMIPILGKYVWLSYVLGVFDWSGYNPIPPELFLLPS-FWP----1I0QPG-------- RLWAHIFIEMAFII PMSY LY GKEKEFYGPITRLYISLREREELHIHPY KK
0S-05C3 I I R EQLARGRIWIISHGGATLVPQWGKIWLSMLGVYYEWAGNNPIFPELWLAPQ-FLP----FHPG-------- EFWILUTEMUYILPMAY LYGEKEFYGPTTPTILALREEIYPVYVHYLT
O5-05C4 === TEM=-=======®=®==-= EQLAKGRIWIILHGGTTFVPOQWEKIWLSILGYYEWAGHNNPIFPELWLTPQ-FLP----FHPG--~------ EFMWILTEMYY|ILPMAY LYGKKFVGPTAPTILALREEIYSAHYLT
O5-05C17 ===PSMH-=-=========-= EQLARGHAWI I SHGGATLVPOWGEKICLSI IGYYEWSGNHNPIFPELWLAPQ-FLP----FHPGIHNYLSAGKEFWMI3PRTRVYWPMAY LYSKEFYGPITPTILALREEIYTOPYHT
S8-05C2 co[{H[Scecccccocoo NDGLAKGRAWILSHGTAAAGPOQWAKILLSVIGYYDWSGNNPMIPELWLYPR-FLP----IHPG-------- RFWIFTEMUYMS I AFLYSGEKEFYWGPITPTILALRDELYSLPYTE
0S-05C9 ceclliiif===llees===== DMNALSKEGRAWILTHGTATAAPQWAKIFLSVIGVYVYDWSGNMPIIPELWMLPY-FLP----IHPG-------- RFWIFCIEMUYMPMSY I YAEEFYGPITPTILAMEDELYNYPY S K
O5-05C 10 ===-LDE---H-=-=-=-=-=-- MDGLSEGRAWILSHGSATVAPOQWAKIYLSVIGYYDWSGHNNPIIPELWLLPH-FLP----IHPG-~-~--~---- EFWIFICIE M YMPMSY IYAKRFIGPITPTILALREELYDVPYHNEK
FrM-CAS = ceceBesss=e2 NDALSEGRESWILSHGSATAAPQWAKIYLSMIGYYDWAGHNNATIIPELWMLPH-FLP----IHPG-------- RFWIFCIEMUYMPMAY INGEEFYWGPITTTILEIRNELYNIPY NE
0S-05C8 = ceffles=s=s====-= DALADGRMWI L SHGSATAAPOWAE IWLSVIGWYDWSGNEATIIPELWMYPH-FLP----THPA-------- RFWIFVEMIYMSMAY LYGEKEFYGPITPTILEIREELYMNIPYSE
As-bAS -KDALEKGREWILSHGTATAIPOWSKIWLSIIGVYEWSGHNNPIIPELWLYPH-FLP----IHPG-~------- RFWMIFTIEL II¥MEMAY LYSKEFVGPISPTILALRQDLYSIPYCH
SB-05C1 == =PTH=-=======®===-= AALTEGROWILSHGSAAAIPOQWEK IWF SVMGLYDWSGHNHNPIVPELWLYPH-FLP----IHPG--~------ RFWYFICIEMUY|ILPMAY LFGRKEKFIGTITPTILELRDELYSVYPYSE
TA-0O5C cecEffllecsesesesssscs=e= ALTEGRAWILLREGSATAIPOWSKIWLSVVGLYEWSGNNSIIPELWLVPY-FLP----TIHPG-------- RFWIFICIE L VWYMPMSY LY GEKEFYGPITPTIVAIREELYSYSYSE
B e i R R i R e R B e T R
05-05Ce ===RS8[--=========-= DALTEGRAWIISREGSAAAVPOWEKIWLEYVIGLYDWSGHNNAIIPELWLYPH-FLP--~--IHPG--~------ EFWIFICIE LV YMPMAY LYGKKFVGAITPTILEIREELYSVYPYNE
C5-MTS - -G-------- EGAMEKEGREWILDHGSATATSSWGSKLWLSYVLGYYEWASGSNNPMPPEFWLLPY -CWP----LHPG-------- EMMILISIE TUYILPMSY LYSGKRFYGAITPIVVSLREEELYNYPRPYDH
PC-LAS = -EEIRDEAANGGSLEEARRWI IDHGGATY IPSWGEFWLSILGWYYEWSGNNPLPPEMWLLPY-FLP----LHPG-------- B MMM HICIE MUYILPMSYLYGRRFVWGPINSTYLSLRRELYTHRPYHQ
To-05C KGAMTEAQEWILKHGSWVWTHIPSWSKLWLSVLGVYVYEWRGENNPLPPETWLLPY-FLP----LHPG-~-~--~---~- R LMIHTIEMWYILPMSYLYSGKERFYWGPISSIVLSLRRELYSTLYYQ
CP-0O5C ---MDG - - - - - - - - - - CDGALRQARRWILDRGGATSIPSWSKLWLSVLGWYWYEWESGNNPLPPE IWLLPY-FLP----LHPG-------- R MMIHISIEMUYILPMESY LYSGKERFYWGPISPIITSLRQELYTSPYHM
LC-05C ---MDG - - - - - - - - - - HOGALPEARRWILDRGGATSIPSWGSKEIWLSYVLGVYVYEWESGSHNPLLPEIWLLPYNILP----FHPG-------- ERMMOHISEMUYILPMSY LYSGERFYGESISPIVMSLERELYKECPYHM
f7-ras 2 ---IDG--G-------- DGAMEEAREWI LDRGGATSIPSWGEFWLSYVLGYYEWRGINPMPPELWLLPY-SLP----5HPG-------- RMWMIHITELWYILSMSY LYGRRFYGPFMNALVLSLREEELYTLPYHL
AT-LAS  ---LDG--G-=-===-==- DGAMESAR SWIHHHGGATFIPSWGEKFWLEVLGAYEWSGNNPLPPELWLLPY-SLP-=---FHPG-=-=-=-=-=--- EMMIHICIE M Y|ILPMSY LYGRRFYVCRTHNGTILSLRRELYTIPYHH
CP-Cus ---ADG--GD------- GGEAMTEARAWILERGGATAI TSWSKLWLSYVLGYYEWSGNNPLPPEFWLLPY-SLP----FHPG-------- R MMIHCIEMWYILPMESY LYSGKERFYWGPITPEVLSLRQELYTIPYHE
Do-cAs  ---PAD----------- HPSYWVEARTFLLOQNGGATGIPSWGSKFWLATLNAYDWNGLMPIPIEFWLLPY -NLP----TAPG-------- RWWMIHICIE MWYILPMESY IYAKKTTGPLTDLVEDLRRE IYCQEYE K
SA-CAS  ----AG--=-==-=====- DAGLRRAROWFLPRGGPLSSGAWSKIILALLSGLYEYNGLQPMPPELWLLPE-SLP----FHPS-------- ELWIHICIRMYILPMSWLYSRRARASETPLLAAIRNEIFESAYDD
CR-CAS?  --------AE------- EPLCYEAREWMHARGGATY ITSWGKFWLAVLGYYSWDGMNPLTPEMWLLPHNEWTGSIGMLHPG - ----- - - R FMIHCIEMYILPMESY WY SGKRGTCQETPLTAAIRQELYPMPYGR
PP-05C -FDALRRGREWILDHGGATY ITSWGEFWLTVLGVFEWSGNHMPLPPETWILPY-FLP----MHPG------- - RMMIHCIEMYILPMSY IYGERFTGKITELVKAIREEIFWQKYTE
AbM-cAST - --PDG--GQ-------- GAMEEGCAWILDHGGATAIPSWGEMWLSYLGYVFDWTGHMNPLPPEMWLLPY -FLP----THPG-------- RMWMIHICEMUYILPMSY IYGRRFYGPLTGIVMSLREEELY TWPYE K
AC-CAs  ---LSD--GE------- DOAMERGRAWI LOQHGGATTIPSWSKFWLSVLGTFEWAGSHNPLPPEIWLLPY-FLP----IHPG-~------- EMMIHICIE M YILPMCY IYGNRFTGKITETVLALRKELFEVPYED
s8-05¢3 ---PDS--G-------- DGAMEKEGRNMWI LDHGGATY I TSWGSKFWLSYVLGVYFEWSGNNPYPPEVWLLPY-LLP----FHPG-------- RMMIHICIEMUYILPMCY I¥GERFYGR ITPLLLELREELFEEPY NEKE
sB8-05c4 ---PDS--G-------- DGAMENGRMWI LDHGGATY IASWGEFWLSILGVFEWSGNNPYPPELWLLPY-LLP----FHPG-------- RMWMIHICIEMLYILPMCY I¥YGERFYGR ITPLYLELREEIFHNDPYHME
AS-CAS  ---PES--G--=-=-=-=-=-- DGAMEKGRNWI LDHGGATY ITEWGEKFWLAVLGYVFDWSEGNNPLPPE IWMLPY-RLP----IHPG--=-=----- EMMIHICIE M Y|ILPMCY VYGKRFYGKITPLILELRNELYKETPYSE
0s-05c2 ceoclilHdssliecssos oo DGAMEKEGREWI LDHGGATY ITSWSKEFWLSVLGYVFDWSGNHNPYPPEIWLLPY-FLP----IHPG------ - WRMMJHICIEMUYILPMCY INGERFYGEPVTPIILELREELYEWPYHNE
0S-05C1 ---BR&E--BO0----- - - G-AMYVIARMNWILDHGGATFTTSWGEFWLSYVLGVYFDWSGHNNPLLPELWMLPY-FLP----FHPG-------- RIMAHICIEMUYILPMSY I¥YGEEFYGPITPIVLTLREEELYNIPYDD
D7-CAS? ---TEG--G-------- DGAMORGREWI LDHGGATFITSWGKEFWLSVLGYFDWSGNNPLPPEVWMLPY -FLP----IHPG-------- R MMIHICIE MYWYILPMEY IYGERFWGPITPLIQSLREELYNLSYDQ
AM-0O5C -ADG - -DQAMQEGREWI LDHGSATAITSWSKFWLSVLGVFDWSGHNNPLPPEMYLLPY -WLP----WVHPG-~------- RMMIHCIEMIYILPMESY I¥YGKERFYGPVTQTIISLREELFHWYPRPYD O
C5-CAST ---PREER--B5-------- DGAMEKEGREWI LDHGSATAI TSWSKEMWLSYVLGYFDWSGNNPLPPEMWLLPY-FLP----VHPG------- - R MMIHICIE MUYILPMESY IYGERFTGPITPLILSLRKELFNLPFDO
KC-CAS ---AND--GE-------- GAMERRRMWILTHGGATHITSWGEMWLSYVLGVYVFEWRGHMHPLPPEIWLLPY-LLP----WVHPG-------- RMWMIHICIEMUYILPMSY LYGERFYGPITPTYLSLREELFTYPYHD
RE-CAS ==-AND--G-=-=====- EGAMERGRMNMWILMNHGGATHITEWSEKEMWLEVLGVFEWRGNNPLPPETWPLPY-LLP-=---VHPG--=-=----- EMMIHICIEMUY|ILPMSY LYGKERFYGPITPTYLSLRKELFTYPYHD
RC-CAS ---PMHE--GE-------- GAVERGRHMWILKHGGATAITSWSEMWLSYLGAYEWSGHNNPLPPEMWLLPY -ILP----VHPG-------- RMMOHICIEMUYILPMSY LYSGKERFYGPITPTYLSLREEELYTYPYHE
BP-CAS2 ---AND--GQ-------- GAIERGREWILDHGSATAI I SWGEMWLSYLGAFEWSGHNPLPPEIWLLPY-MLP----VHPG------- - RMWMIHICEMWYILPMSY LYGERFYGPITPTYVMSLEEELYSYPYHE
AT-CASI ===-PND--G-=-=====- DEGDMEKGRDWILMNHGGATHNITEWSEEMWLEVLGAFEWSGNNPLPPEIWLLPY-FLP-=---IHPG--=------ EMMIHICIE M Y|ILPMSYLYGKEKRFYGPITSESTVLSLRKEELFTYPYHE
PC-CAS ==-AND--G-=-=====- QGAMEKGROWI LDHGSATAITSWSKMWLSVLGVFEWSGHNNPLPPETWLLPY -ILP----IHPG-~-~--~---~- EMMIHREMYILPMSYLYGKRFYGPITPTVLSLREKEVFSEVPYHE
CA-CAS ==THE==2=s==c====== QGAMEKGROWI LDHGGATAITSWSRMWLSVLGVFEWSGNNPLPPEIWLFPY-NLP----FHPG-------- RMMIHICIEMUYILPMSY LYGKERFYGPITPTYLSLREEELFTYPYHE
BK-CAS -AND--GQ -GAMEEGROQWILDRGGATKITSWGKMWLSVLGVYVFEWSGNNPLPPETWLYPY-ILP----FHPG-------- RMWMIHICEMWYILPMSY LYGERFYGPITPIIISLREEELFTIPYHE
PE-CAE -PHND - -GE - -GDMERGRDWILEHGGATY ITEWGEKMWLEVLGVFEWEGHNPMPEPRE IWLLPEY -ALP----VHMG=- ===~~~ = PRMMIHICEMUYILPMEY LY GSKRFYGPITPTVLELRKFELFTYIRYHD
CC-CAS -PHND -R -QGEMEKGRDWILGHGGATF ITSWSKMWLSVLGVYEWSGHNNPLPPEIWLLPY -WLP----IHPG-~---~---- RMMOHICIE MUY|ILPMSY LYGKERFYGPITPTILSLRKELYTIPYHD
I 7-CAS ---PNE--B5------ - - QGDMEKARDWI LGHGGATY ITSWSKMWLSVLGVFEWSGNNPLPPEIWLLPY -ALP----FHPG-------- RMMIHICIEMUYILPMSY LYGERFYGPITPTILSLRKEELFTIPYHD
SL-CAS ---AMD--G-------- DGAMEEGREWI LDHGSATAI TSWGEMWLSYVLGVYFDWSGNNPLPPEIWLLPY-ILP----IHPG-------- RMWMIHICEMWYILPMCY LYGERFYGPITPTYLSLREEELFTYPYHE
OF-CAS -=--AND--GD-=--=-=-"-- G-AMEEKGQKWI LDHGGATAITSWSKMWLSVLGVFEWSGHNNPLPPEIWLIPY -IWP----IHPG-~---~---- EMMIHICIE M YILPMSYLYGKERFYGPITPIVLSLRKEELYTIPYHE
PT-CAST ===-AND--G-=-=====- EGAMERGRDWILGHGGATMITEWSKEMWLEVLGYVYEWSGNNPLPPEIRLIPY-ILP-=---FHPG=-=-=-=----- RMMOHICIEMUY|ILPMSY LYGKERFYGPITPTWYWLSLRERKELYNTPYHE
BP-CAS? c=cEllid===s=sc====== MGAYEKARKEWI LDHGGATAI TSWSKEMWLSYVLGYYEWSGNNPLPPEVWLCPY -LLP----CHPG------- - R MMIHICIE MWYILPMESY LYSGKERFYWGPITSTIQSLREKELYTWPYHE
CP-CAS SRCRCH . 1] e ICRC [ ¢ JCRCICHCRCRERCRE GAVDEARKEWILDHGGAAAI TSWGEMWLSYLGYYEWAGHNPLPPELWLLPY-LLP----CHPG-------- RMWMIHICEMWYILPMCY LYGKERFYGPITPIIRSLEEELYLYPYHE
LC-CAST ---AED--G0Q -GAVDKARKWILDHGGASAITSEWSKMWLESVLGYVYEWAGHNNPLPPELWLLPY-LLP----FHPG-=-=-=-=--- EMMIHICIE M YILPMCYLYGKERFYGPITPIIRSLRERKELYLYPYHE

N
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1 1 1 1 1 1 1 1 1 1
-WLCMLACWVEDPNGDYFEKKHLARIPDY IWVAEDGMKMQSEF -GSQOQWD TG -
-WLCMLACWVEDPNGDYFEKKHLARIPDY IWVAEDGMKMQSEF -GSQEWDTG -
-VWLCMLACWAEDPNGWYPFEKEHLARIPDYMWVAEDGMEMOQSF -GSQQWD TS -
SVLCMLACWVEDPNGDYFEKEHIARIPDY IWVAEDGIKMQSF -GSQEWDTG -
-WLCMLVCWVEDPNGDYFREHLARIPDY IWVAEDGMKMQSEF -GSQEWD TG -
-VWLCMPACWAEDPDGDYFEKEHLARIPDY LWVAEDGMEMOQSF -GSQEWDTS -
SVWLCMLACWVEDPNGDYFEQHLARIPDY IWVAEDGMEMOQSF -GSQEWDTS -
SVLCMLACWVEDPNGWCYEKEHLARVPDYWVWIAEDGLEMQSF -G5QQWDCG -
~WLCMLACWVEDPNGVCYKKHLARVPDYIWIAEDGLKMQSF -GSQQWDCG -
SALCMLACWVEDPNGWCFEKEHIARIPDY LWVAEDGMEMOQSF -GSQEWDAG -
-ALCMLSCWVEDPNGICFEEHLARVPDY LWVGEDGMEMQSF -GSQEWDAG -
SVLCILACWVEDPNGDAFEKEHLARLPDY LWVSEDGMTLHSF -G5SQTWDAS -
-WLCMLACWVEDPNGIAFKRHLARVPDYLWLAEDGMCMQSEF -GSQEWD AG -
SVWLCMLACWVEDPNGDAY KEHLARVOQDY LWMSEDGMTMOQSF -GSQEWD AG -
SVLCMLACWVEDPNGDAFEKEHLARVPDY LWVSEDGMTMQSF -GSQEWD AG -
-WLCMLACWVEDPNGDAFKKHLARVPDYLWVSEDGMTMQSEF -GSQEWD AG -
-WLCMLACWVEDPNGDAFKKHLARIPDYLWWVSEDGMCMQSEF -GSQEWD AG -
SVWLCMLACWVEDPNGDAYKEHLARVPDY LWLSEDGMCWVOQSF -GSQEWDAG -
SVLCMLACWVEDPNGDAFEEHIARVPDYLWISEDGMTMQSF -GSQEWDAG -
~SLCMLACWVEDPDSDAFKKEHLARVODY LWVAEDGMRMQEF -GSQNWDTG -
SVWLCMLACWVEDPNGDYFQEHLARIPDY IWVAEDGMEMOQSF -GSQLWD IC -
-SLCMLACWDEDPDGWCFEKEHLARIPDY IWVSEDGLEMOQSF -GSQLWDAS -
SVLCMLACWVENPNGDYFEKEHLARIPDYMWVAEDGMEMOQSF -GCQLWDTG -
~HLCMLACWIDNPDGHNHFEKKEHLSR IPDMMWVAEDGMKEKMQCF -GSQLWMTG -
-WLCMLACWIENPNGDHFEKEHLARIPDFMWWVAEDGLEMOQSF -GSQLWDTY -
SVLCMLACWVEDPNGDYFEKEHLSRISDYLWMAEDGMEMQSF -GSQLWDTG -
-ALCMLACWVEDPNGIHFEKEHLLRISDYLWIAEDGMEMQSF -G5QLWDSG -
~PLCMLACWVEDPNSEYVEKKHLARIPDYLWMAEDGMKMOQSEF -GSQSWDAA -
-PLCMLACWIEDPHGEAFKKEHLARIADY IWVGEDGIKMOQSF -GSQTWDTS -
-PLMMLACWVGDPNGDAFEKEHLARIVDY IWVGEDGLKEVQSF -G5QWVWDAS -
~PLMMLACWHEDPNGDAFKKHLARISDYVWLAEDGMKIQSF -GSQAWDTS -
~PLLMLACWHEDPNGDAFKKHLARIPDYVWLGEDGIKIQSF-GSQVWDTS -
SVICMYACWVEDPSGEPFQRHLARISDYWWIAEDGMRITGI -GSQTWDAA -
-PFHMLACWVEDPDGDYFEKHLARVPDY IWIGEDGLKIQSF-GSQLWDTA -
-AFHMLACWVEDPEGEYFKKHLARVSDFIWIGEDGLKIQSF-GSQLWDTY -

INWTQTRHRCGKEDLYYPRSFLOQDLFWHKSYVHMFSESILDRWPLNKLIRQRALQSTMAL IHYHDESTRY ITGGCLPKEVVVAFHMLACWIEDPKESDYFEKHLARVREY IWIGEDGLKIGQSF -GSQLWDTA -
IVWSQARSRCAKEDLYYPQSLYOQDLFWKELYVHMFSENILNRWPFNKELIREKAIRTAMEL IHYHDEATRY ITGGAVPK - - -VFHMLACWVEDPESDYFEKHLARVEHF IWIAEDGLKEIQTF -GSQIWDTA -
ISWRQARMNRCAKEDLYYPQSFLQDLFWKEKGVHVFSENILNRWPFNNLIRQRALRTTMELVHYHDEATRY ITGGSVPKEKVIAVFHMLACWVEDPESDYFEKHLARVPDFIWIGEDGLKIQSF -GSQWVWDTA -
IIWSKARNRCAKEDLLYPKSFGQDLFWEGYHMLESENIINRWPLNKFVRQRALRTTME LVHYHDETTHY ITGACVAK - - -PFHMLACWVEDPDGDYFKKHLARVPDFIWIAEDGLKFQLM-GMQSWHNAA -

Frame 4

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
RE-MTST INMWEENCHQCAPEDLYYPHPFIQDL IWDCLYISMEPLLTREWPLHNMI IRKEALELTMKEKHIHYEDGSSRY ITIGCWE K-
BC-bAS INWEKETRHQCAPEDLYYPHPFYWQDLIWDCLYIFTEPLLTRWPLMNEIIRKEKALEVTMKEHIHYEDESSRY ITIGCWVE K -
ET-bAS INWTETRHLCAHEDWVYYPHPLIQDLMWDSLY IFTEPLLTRWPFHNKIIRKKALEVTMEHIHYEDENSRY ITIGCWE K-
BP-bAS VHWEEYVRHLCAKEDIYYPHPLIQDLLWDSLY IFTEPLLTRWPFNELVREKALQVTMEHIHYEDENSRY ITIGCWE K -
PC-BAST INWRKETRRVCAKEDIYYPHPLIQDLLWDSLYWVLTEPLLTRWPFHMKL-REKALQTTMKEKHIHYEDENSRY ITIGCWVEK -
Br-bAS INWPEVRHCCAPEDIYYPHPLWOQDLIWGSLY ICTEPLLTRWPFHNKI -REKALATTMEHIHYEDENSRY ITIGCWE K-
PC-BASZ INWRKEVRHNCAKEDLYYPHPLIGQDLMWDSLY IFTERPFLTRWPFMKL-REKALQTTMEHIHYEDENSRY ITIGCWE K-
VH-bAS IKWEKEVRHFCAQEDLYYPHPLIQDLMWDSLYLFTEPLLTRWPFNGLIREKEALQVTMDHIHYEDENSRYLTIGCWE K-
CP-bAS IKWEKEVRHLCAQEDLYYPHPLIQDLMWDSLYLFTEPLLTRWPFHNGLIRKEKALQEAMDHIHYEDENSRYLTIGCWE K -
AA-bAS IKWRS IRHLCAKEDLYYPHPLLOQDLMWDSLYWVFTERPYVLHNHWPFMKL-REKALQTTMEHIHYEDENSRY ITIGSWE K-
AsES-bAST INWES IRHVVAKEDIYYPHPLLQDLMWDSLYIFTEPLLHNRWPFMKL-REEKEALRTTMNHIHYEDENSRY ITIGSWE K-
P5-MTS VHWEETRHLCAKEDLYYPHPLIQDLIWDSLY IFWEPLLTHWPFNELLREKALQTVMEHIHYEDENSRY ITIGCWE K -
LI-MTS VHWEEARHQCAKEDLYYPHPLIQDLMWDSLYLFTEPFLTREWPFNKELIRERALOQVTMEHIHYEDHNSRY ITIGCWE K -
MT-BAST INWTKESRHLCAKEDIYYPHPLIQDLIWDSLY IFTEPLLTRWPFMNKELVEERALEVTMEHIHYEDENSRY LTIGCWE K-
GE-bAS VHWEEARHQCAKEDLYYPHPLLQDLIWDSLYLFTEPLLTRWPFNELVREKALQVTMEHIHYEDETSRY ITIGCWE K -
Chi-bAS VHWEEARHQCAKEDLYYPHPLIQDLIWDSLY IFTEPLLTRWPFHNELIREEALQVTMKEKHIHYEDETSRY ITIGCWVE K-
LI-bAS VHWEEARHQCAKEDIYYPHPLIQDLMWDSLYLFTEPLLTREWPFNKELVREKALEVTMEHIHYEDENSRY ITIGCWE K -
PT-bAS INWEKARHQCASEDIYYPHPWWOQDLIWDTLY ICSEPLLTRWPFHNKEKLIREKALQVTMEHIHYEDENSRY ITIGCWE K-
P5-bAS INWTETRHLCAKEDIYYPHPLIQDLIWDSLYIFTEPLLTRWPFMNKEKLVREERALEVTMEHIHYEDENSRYLTIGCWE K-
NE-bAS IRWFESRHNACAKEDLYYPHPLYQNLLWDTLHNVFGETYLTRWPMSKL-RDKALQVTMKEHIHYEDENSRY ITIGCWVEK -
G5-bAS IRWKRYRHVCAKEDLYYPHPLIQDLIWDFFYICTEPLFTHWPVHMKL -RAKALDATMEHIHYEDENSRY ITWVGESWE K-
SR-BOS IKWESTRHLVVKEDLHYPHPWLOQD LMWDGLY IFTEPLLTRWPFSKL-REKALETTINHIHYEDENSRY ITIGAWVE K-
AT-LUPT INWEKESRRLYAKEDMYYAHPLWQDLLSDTLQNFWVEPLLTRWPLMKLVREKALQLTMEHIHYEDENSHY ITIGCWE K-
AT-LUPF INWHEARHLCAKEDKYYPHPLYQDLIWDALHTFVYEPLLASWPINKLVREEKALDQVAMKHIHYEDENSHY ITIGCIEK-
AT-LUPZ INWHEARRLCAKEDMIYPHPLYWOQDLLWDTLHNFWERPILTHWPLEKLVEEKALRVAMEHIHYEDENSHY ITIGCWE K-
AT-bAS INWMEVRHLCAKEDTYYPRPLWQELVWDSLYIFAEPFLARWPFMKLLREKALQLAMEKHIHYEDENSRY ITIGCWE K-
AT-Cams INWHNRARHLCAKEDAYCPHPQIQDVIWNCLY IFTEPFLACWPFMKLLREKALGVAMKHIHYEDENSRY ITIGCWE K-
LC-TMS INWREVRHMCATEDLYFPHPFYWQDLLWDTLYLLSEPLMTRWPFHMKEKLIRQKALNETMRHIHYEDENSRY ITIGCWE K -
RC-LUS IKWHSWRHLCAKEDNYFPHPTIQKLLWDALY TFSEPLFSEWPFMNKEL-REKALKEITMDHIHYEDHNSRY ITIGCWE K-
ET-0Q5C INWES IRHLCAKEDNYYPRTWIQKLMWDSLYIFTEPILERWPFMKEKL-REEKALEKTMDHIHYEDENSRY IVIGSWE K-
KC-MTS INWSRMRHLCAKEDHHYPHTLTQIILWDAIYLLSEPLLEKRWPWSKL-REKALKITIDHIHYEDENSRY ITIGCWEK -
BC-LUS INWSRMRHLCAKEDHYYAHTLTQIILWDAIYMLGEPLLKRWPFHMKEKL-REKALKEITMDHIHYEDENSQYITIGSWVEK -
RE-MTSZ2 IEWSKARHLCAKEDLFHRRPWIQELFWDCLHTFAEPLLTRWPLMNFIREKALKITMEHVHYDDKEASHY INPGSWE K-
AT-MTS ILWSQARNQCAKEDLYYPQSFLQEMFWKCVHILSENILMNRWPCHKLIRQKALRTTMELLHYQDEASRYFTGGCWPK -
AT-ARS INWRLTRHWRCAKEDLCYPSSFLODLFWKGYVHIFSESILHNRWPFHMKEKLIRQAALRTTMELLHYQDEANRY ITGGSWVPK -
AT-THAS
AT-PENZ
AT-BARST
AT-MARS
CA-bAS INWHEQRHNCHKEDLYYPHSFIQDLLWDGLHYFTERPIIKMWPFHNKL -REKGMERATELMRYGGYESRFITIGCWSK -
OE-MTS IDWHEARHDCCKEDLYYPHSSIQDLLWDTLNYCAEPVMERWPLMKI -RQRALNKETIKYMRYGAEESRY ITIGCWE K-
PC-DAS IKWHNQQRHNCCKEDLYYPHTLWQDLVWDGLHYFSEPFLERWPFMKEKL-RERGLERVVELMRYGATETRFITTGNGE K-
TO-LUS INWHEARNTCAKEDLYYPHPFYQDMVWEVLHNWVEPYLTSRPISTL-REKALEVAMDHVHYEDKSSRYLC IGCWE K -
QE-LUS INWHRARNTCAKEDLYYPHPLAQDMLWGFLHHFAERPYVLTREWPFSKL-REKALEVAMEHVHYEDMNSRY LC IGCWE K -
BP-LUS INWHEARSTVAKEDLYYPHPLIQDLLWGFLHHVAEPYVLTRWPFSML -REKALEAAIGHVHYEDENSKEYLCIGSWE K-
LI-LUs VOWHEARNTVAKEDLYYPHPLIQDMLWGFLHHVGEERYLHNTWPFSML -ROQKAIEVAINHYRYEDETTRYLCIGSWE K -
CE-LUST INWHTARNTVAKEDLYYPHPLIQDMLWGFLYHVGERFLNCWPFSML-RREKALEIAINHVHYEDENSRYLCIGSWE K-

-SLODMMCWWAENPNGPEFKEHHLARVPDY LWLAEDGMEMOQSF -GSQLWDCY -
-S5LQMMCWWAHDPNGDEFEHHLARVPDY LWLAEDGMEMQSF -GSQIWDST -
SALQIMSWWAEDPNGDEFEHHLARIPDFLWIAEDGMTWVOQSF -GSQLWDCT -
-WLCLIATWVEDPNGDAYKRHLARIPDYFWVAEDGMKMQSF - GCQMWD AA -
SWLCLIACWYVEDPNSEAYKERHIARIPDYFWWVAEDGLEMGOQSF -GCOQMWD AA -
SVLCLIACWAEDPNGEAYELHLGRIPDNYWVAEDGLKIQSF -GCQMWD AG -
-WLYLIARWVEDPNSEAYKLHLARIPDYFWLAEDGLKIQSF -GCQMWDAA -
-WLCLIARWVEDPNSEAYKLHLARIPDYFWLAEDGLKIQSF -GCQMWDAA -
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o5-05C7 IDWHKAR TQCAKEDMYYPRSSKLDMFWSFLHKFIEPYLLRWPGR KL -REKALATSMRNVHYEDECTRY ICFGGVPK---ALNILACWIEDPSSEAFKCHIARVYDYLWIAEDGMEMQIYDGSQVWDAG - - -
05-05C12 IDWHKEARKLCAKEDAYMNPHMWLOQECLSDCLYSFGEPFLTRWPISYM-REKRALYQIAEFLEYEDENSOYICIGAAQK - - -ALSMLCCWIENPHNSDAFKRHLARVADFLWYGEDGMEVRVC - AGQLWD WA - - -
05-05C3 IDWAQARSACAKEDLYCPRTRLONAVWSWLYKWVEPYMS SWAMHNKL -RGRALDALMEHIHYEDENTQYLCICSVNK- - -ALNMYCCWAEDPHNSDAFKRHLARVPDFLWLSEDGMEAQVYDGCQSWETA- - -

05-05C4 IDWAQARSACAKEDLYWCPRTRLONAVWEWLY KWWEPRPYVMS SWAMS KL -RGRALDRLM-HIHYEDENTOQYLCICSWVHNE - - -ALNMYVCCWAEDPHNSDAFKQHLARVPDFLWLSEDGMEAQYVYDGCQSWETA- - -
O5-05C17 IDWAQACHACSKEDLWVWCPRTLLQNVVWTSLYKWWVEPYLGSRPMNKL -RERALDRLMEHIHYEDENSQYLCLCPVNK - - -ALNMVCCWVEDPNSDSFERHLARIPDFLWLSEDGMEAQIYDGCQSWETA- - -
SB-05C2 IDWHKEKARNTCAKEDTRYQPSAIFSVIASCLNTFVEPFLNCWPLMNKL-REKRALSHILEHIQYEDETTOQYVGLSPVNE---ALNIICRWYENPHNPDVLERHITRINDY LWIAEDGMETKEVCDGAQHNWE ITA- - -

05-05C9 INWHNARSECCKDDIIYPPSWLOQIVAMASLNNFVEPLFNLWPMHYVL -ROQRALTNLMDH IHYEDENNYYIGLCPMNK - - -WVLNMICCWIENPHSYAFRQHLPR IHDFLWLAEDGMES KVYGGCQCWETA - - -
05-05C1 INWHNNARISCCKDDIIYPPSWFOQNIAMASLHKFMEPLFNMWPMHNKL -REKRALTNLMDH IHYEDENSNYVGLCPINK- - -VLNMICCWIENPNSNAFRRHVPR IHDFLWLAEDGMESKVYVGSRCWDTA- - -

ZM-CAS INWHKACHNSCAKEDLIYEPSWLOSIAMAY LNKFIEPLSNLWPMNKEL -RERAMSDLMEHIHYEDETSNYVGLCPINKE - - -ALNMICCWIEKPNSNEFRQHLPRIHDFLWLGEDGMESKVYVGCHSWE TA- - -
05-05C8 IDWHEKARDCCAKEDLRYPCSWIQD IVWTYLNKYWVDPMFNYWWPFMKL -REISLENLMEHIYYEDENTEKY IGLCPINK- - -AL MMICCWIEDPHNSDAFKRHLPRIYDFLWLAEDGMEAQVYDGCOQTWETA - - -
AS-bAS INWDKARDYCAKEDLHYPRSRAQDLISGCLTKIVEPILNWWPANKL -EDRALTHLMEHIHYDDESTEYVGICPINK - - -ALMMICCWWENPHNSPEFQOQHLPRFHDY LWMAEDGMEAQVYDGCHSWELA- - -
58-05C71 VDOWEKARDTCAKVDLIYPRTMAQHNLYVWTCLMNKVIEPMLNCWPVHNKL -RDIALKNIMKHIHYEDETSKYICTCPINK- - -ALDMICCWAENPHNEDSFKKHLPRIYDMLWIAEDGMEAQVYDGHPTWETS - - -
TA-OSC IDWHKARDTCAKEDLRYPRSLLONVIWTCLNKFVEPYLNCWPINKL -RDTALKNLMKHIHYEDESTEKY IGVCPINK- - -ALDMICCWSEDPHSDALKLHLPRIYDYLWLAEDGMEAQVYDGCQSWELA- - -
Lo LR L e T R B e B T I eI T e B I B T I I I I I e B I e I e B T e T I e I T e B T e B T e B R e T I e B B A T A e QUVYDGCOQSWETS - - -
05-05C6 INWENARNMCAKEDLRYPRSFVOQNVIWTGLNKEVVEPILSLWPFNTL-FHAALNNLLEHIRYEDESTEY IGICPINK - - -ALDMICCWIDNPNSDAFKLHLPRIYDYLWLAEDGMEAQVYDGCQSWETA- - -
C5-MTS IDWHKARTDCAKEDQYYPHPLIQDI IWGSLHNFWEPILMRWPGSKL-REKALSTYVMQHIHYEDENTRY ICVGPVHNKE- - -ALNMLCCWIDDPHNSEAFKLHLPRVYDYLWLAEDGMEMEKAYDGFQLWE AA- - -
PGC-LAS INWDLARNQCAQEDLYYPHPLIQDMLWSCLHKGWVERLIMOWPLEKI -ROQRALTTAMOQHIHYEDENTEY ICLGPVNK - - -VLNMYCCWVEDPHSMANILHLSR IKDY LWVAEDGMEMKGYHGSQLWDWVG - - -
TO-05C VHWDLARKQCAKDDLYYPHPLIQDLLWDSLNKIVEPLLMOWPVAKL -REKEALKETVMOQHI IMRMRTRTIFCIGPVHNK - - -VLNMLCCWWVEDPETPINKLHLSRIKDYLWVAEDGMEMOQGYNGSQLWDWVY - - -
CP-05C IDWHLSRSLCAKEDLY TPHSKIQDMLWDS IHKLGEPLLEEWPLSKL -RQEALDFYIKHIHYEDENTHY LCLGPWVSKE - - -VWVWHNMVCCWDEDPHNSEAFTRHISRIKDY LWLAEDGMEMQGYHGSQLWDWA- - -
LC-O5C WOWHSSRNLCAKEDLYTPHSKIQDMLWDSINKFGEPFMEEWPLSKL-RQRALDLVIQHIHYEDENTHYLCLGPVHNE - - -VLNMVCCWWEDQNSEAFRRHISRIKDY LWLAEDGMEMQGY NG SQLWDWA- - -
LI-LAS LOWHMEARNLCAKEDLSHPRPGIQNILWGSLLHHVGEPLLTHELFSRL -RQEALHHVMEHIHNEDEASHY ICIGPVHNEK - - -VLNMICCWLEDPNSQAFKYHISREIKDY LWVAEDGMEMQGYGGSQLWDWVA - - -
AT-LAS IDWDTARNQCAKEDLYYPHPKIQDVLWSCLNKFGEPLLERWPLHNL -RHHALQTVMOQHIHYEDQNSHYICIGPVNK - - -VLNMLCCWVESSHSEAFKSHLSRIKDYLWVAEDGMEMOQGYHGSQLWDWT - - -
CP-Cul IDWHKESRNTCAKEDLYYPHPKEMOQD I LWGSIYHYYEPLFTRWPGKERL -REKALQAAMKHIHYEDENSRY ICLGPVNKE - - -VLNMLCCWVEDPY SDAFKLHLQRVHDY LWVAEDGMRMOQGYHGSQLWDTA- - -
DD-CAS INWSEQRMNMNISKELDMYYEHTSLLNVINGSLMNAY -EEKWVHSKEWL - - - - - RDKAIDYTFDHIRYEDEQTEYIDIGPVHK - - -TVHMLCYVWDREGKSPAFYKHADRLEDYLWLSFDGMEMOQGYNGSQLWDTA- - -
SA-CAS VOWVAARARVSPTDWYTPRTLWLKVANQAMYGY - - - - - - EWLAGKQLRARALDFALEQIRAEDEATHFICIGPINK - - -VLHNMYVWHFYNPEGPEVRAHLERLPDYFFEAADGIKEMNGYHNSSELWDTS - - -
CR-CAS?1 VOWHAARNQCAKEDLYYPHPLVQD I LWWALYKAENVLQGSWL - - - - - RRAALAECMEKHIHYEDENTRYVDIGPVHK - - -VINMLACWLEEPGGKAFQKHLPQGGSFSW- - -EGCFAAGSSCCGLQPTAPYVL

FP-05C VHWHEARNLCAKEDLYYPHPWIQDVLWGTLDKEVVEPILTRWPGSLL -REKKALARTMEHIHYEDENTRYLCIGPVHK - - -VMHMLECWIEDPHSEAFKLHLARVVDY LWVAEDGMEMQGYNGEQLWDTT - - -
AbM-CASI IDWHNQARSMCAKEDLYYPHPFLQDILWGTLHEVVEPALMHWPGSML -RERALQSYMKHIHYEDENTRY ICIGPVHK - - -VLNMLCCWWVEDSHSEAFKRHLARVYDYLWVAEDGMEMQGYNGSQLWDTA- - -

AC-CAS IDWHKARNECAKEDLYYPHPMIQDVLWATLHKLVEPALMNWPCSSL -REKALDTY IKHYHYEDENTRY ICIGRPVHNE - - -VLNMLCCWIEDPHNSEAFKCHLPRIPDY LWYAEDGMEMQGYNGSQLWDTS - - -
SB-05C3 IDWDKARNLCAKEDLYYPHPFVQDVLWATLHKFVEPYVMMHWPGSKL -REKALE TYVMQHYHYEDENTRY ICIGPVHNE - - -VLNMLACWIEDPNSEAFKLHIPRWYDY LWLAEDGMEMQGYNGSQLWDTA- - -
SB-05C4 IDWDKEVRNICAKEDLYRPHPFVQDVLWASLHKFWVEPYVMMHWPGC KL -REKALE INMQHWHYEDENTOY ICIGPVTHE - - -VLNMLACWIEDPNSEAFKLHIPRWYDY LWLAEDGMEMQGYNGSQLWDTA- - -
AS-CAS IDWDSARNLCAKEDLYYPHPLIQDILWATLHKFVEPYMMHWPGHKL -REKALNHVMOQHYHYEDENTRY ICIGPVNK - - -WVLNMLTCWIEDPHSEAFKLHIPRVHDY LWVAEDGMEMOQGYHGSQLWDTA- - -
05-05C2 VOWDKARNLCAKEDLYYPHPFVODVLWATLHKEFVEPAMLRWPGHNKL -REKALDTYVMQHIHYEDENTRY ICIGPVHNK - - -VLNMLACWIEDPNSEAFKLHIPRVHDYLWIAEDSGMEMOQGYNGSQLWDTA- - -
05-05C71 INWDKARNQCAKEDLYYRHPLGOD ILWATLYKFWVERPYLSHWPGSKL -REKALKNAMOQHIHYEDENTRY ICSGAVOQHK - - -VLNMLSCWIENPHNSEAFRFHIPRWHDY LWYAEDGMEMQGY NGSQLWDTA- - -
DZ-CAST INWHLARNQCAKEDLYYPHPLVQDILWASLHKEVVEPILLRWPGSRL-REKALHSTMQHIHYEDENTRY ICIGPVHNKE - - -VLNMLCCWWEDPNSEAFKFHLPRIYDY LWWVAEDGMEMQGYNGSQLWDTA- - -
AM-O5C WOWHAARNQCAKEDLYYPHPLIQDILWTTLHEKCWEPILMRWPGGKL -RGKALKTYVMEHYHYEDENTRY ICLGHFSK - - -VLNMLCCWWEDQNSEAFKLHLPRLNDY LWIAEDGMEIQGYNGSQLWDTA- - -
C5-CASI LDWHKARNECAKEDLYYPHPFIQDVLWASLHKFWVEPILMHWPGS KL -REKAVNTAMOHYHYEDENTRY ICIGPVHNK - - -VLHNMLCCWIEDPHNSEAFKLHLPRYVMDY LWLAEDGMEMRGYHNGSEQLWDTA- - -
KC-CAS IDWHNEARNLCAKEDLYYPHPLVODLLWAFLDKAIEPILMHWPGKKL -REKALQSVMEHYHYEDENTRY ICIGPVNK - - -VLNMLCCWVEDPHNSEAFKLHLPRIYDYLWIAEDGMEMOQGYHNGSQLWDLS - - -
R5-CAS IDWHDARNLCAKEDLYYPHPLVODLLWAFLDKAIEPFLMRWPGKKL -RERAFQSYVMEHYWHYEDENTRY ICIGRPVHNE - - -VLNMLCCWWEDPHNSEAFKLHLPRIHDY LWIAEDGMEMQGY NGSQLWDLS - - -
RC-CAS IDWHQARNQCAKEDLYYPHPMLOQDVLWATLHKFWVEPILMHWPGKRL -REKAIQTAIEHIHYEDENTRY ICIGPVHNKE - - -VLNMLCCWWEDPNSEAFKLHLPRLYDY LWLAEDGMEMQGYNGSQLWDTA- - -

BP-CAS2 IDWHQARNLCAKEXLYYPHPLVQDILWASLHKLVEPYLMRWPGKRL -REKALRTYLEHIHYEDENTRY ICIGPVNKE - - -VLNMLCCWWEDPNSEAFKLHLPRINDY LWIAEDGMEMQGYNGSQLWDTA- - -
AT-CASI VHWHEARNLCAKEDLYYPHPLVODI LWASLHKIVEPYLMRWPGANL -REKAIRTAIEHIHYEDENTRY ICIGPVHNK - - -VLNMLCCWWVEDPNSEAFKLHLPRIHDFLWLAEDGMEMOGYNGESQLWDTG - - -

PC-CAS IDWHNQARNLCAKEDLYYPHPLIQDILWASLDKEVWEP IFMHWPAKKL -REKSLRTVMEHIHYEDENTRY ICIGPVNK - - -VLNMLCCWVEDPHNSEAFKLHLPRLHDFLWLAEDGMEMOQGYNGSQLWDTA- - -
CA-CAS IDWHQARNLCAKEDLYYPHRPLVOD ILWASIDKWVLEPILMRWPGKKL -REKALRTYMEHIHYEDENTRY ICIGRPVHNE - - -VLNMLCCWAEDPHNSEAFKLHLPRLYDFLWLAEDGMEMQGY NGSQLWDTA- - -
BK-CAS IDWHQARNQCAKEDLYYPHPLLQDILWDSLDKVWEPIFMHWPAKKF -REKSLCTYMEHIHYEDENTOQY ICIGPWVHNK - - -VLNMLCCWWEDPNSEAFKLHLPRLDDFLWYAEDGMEMQGYNGSQLWHNTA- - -
PS-CAS IDWHNQARNLCAKEDLYYPHPLVOD I LWATLHKFWVEPYFMNWPGKKL -REKAIKTAIEHIHYEDENTRY ICIGPVNK - - -WVLNMLCCWVEDPHSEAFKLHLPRIYDYLWVAEDGMEMOQGYHGSQLWDTA- - -
CG-CAS IDWHNQARNLCAKEDLYYPHPLVOD I LWASLHKFLEPILMHWPGKKL -REMAIKTAIEHIHYEDDNTRYLCIGPVNK - - -WVLNMLCCWVEDPHSEAFKLHLPRIYDYLWIAEDGMEMOQGYHGSQLWDTA- - -
LI-CAS IDWHNQARNLCAKEDLYYPHPLVOD I LWASLHKEVVEPYLMOWPGKKL -REKAINSVMEHIHYEDENTRY ICIGPVNK - - -VLNMLCCWVEDPHNSEAFKLHLPRIYDYLWIAEDGMEMOQGYNGSQLWDTA- - -
SL-CAS WOWDKARNECAKEDLYYPHPLVOD IMWATLHKEVWEPILMHWPGKRL -REKALRTYMEHIHYEDENTRY ICIGRPVHNKE- - -TINMLCCWWEDPHNSEAFKLHLPRIHDYMWYAEDGMEMEGY NGSQCWDTS - - -
OE-CAS IDWHVARNQCAKEDLYYPHRPLIQD ILWASLHKLLEPILMRWPGKKL -REKALRTYIEHIHYEDENTRY ICIGRPVHNE - - -VLNMLCCWWEDPHNSEAFKLHLPRWYDY LWLAEDGMEMQGY NGSQLWDTA- - -

PT-CAST INWDHARSQCAKEDLYYPHPLLODL IWTSLHKGIEPILMRWPGKKL -RDKALRTAMEHIHYEDENTRY LCIGRPVHNE - - -ALNMLCCWWEDPHNSEAFKLHIPRIYDY LWIAEDGMEMQGY NGSQLWDTA- - -
BP-CAST IDWHKEARNDCAKEDLYYPHRPLYVOQD ILWASLYYAYEPIFMYWPAKRL -REKALDTYMQHIHYEDENTRY ICIGRVHNKE - - -VLNMLCCWAEDPNSEAFKLHLPRILDY LWIAEDGMEMQGYNGSQLWDTT - - -
CP-CAS WOWHKARNQCAKEDLYYPHPLVQDILWATLHHVYEPLFMHWPAKRL -REKALQSVMQHIHYEDENTRY ICIGPVHNKE - - -VLNMLCCWAEDPHSEAFKLHIPRIYDYLWIAEDGMEMQGYNGSQLWDTA- - -
LC-CAST VOWHKARNECAKEDLYYPHPLVQD IVWASLHHVYEPLFMRWPAKRL -REKALQCVMQHIHYEDENTRY ICIGPVHNKE - - -VLNMLCCWWEDPHSEAFKLHIPRIFDYLWIAEDGMEMQGYNGSQLWDTA- - -



FSELOQWMLAYQDVDDD -DDEIRSTLIKGYSFLNKSQLTQNPPG -
MSLHFLLDGVED -DV-DDEIRSTLVKGYDYLKKESQWTENPRS -
LSLHALLDGIDDHDY -DDEIKETTLVEGYDYLKKSQITENPRG -
FVLQWVMLAA----DV-DDEIRPTLIKGYSYLRKSQFTENPPG -
LSLHYFIDGFDD-DV-DEEIRSTLLKGYDYLEKSQWVTENPPG -
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R5-MTS1 FAIQALLAT-
BG-bAS FAIQALLAT-
ET-bAS FAIQALLAS-
BP-bAS FATIQALLAS-
PC-BAST FSIQALLDS-
BK-bAS FGLOQALLAT-
PC-BASZ FAIQALLAS-
VH-bAS FAVQALLAS-
GP-bAS FAVQALLAS-
AA-bAS FAIQALLAT-
AstS-bAS] FAIQALLAT-
P5-MTS LITQALLAT-
LI-MTS FAVQALLST-
MT-BAS1T FAVQALLAA-
GG-bAS FAVQALLAT-
Chi-bAS FAVQALLAT-
LI-bAS FAVQALLAT-
PT-bAS FAVOQALLAA-
P5-bAS FAVQALLAT-
NS-bAS FALHGLLAS-
CE-bAS FAIQALLAS-
SR-BOS LAIQALLAT-
AT-LUPI FAIQALLAS-
AT-LUP3 FAVQALLAS-
AT-LUP2 FAIQALLAC-
AT-bAS FAMQALLAS -
AT-Cams FALQALWVAS-
LC-TMS LAMOQALLSC -
RC-LUS LALQALIAS-
ET-0O5C FGLOQALIAS-
KC-MTS FVLQALIAS-
BG-LUS FWLQALIAS-
RE-MNTE2 LSIQALIAC-
AT-MTS
AT-ARS
AT-THAS
AT-PEN3
AT-BARS1
AT-MARS LELQWVMLAA-
CA-bAS LATQAWVMST -
OE-MTS LATQAWVIAT-
PC-DAS LATQAIIAT-
TO-LUS FAIQAIFSS-
QE-LUS FAIQAILSS-
BP-LUS FAIQAILSC-
LI-Lus FAIQAILSG-
CG-LUST FAIQAILAC-
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-HNL-TDEIGSGWVLRRGHDFIKKESQWVQDNPSG - -DFESMYRHI S KG SWT|
-HNL-TDEIGSDVLRRGHDFIKKSQWRDNPSG - -DFESMYRHI S KG SWT|
SHL-TEEIGQVLKKGHDFIKKESQWVKENPSG - -DFESMHRH I S KG SWT|
-NL-TDEIGPTLARGHDFIKKSQWVKEDNPSG - -DFESMHRH I S KG SWT)
-DL-THEIGPTLMKGHDFIKKSQWVKEDNPEG - -DFESMYRHI S KG SWT)
-DL-TDELGPTLKRGREFVKEASQWVEDNPSG - -DFESMYRHI S KGSWT)
-DL-IDEIRPTLMEGHDFIKKESQWVKENPSG - -DFESMHRH I S KG SWT|
-HLSLDEIGPALKKEGHYFIKESQWVKEDNPSG - -DFESMHRHI S KG SWT|
-HLSLDEIGPTLKEKGHFFIKESQWVKEDNPSG - -DFESMHRHI S KG SWT|
-DL-TDEIGSTLMKGHEFIKASQWVKEDNPEG - -DFESMHRH I S KG SWT)
-DL-TEEIGSTLKKGHEFIKASQWVKEDNPEG - -DFESMHRHI S KG SWT)
-HL-ITEDVGSPILTEAHEFIKKESQWRDNPSG - -DFESMYRHI S KG SWT|
-HNL-IDELSPALAKGHDFIKNSQWVKEDNPSG - -DFEKSMHRHI S KGAWT
-HL-MNDEIEPALAKGHDFIKKSQWTENPSG - -DFESMHRHI S KG SWT|
-HL-VEEIAPTLAKGHDFIKKESQWRDNPSG - -DFESMYRHI S KGSWT|
-NI-IEEIGPTFAKGHDFIKKSQWVKEDNPFG - -DFESMHRHI S KG SWT)
-NL-YDELGPTLAKGHDFIKKSQWVRDNPEG - -DFENMHRHI S KG SWT)
-HNL-YDEIAPVLAKGHDFIKKESQWVKEDNPSG - -DFEKSMHRHI S KG SWT|
SHL-TIEEIKPALAKGHDFIKKESQWTENPSG - -DFESMHRHI S KG SWT|
-HL-HDEIWDTLNEGHDYVKQSQWVKDNPSG - -DFRSMHRHL S KGSWT|
-DM-TEEITDTLRKGHDFIKHNESQWVKENPSEG - -DFESMYRHMS KG SWT)
-DL-NHDIEPILRKGHDFIKASQWVKEDNPEG - -DFESMYRHITKG SWT)
-HNL-PODETDDALKRGHNY IKASQWRENPSG - -DFRSMYRHI S KGAWT
-DP-ROETYDVLRRAHDY IKKSQWRDNPSG - -DFESMYRHI S KGGWT]
-DL-SDETDDVLREGHSFIKKSQWVRENPSG - -DFESMYRHI S KGAWT|
-HL-SSEISDVLRRGHEFIKNSQWVGENPSG - -DYKESMYRHI S KGAWT|
-NL-WMNEIPDVLRRGYDFLKNSQWVRENPSG--DFTHMYRHI S KGSWT]
SNI-TREIGSVLHNSGHDFIKNESQWVRHNNPPG - -DYKESMFRYMS KG SWT)
-DL-SHEIGPTLEQGHVFTENSQATENPSG - -DFREMFRH I S KGAWT|
-HNL-SDEIGPILMNHGHNFLENSQWTENPYG - -DHESMFRHI S KGAWT
-HL-LSETAPTLEKGHNFIKDSQWTENPSG - -DFRRMFRHI S KGSWT|
~HL-PSETGPTLEKGHNFIKNSQVTQNPSG - -DFRRMFRHI S KGSWT)
-ML-IEEMGPTLKKGYDFLEKNSQAKDNPPG - -DFERMYRHFGKGAWA
-DHREMLED I AKGGWT
SDHIEMFRHI S KGGWT
-DHFEMFRHKTKGGWT
-DYINMFRD IS KGGWS
SDYMEMFRHMAKGGWT
-DHLEMFRD ITKGGWT
SDYASMCRYFTEGSWT
SDFESMYRHFTEGAWT

-MM-DDEIRSTLIKGYDFLKQSQISENPQG -
-GM-WDEYGDCLKKAHFYIKESQCKKNPSG -
-GM-WEEYGDCLKKAHFYWVKESQIKENPAG -
-HM-WEEYGDSLKKAHFFIKESQIKENPRG - -DFLEMCRQF T KGAWT
-ML-TEEYGPTLKKAHEFVKASQVRDNPPG - -DFS5KMYRHTS KGAWT
-NL-AEEYGPTLMKAHNFVKASQVQENPSEG - -DFNEMYRHTS KGAWT)
-NL-NEEYWPTLRKAHEFVKASQVPENPSG - -DFEKAMYRH I NKGAWT
SNYW -SEEYGPTLKKAHHFVKASQWVRENPSG - -DF KAMYRH I 5 KGAWT,
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SNV -SEEYGPTLREKAHHFVEKASQWVRENPSG - -DFNAMYRHI S KGAWT|
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SDQDHGWQV
SDQDHGWQV
SDQDHGWQV
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SDQDHGWQV
SDQDHGWQV
SDKDHGWQV
SDQDHGWQV
SDQDHGWQV
SDQDHGWQV
SDQDHGWQV

SDQDHGWQV
SDQDHGWQV
SDQDHGWQV
SDQDHGWQY
SDQDHGWQT
SDROHGWQV
SDROHGWQV
SDRODHGWQV
SDRODHGWQV
SDRDHGWQA
SDCDHGWQV
SDKDQGWQV
SDKDHGWQV
SDKDHGWQV
SDKDHGWQV

SDQDQGWPRV
SDKDQGWPV
SDQDQGWPV
SDKDQGWPV
SDQDQGWP Y
QDREQGLPI
SDQDQGWV Y
SDQDQGWV Y
SDQDHGCVV
SIQDHGWQV
SMQDHGWQV
SMQDHGWQV
SMHDHGWQV
SMHDHGWQV
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DCTAE
DCTAE
DCTAH
DCTAH
DCTAH
DCTAH
DCTAE
DCTAH
DCTAH
DCTAH
DCTAH
DCTAE
DCTAE
DCTAH
DCTAH
DCTAH

DCTAE
DCTAE
DCTGH
DCTAH
DCTTH
DCTAEH
DCTAEH
DCTAH
DCTAH
DCTAH
DCTAH
DCTAE
DCTAE
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DCTAH

DCTAEH
DCTAEH
DCTAH
DCISH
DCTAH
DGTAH
DCTAE
DCTAE
DCTAH
DCTAH
DCTAH
DCTAH
DCTAE
DCTAH
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GLECCLLFSMMPPE IVGEHMEPERLYDSWNYWLLSLOSK - NGGLSA
GLECCLLFSMMPPE IVGEHMVWPERLYDSYNWLLSLOSK-NGGLSA
GLECCLLFSMMPPE IVGEKEMDAQHLYMAWVNILISLQSK-NGGLA
GLECCLLFSIMPPEIVGEKMEPEQLYDSVNWLLSLQSK-NGGLA
GLECCLIFSTMPEEIVGKKIKPERLYDEVNWLLELQRK-NGGLS
GLECCLLFSMMSPEIVGKKFEPERLYDSYNLLLSLOSK-HGGLAA
ALECCLLFSEMPTE IVGDEMEDNQLFDAYVNMLLSLOSK - NGGLAA
GLECCLWLSTMPPEIVGEKMDPERLYDSWMNILLSLQSE-NGGLS
GLECCLWLSTMPPEIVGEKMDPERLYDSWMNILLSLQSE-NGGLP
ALKCCLLFATMPPE IVGEKMKPEQLNDAVNYILSLQSK-NGGLA
GLECCLLFSMMPPEIVGEHMKPEQLKDAVNYILSLQSK-NGGLS
SLECCLLLSMLPPEIVGEKMEPEMLYDSYNILLSLOQGK -KGGLPA
GFECCLLLSMLPPEIVGEKIEPERLFDTWHNLLLSLQSK -KGGFA
GLECCLLLSMLPPEIVGEKMEPERLYDSWNWLLSLQSK -KGGLA
GLECCLLLSMLPPEIVGEKMEPERLYDSWHNWLLSLQSK-KGGLS
GLECCLLLSEMLPPEIVGEKMEPERLYDSEVNYLLELQSK-KGGLA
GLECCLLLSEMLPPDIVGEKMEPECLFDSVNLLLELOSK-KGGLA
GLEVCLOMSLLPPEIVGEKMEPERLFDSYNYWLFSLOSK - KGGLAA
GLECCLLLSLLPPEIVGEKMEPERLFDSWNLLLSLQSK -KGGLA
GLMVCLLMSQLSPEYVGPKEMEPEGLYDSWNILLSLQSK-NGGLA
GLECCLLLETMPQEIVGERIELERIYDAVNILLELQSK-HNGGLPG
GLECCLLLSKMSAEIVGEKMQPEQFYDAVNLILSLQCK-HNGGEAG
ALECCLLLEMMSAD IVGQEIDDEQLYDSYWNLLLSLQSGE - NGGWVHNA
AAEKCCMLLSETMPTDITGEKINLEQLYDSYNLMLSLQSE - M
ALECCMLLEMMPAEVVGQKEIDPEQLYDSWNLLLSLQGE -
GLECCLLFSMLAPDIVGPKQDPERLHDSWYNILLSLQSK-N
SFECCLLLSMIPPDIVGPKMDPEQLYEAVTILLSELQSK-N
MLECCLLLSLLPPDIVGEKMEPERFYDAVHNYILNMQSK -
SLECCLLFSMMPPRE IVGEKMEPEKVYDSYNYILSLOSG-
SLECCLLFSLMPSEIVGEKLEAGKLYDAVNILLSLQSE -
SLECCLLFSMMPPELVGREMEPQRVYDAVNWIISLQSK-
SLECCLLFSMMPPELVGEKMGPOQRMYDAVHNWIISLQSK-
SLMCCLHFSMMPPE IVGEKLEPEKLYLAVDFILSLQSK -
SLECCLYFGSMPSELIGEKMDVERLYDAYNLLLYFQSK-N
GLECCLLFERMPSEFVGQEMDWVEKLFDAVDFLLYLQSD - N
SLECCLFFESMPSELIGKKEMDWVEKLYDAVDYLLYLQSD - N
SLECCLIFESMSSEFIGEKMEWVERLYDAVHMLLYMQSRE - N
SLECCLFFESMSSEFIGKKMDVEKLYDAVDFLLYLQSD - N

ALECLLLLSQMPQD IVGEKPEVERLYEAWVNWLLYLQSRVEGGFA
GLEWSLLYSOMHPKLVGEKVETEHLYDAVNWILSLQSE -NGGFP
GLEAALLFSOMPIELVGAEIETGHLYDAVNYILTLQSA-S5GGFP
GLEVAILFSOMPPDLVGEKIEKERLYDAVNYILSLQSS-NGGFP
GLEVALLLSEMSDD LVGAKMETEQFYDAWNYILSLQSS5-NGGFPR
GLEAALLLSEMPSELVGGKEMETERFYDAWVNWILSLQSS5-MNGGFP

EPAGAQEWLE
EPAGAQEWLE
EPAGAQEWLE
EPAGAQEWLE
EPAGAQEWLE
EPAGAQEWLE
EPAGAQEWLE
EPVSAPEWLE

EQAGAGSWME
EPAGAGSWME
EPARGGHKWLE
EAARGRTWLE
EPADGKTWLE
QPVEGKAWLE
EAASGKKWLE



O5-05C7
05-05C12
05-05C3
05-05C4
05-05C11
58-05C2
05-05C0%9
05-05C10
ZM-CAS
05-05C8
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LTVEALWAT -
FAVQAILAC
LITQAFCAT -
FITQAFCAT -
FIIQAFCAT-
LITQAFLSA-
LIVQAYCSS -
LIVQAYCST -
LIVQAFCST -
FIVOAICST-
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-DL-VEELGPTLERAHSFLENSQLLDNCPR --DFHNRWYRHISEGGWT]
-EI-AEEFGESTLEKAHGFIKTEQIMDNPEG - -DFSREYRHISKGGWA
SDL-VHNEYASTYQRAHEFMENSQVWRNHPG - -DQSYWHRHR 5 KG SWT
-DL-VMNEYASTVQRAHEFLENSQWVWRNHPG - -DQSYWHRHR 5 EGSWT]
-DL-VNEYGSTYRRAHEFMKNEQIMRNHPG - -DOQSYWHRHR S KG SWT|
SDI-ANDYGRPTYERALTY IKKAQVWRNPPG - -DP SYWWRHR S KGSWT
-GL-TEEFAATLRKAHDFIKNSQWVTENCP - - -5Y¥S55FYRERSKEGSWT]
SGL-TQEFSETIKKAHDFIKNAQVTENCP - - - NYKRYYRERSKGSWT
-GL-TEEFCSTLQKAHQFLENAQWVIENIP - - -DYKSYYRERTEGSWT]
-GL-WDEFSTTLEKAYGFLKNSQWLHDLP---NGKSFYRHRSKGSWT|
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TTADDGWQV
QVADQGWQY
SSAD HGWAV
SSAD HGWAW
SSADHGWAW
STVD HGWAS 5
THGEHGWP T o
SHGENGWP I A
SHGENFWP I
STADHGWS VP

DCTA
DCTAE
OTTAE

DTTAE
OTLAE
DTTAE
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ALKACLLLSRISPEIVGEPLEIDAQYDAVNCLMSLMND -NGGFSA
ALKALLLLSKCLEDGADYQMETYCYFDAVHYLLELOQHNP -NGGEYGEA
ALKAVLLLTKISSSMYGDPIERERLYDAVDCLLSFVHK -DGTIST|
ALKAVLLLTKISINYYGDPIERERLHDAVDCLLSFVNK-DGTWVST|
ALKAVLLLEKISSNYYGDPIEIERLHDAVDCLLSFVHNEK-DGTLET]
ATKTLMLLSKIYPELHENQEEDEWLLNAVDCLLSFMHNK -DGSWVCT|
CLEKATILLLSKIPSNQWGDSIKEERLFDAVDCLLSFVHK-DGTLSS
CLEAVLLLSKIPPTQWGDPIQEQRLYDAIDCLLSYVHKE -DGTLSS
ALKATLLLSNIPSELVWGDPIKQERLYDAVDCLLSFVHNK-DGTLSS

DCTGETLOALLGLSKISPKEKLYVGDPIKEKSLYDAVDCLLSFSHIK-DGTFS S|
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ELWVRSMNTWLE
ELARTYPWME
ECKERTSTWIE
ECERTSTWIE
ECKRTYTWIE
ECQRTYSWLE
ESERTTPWWVE
ESKRTTPWVE
ECERTTSWWVE
ECTRTASWTE

AS-BAS

FITHAYCST

-DL-TSEFIPTLEKAHEFMENSQWVLFNHP - - - NHESYYRHR 5 KGS5SWT

SSVDHNGWSWVEHDCTAE

AVEKALLLLSKISADLYGDPIKQDRLYDAIDCILSFMHNT-DGTF ST

ECKERTFAWLE

SB-05C1
TA-O5C
05-05C5
05-05C8
C5-MTS
PG-LAS
TO-08C
CP-05C
LC-O5C
LI-LAS
AT-LAS
CP-Cuf
DD-CAS
SA-CAS
CR-CASI
FP-O5C
Abr-CAS I
AC-CAS
S58-05C3
S8-05C4
A5-CAS
05-0502
05-05C1
DZ-CA51
AM-O5C
C5-CAS?
KC-CAS
RE-CAS
RC-CAS
BP-CAS2
AT-CASI
PG-CAS
CA-CAS
BK-CAS
P5-CAS
GG-CAS
L1-CAS
SL-CAS
OE-CAS
PT-CAST
BP-CASI
CP-CAS
LC-CAS?E

FIVQAYCST -
FIVQAYCST-
FIVQAYCST -
FIVQAYCEST -
FAVQAIWST -
FAVQAILST -
FEVQAIVAT-
FAITQAIWAT -
FAVQAVVAA
FSEVQAILAT-
LAVQATILAT -
FEIQAIVAT-
FTIQAFMES -
FAVQAAVAT -
IAAQATAEA-
FAVQALAAT -
FATQALIST-
FAVQALIST
FAVQAIWVAT
FAVQAIVAT
FAVQAITAT -
FTVQAIWVAT -
FTVQAILAT-
FTVQAIWVAT -
YAVQAIILAT -
FTVQAIIST-
FAVQAITAT -
FAVQATAAT -
FAVQAIWST
FAVQAIILIST -
FAIQAILAT-
FAVQAIIST -
FAVQAIILIST -
FAVQAIIST -
FAAQATIIST-
FTAQAIISS -
FAAQATIIST-
FAVQATIAT
FTVQAILST-
FAVQAIISS -
FAVQAIIST-
FAVQAIIST-
FAVQAIMSET -

SGL-VNEIGSTLREKAHEFIKSSQICENHP - - -DYKTYYRHKS EGSWT]
-DL-VNEFGPTLRKAHEFIKSSQWLENHP---NSETYYRHRSKGSWT|
-DL-VNEFSQTLIKAHEFIKEMSQWVLENTPR - - -DHNEAYYRHR S KGSWT
SDL-VNEFSQTLTKAHEFIKKSQWVLENHP - - -DYEAYYRHR S EGSWT]
-WL-SEEFGPTLEKAHEFVKENSQILEDCPG - -DLHNYWYRHISKGAWT
-GL-VDEYGSMLEKAHDFIKISQWVREDSPG - -NLSSWHRHISKEGGWH
-ML-VDEYSSMLHKAHDFIKNEQWKKNSSG - -NEQSWYRHI SR GGWH
-DL-VEEYGSYWLKEKAHDFVKENSQVRRNGFGODDDPSDWYRHNS KGGWH
-DL-VEEYGSWLEKAHDFVENSQWVRRNGLG - -DSSDWYRHISKEGGWH
-ML-DDEYGSMLKRANEFIKCSQITTNSSS - -NPSAWYRHISKGSWJ
SHL-VDDYGLMLEKAHNY IKNTQIRKEDTSGE - -DPGLWYRHPC KGGWG
-KL-VDEYAPTLREKAHDFVKDEQIQEDCPG - -DPHNVWFRHIHEGAWH
SGI-ANQFQDCMELAGHYLDISQWVPEDAR - - -DMEHYHRHY 5 KGAWH
-GE-VERCRPMLAEAARFIEANQVLEDTP---EPERFFRHPSEGGWH
-GL-LOVEGHCLRKAHEYVEQSQWIEEAAA- -PLEAYYRHISKGAWH
-KL-PDESMSMLEKANSY IDNSQVREDSPG - -DMAYWYRHI S KGAWH
-WL-LDDCGPLLEKAHIYIERSQVQEDCPG--DLHNFWYRHISNGAWH
-GL-LETCGPMLEKAHHFIDREQWVRNDCPG - -DLOQFWYRHI S KGAWH
-WL-TEEFGPTLELAHNY IKNSQVLDDCPG - -DLDDWYRHTS KGAWH
-ML-IKEFGPTLEKLAHSYIKNSQWLDDCPG--DLNDWYRHTSKGAWH
-GL-IDEFAPTLELAHNFIKNSQVLDDCPG - -DLSYWYRHISKGAWH
-GL-ITEEFGPTLELAHGY IKKTQWVIDDCPG - -DLSQWYRHISKEGAWH
-ML-IEDFGPTIKLAHGYIKNSQLLHDCPG--DLESYRYRHIYKGAWT|
-DL-SEEFGPPLEKAHDY IKNTQVLEDCPG - -DLSFWYRHISKGAWH
SGF-SMNEFGTTLEKAYKYVEDSQWVLEDCPG - -DLSYWHRHISKEGSWH
-DL-FEEFGLALTKAHEFIKKTQWLEDCPG--DLNFWYRHISKGAWH
SHL-VEEYGPTLEKAHSFVENSQWVLEDCPG - -DLNSWYRHISKEGAWHR
-ML-VEEYGPTLEKAHSFVKSESQWPEDCPG - -VLNEWYRHI S KGAWH
-WL-TEEYGPTLEKAHSFIKEMQWVLENCPG - -DLHNFWYRHISKGAWH
-WL-FEEYGPTLEKAHMY IKKSQWVREDCPG - -DLDFWYRHISKEGAWH
-ML-VEEYGPYLEKAHSFVKNEQWLEDCPG - -DLNYWYRHISKGAWH
-HL-AEEYGPTLREAHTFMENSQWVLDDCPG - -DLDAWYRHWS KGAWH
-SL-TEYCGPTLREKAHTFMEDSQWVLDDCPG - -DLDFWYRHI S KEGAWH
-HL-IEQYSPTLEEKAHLFIKNSGWVLDNCPS - -DLETWYRHI SKESAWF
-ML-IDEFGPTLEKAHAFIKNESQWSEDCPG- -DLSKWYRHISKGAWH
SHL-TEEYGPTLREAHTYIKNESQWLEDCPG - -DLSKWYRHISKGAWF
SML-TEEYGPTLREAHTFIKNESQWLEDCPG - -DLHNKEWYRHI S KGAWF
-GF-GEEYGSTLREKAHSFLTNTQWLDNCPG - -DLDFWYRHISKGAWH
-KL-GEEFGPTLRKAHTYIKNESQWLEDCPG - -DISSWYRHISKGAWH
-ML-GEEFEWTLRKAHAYIKNTQWLEDCPG - -DLHHWYRHISKGAWH
SHI-AEEYGQTLRKAHEYIKDSQWLEDCPG - -DLNFWYRHISKGAWH
~EL-AEEYETTLREKAHKYIKDESQWLEDCPG - -DLOQSWYRHISKGAWH

SKL-AEEYGTTLREKAHKYIKDEQWLEDCPG - -DLOQSWYRHI S KGAWH
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STADNGWS WV
STADHGWSW

STADNGWCW

STADNGWCW

STADEGWPY

STPDHNGWPW

STPDHGWPV

STRPDHNAWPY

STPDHNGWPW

STPDHGWPV

STGDHNPWPW

STRODHGWLI

STVDHGWPISDCTAE
STRDHGWPISDCTAE
SERDHGWPISDCSSE
SSRODHGWPISHDCSSE
STRDHGWPISDCSSE
STROHGWPISDCTAE
STADHGWPISDCTAE
STADNGWTVEHDCTAE
STADHGWPISDCTAE
STADHGWPISDCTAE
STADQGWAVEDSTAE
STADHGWTISHDCTAE
STADQGWLVHDCTAE
STADHGWP I
STADHGWP I
STADHGWP I
STADHGWP I
STADHGWP I
STADHGWP I
STADHGWP I
STADHGWP I
STADHGWP I
STADHGWPI
STADHGWPI
STADHGWPI
STADHGWPI
STADHGWP I
STADHGWP I
STADHGWP I
STADHGWP I
STADHGWP I

DCTAE
DCTAE
DCTAE
DCTAE
DCTGE
DCTAE
DCTAE
DCTSE
DCTSE
DCTAE
DCTAE
DCTAE

DCTAE
DCTAE
DCTAE
DCTAE
DCTAE

AVKALMLLSKISPDLYGEPIEGQSLYNAVDCLLSY VNN -DGTFST|
ALKALLLLSEKISPNLYGDPVKGERLHDAVDCLLSEFMHNK-DGTFST]
ALKALLMLSKISPDLAGDAINGERLYDAVDGMLSFMHNK -DGTF ST
ALKALLMLEKISQDLYGDPIDGERLYDAVDGMLSFMMNE -DGTF ST|
GLEAVLLLSMISPEIVGDPLDERRLYDAVHNLLLSLMHNK -HNGGF AT
GLKAALLLSMMPFDIVGEAISPVHLYDAVHNWILSLQNC -TGGFAS
ALKTVLMLEQMPHD IWNGEATAPECLYDAVHNYILSLONSE -DGEFAT
ALKVAIMMSEQMPPTMYWGE PMD IR KLYDAVDLILSLOQNS -NGGFAS
ALKVAILLSKMPSTMYGEP IDVDKLYDAVHNLILSLQNP-NGGFAS
GLKAAILLSNFPSETYGKAMETEKLYDAVEWYVLEMOQNE - NGGF A
ALKAALLLSOMPYVNLYGEPMPEEHLYDAVHNFILSLOQHNK -NGGFAS
GLEASLMLSKLPSTMYSEPLEKNRLCDAVHNYLLELQHND - NGGFAS
GIKSALALRSLPFI---EPISLDRIADGINYLLTLQNG-DGGWAS
GLKASLALEPLGLM----RVPQARLQDAVQFILSMQNK -DGGWAT)|
GLEAALTLALLPEELYSPAISPERLYDCVHNYILSEYQHNR -DGGMAT
GLKATLILADFPEKELYWGHNPIAAERLYDAVHNYILSYQHNE -DGGSAT
GLEKAALALSQLPQDIVGKEPIPSQRIFDCWVHNLMLSMQNS -DGGF AT

GFKAALALSQLPEDIVGESLQAERFYDAVHTMLEY QNG - NGGVAT
GLKASLLLSKISPEIVGEPVEANRFYDAVSCLMSYMHND - NGGF AT|
GLKASLLLSKISPEIVGEPVEANRFYDAVECLMSYMHND - NGGFAT]
GLEKAALLLSKISPEIVGERPVEVHRLYDAVHNCLMSWMHN-HNGGF AT
GLKAALLLSKISPDIVGEAVEVNRLYDSVHNCLMSYMND - NGGF AT|

GLKASLLLSKISLEIVGEPLKVHNRLYDAVHCLLSEWMHNN-NGGFAT]
GLKASLLLSRISPEIVGERPVDAKRLYNAVHNYILSLMNE -DGGF AT
GLKAALLLSKISPEIVGDPIVANRLYDAVNVILSLEKNP-GGGFAS
GLKAALLLSKISPEIVGDPLDGKSLYDAVHNYILSLMHNN-DGGFAT]
GLKAALLLSKISSEIWVGEPLSENQLYDAVNYLLSLQNG-DGSYAT)|
GLKAARLLSKISSVIVGEPLSANRLYDAVHNILLSLONY-DGGYAT]
GIKALMLLSKIPSEIVGEGLNANRLYDAVHNYYWLSLQNG-DGGF PT|
GLKAALLLSKIPPDWWGEPLVEERLYDAVNYILSLQNA-DGGFAT)|
GLEKAALLLSKVPKEIVGEPIDAKRLYEAVHNYIISLONA-DGGLAT]
GFKAVLQLSKLPSELYWGEPLDAKRLYDAVNYILSLQNS -DGGY AT
GFKAVLLLSKFPAELWGEPLDAKRLYDAVNYILSLQNS -DGGYAT)|
GFKEAALLLSELPSEVWYSEPLDTERLHDAVHYILSLGQHM-DAGSYAT|
GLEAVLLLSKIAPEIVGEPLDSKRLYDAVHWILSLONE -NGGLAT]
GLEKAVLLLSKIAPEIVGEPLDAKRLYDAVHNWILSLONE -DGGFAT]
GLEKAILSLSKIAPDIVGEPLDAKRLYDAVHNWILSLONE -DGGLAT]
GLEKAVLLLSKLPSEMYVGNPLEAKRLYDAVHNWLLSLONS -GGGFAT]

GLEKAVLLLSKLPTAIVGEPLDARRLYDAVHNYWILSLQND -GGGFAT]
GLKAAPLLSKFPSKMVGEPLDAKRLYDAVHNYILSLOQNP-DGGFAT]
GLEKAVILLEQFPSETVGKSVDVKRLYDAVHYILSLOQNT-DGGFAT]
GLEKAVLLLSKLPSEIVGKSIDEQQLYNAVHYILSLOQNT-DGGFAT]

I

GLEKAVLLLSKLPSEIVGKSIDEEQIYDAVHNYILSLONT-DGGFAT]

e

ECERTTPLLE
ECKRTTSLLE
ECERTTHWLE
ECKERSTPWLE
ELTRSYAWLE
ELTRSYAWLE
ELTRSYSWLE
ELTRSHPWLE
ELTRSYPWLE
ELTRSYAWLE
ELTRSYPELE
ELTREYPWLE
ENTRGPKWLE
ELQRGPLALE
ENTRESFHWLE
ERTRSYPWLE
ELTRSYPWLE
ELTRESYPWLE
ELTRSYPWLE
ELTRSYAWLE
ELTRSYAWLE
ELTRSYAWLE
ELTRSYAWLE
ELTRSYAWME
ELTRSYAWLE
ELTRSYAWLE
ELTRSYSWLE
ELTRSYSWLE
ELSRSYSWLE
ELTRSYPWLE
ELTRESYPWLE
ELTRSYSWLE
ELTRSYRWLE
ELTRSTaGWLE
ELTRSYTWLE
ELTRSYTWLE
ELTRSYSWLE
ELSRSYPWLE
ELTRESY SWME
ELTRESYPWLE
ELTREYHWLE
ELTREYRWLE
ELTRESYPWLE
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Appendix 5

Frame 6 B

Qo o "

TESSATHALVLFEKLYPGH-RKKEIEDFIAKSVRFLESIQTSDGTWY G MWGWC FTYSGTWFALGG LAAAGKTYNSCLAMR|IKAWVDFLLRIQ - KDDGGWSESYLSCPEK - - - - - -

RE-MT51 LLHPTEFFA VIEHEYWE

BG-bAS LLHPTEFFA VIEHEYWECTSSAIHALVLFEKLYPGH-REKEIDNFIVINAVRYLESIQTSDGGWY S WS VCFTYGTWFALGGLAAAGKTYNNCLAMRIKAVDFLLRIQ-RDNGGWGESYLSCPEK - ---- -
ET-EAS MLHNPTEFFA VIEHEYWEHCITASAIHALIMFEKLYPGH-REKKETIENFITNAVEY LEDYVOTADGGWY S MWEWVCFTYGTWFAVGGLAAAGKNYNNC AAMRIKEAVDFLLRTO - KQODGGWGESYLSCPHK - - - - - -
BP-LAS LLHSTEFFA VIEHEYIECTASAMOTLYVLFEKLYPGH-REKEIENFIKNAAQFLOVIOMPDG SWY S WS WCFTYGTWFALGGLAAVGKTYNNCLAVRRAVDFLLRAQ -RDNGGWGESYLSCPKK - ---- -
PG-BAS I LLHPTEFFA VIEHEYWEHCITSSAIQALVLFEKLYPGH-REKEIDNFITNAVREYLEDTOMPDGSWY S WG WVCFTYGSWFALGGLAAAGKTYYNC AAVRIKAVEFLLESD -MODDGGWGESYLSCPKK- - - - - -
BE-bAS LLHPTEFFQ VIEHEYWECTASAIQALVLFTELYPAH-REKEINAFIVINAAKYLED IOMPDG SWY S WS WVCFTYGSWFALGGLAAAGKTYNNCAAVRIKGWDFLLESD - LDDGGWGESYLSCPLE----- -
PG-BASZ LLHPTEFFE VIEHEYWEHCITSSAIQAMVMFEKKLYPGH-REKETEVSITNAVQYLED IQMPDGSWY S WS WVCFTYGTWF AMGG L TAAGKTYNHNCQTLHKAVDFLIKSO -REDGGEWGESYLSCPMNK- -~ - - -
VH-EAS LLHPTEFFA VIEHEYWEHCTGSAIQALVLFEKLYPGH-REKEIENFILKASKYLEDTOYP NG SWY S WS VCFTYGTWFALGGLTAAGRTFSNCAAIRIKGWEFLLESD - KEDGGWGESY ISCPKK- - - - - -
GF-bAS LLHPTEFFA VIEHEYWEHCITGSAIQALVLFEKLHPGH-REKEIENFISIKASKY LEDTOYPNGSWY G MWGWVCFTYGTWFALGGL TAAGRTY SHCAAIRIKGWEFLLESD - KEDGGWGESYISCPKK- - - - - -
AA-LAS ILNPTEFFA VIEHEYWECTSSAIQALVMFEKKEYPGH-REKKEIENFLLGSSGYLEKIOMEDG SWY S WS WCFTYGTWFALGGLSAVGKTYDNCPAIRIKAVEFLLETO - LEDGGWGESYKSCPEK - -- - - -
AstS-bA51 YLMNPTEFFA VIEHEYWECITSASMOALVLFEKLYPGH-RREKEIENFLPMACRY LENIQMP GG SWY S WG WVCFTYGTWFALGGLTSIGKTYENCPAIRIKGWKFLLETD - LEDGGWGESYKSSPEK - - - - - -

PI-NTS LFHPIEFLEEIVVEREYVEHCITSSAIQALYVLFEKLYPEH-REKEVENFIANAVRFLEYKQTSDGSWYS WS ICF TYGSWFALNGLYVAAGKTYDNCAAIRIKGVEFLLTTO -REDGGWGESHLSSSKK - - - - - -
LI-MTS LLHPIEFFE VIEHELWEHCTGSAIGALVLFENHYPEH-REKEIEDCIANAVREYFED IQTADGSWYSGMAGICF IYGTWFALGGLEAAGKTYANCAAIRIKGWKFLLTTO - SKDGGWGESYLSCPKK- -~ - - -
MT-BAS1 LLHPTEFFA VVEHEYWECITGSAIQALVLFEKLYPGH-REKEIENFISEAVRFIED IQTADGSWY S WS WCFTYGSWFALGGLAAAGKTY THCAAIRIKAVEFLLTTO -REDGGWGESYLSSPRK------
GG-bAS LLHPTEFFA VVEHEYWECITGSAIQALVLFEKLYPGH-REKETIENFIANAVRFLEDTOTADGSWY S MWGWVCFTYGSWFALGGLAAAGKTFANCAAIRIKAVEFLLTTO -REDGGWGESYLSSPKK- -~ - -~
GhM-bAS YSHPTEFFA VVEHEYWECIPGSAIQALVLFKEKLYPGSL-RREKEIENFITNAVRSLEDTQTADGSWY SHMWGWVCF TYGSWFALGGL AAAGK TY TKCAAIRKAVKFLLTTO-REDGGWGESYLSSPKEK - o
LT-bAS LLHPTEFFA VVEHEYWEHCITGSAIGALVLFEKLYPGH-REKKEIENFISEAVRFLEDTQTADGSWY GHMWGWVCFTYGSWFALGGL AAAGKTYANCAAIRIKAVKFLLTTQ -RGDGGWGESYLSSPKEK - o
PT-LAS LLHRPTEFFA VVEHEYWEHCITGSAIQALVLFKEKLYPSGH-RKKEIDNFIIINAVRFLEDTQTADGSWY S MWGWCF TYGSWFALGGL AAAGKTFSNCAAIRKAVHFLLTTO - KEDGGWGESYLSSPKEK - o
F5-bAS LLHPTEFFA VVEHEYWECITGSAIQALVLFEKLYPGH-REKEIENFIFINAVRFLEDTOTEDGSWY S MWGWVCFTYGSWFALGGLAAAGKTY THCAAIRIKGWKFLLTTO -REDGGWGESYLSSPKK- -~ - - -

NS-bAS VINPTEFFQ
G5-bAS LLHPTDSFA
SR-BOS FLHMPSELFE
AT-LUPE LLHPTEFMAN
AT-LUPS LMMNPTDLFAN
AT-LUPZ LLHPTDFFT

VIEHEYWE
VIEHEHAE

R
C
[
C
[
C
[
C
[
C
[
C
[
C
[
C
[
C
[
CTASGIAALELFEKLYPGH-REKKEIESFIAKAVHFLEETOMPDGS WY GHMWG ICF IYGTWFALRGLAAVGHNNCHNSPTYVRIKACDFLLSTO -LESGGWGESYKSCPEK - -- - - -
CTASAIDALVLFEKLYPNH-MTKEIESFITINASHNYLEDVOMPDG SWY G WG WCF IYGTWFALRGLAASGKETYNHCOQWVYVRIKAVHNFLLTTO - QKDGGWSESYRSCPEM- - - - - -
VLEHDSWVHCITATGMOQALVIFEKLYPKEH-RREEIEKFLKDACGYLE KVOMOQDGSWYGEWG ICFTYGTCFALGGMEAIGKTYENCEAIRRAVHNFLLTTQ -RNDGGWGESYRSSPEK- - - - - -
MVEREFWEHCITSSVIQALDLFRELYPDH-REKEINRSIEKAVQF IQDNQTPDGSWY S MWEWVCF IYATWFALGGLAAAGETYNDCLAMRINGWHFLLTTO -RODGGWGESYLSCSEQ--- - - -
MTEREYTHCTSAVLQALVIFNQLYPDH-RTKEITESIEKAVOF IESKQLRDGSWYG WG ICFTYGTWFALCGLAAIGKTYNNCLSMRDGYWHFLLNIQ - NEDGGWGESYMSCPEQ- - - - - -
[
C
G
C
[
C
[
C
W
C
C
C
C
C
C
C
C
C
C
C
C
C
C

e e e e e e T T T T T

MAEREYWEHCITSAVIQALVLFEQLYPDH-RTKEIIKSIEKGVQF IESKQTPDGSWHG WG ICF IYATWFALSGLAAAGKTYKSCLAVRIKGWDFLLAIQ-EEDGGWSGESHLSCPEQ--- - - -

AT-BAS LLNPTEMFSOIIWVIEHEYSHCTSSAIQALSLFEQLYPDH-RTTEITAFIKKAAEY LENMOQTRDGSWYGMWG ICFTYGTWFALAGLAAAGKTFNDCEAIRKGVOFLLAAD - EDNGGWGESYLSCSKK- - - - - -
AT-Cam§ LLHPTEVFARIWVVEHEYNEHCITSSAIQALILFEQLYPNH-RTEEINTSIKKAVOY IESIQMLDGSWY S WG WVCFTY STWFGLGGLAAAGKTYNHNCLAMRIKGWHFLLTTO - KDNGGWGESYLSCPKK- - - - - -
LC-TMS WLMNPVEFLEDWUI TEHQHWEHCITSSALQAILLFREQYPGH-RREKEINNFINKAVOQFLOD IQLPDGSWYGHMWG ICY TYGTWFALKALSMAGKETYENCEAVRIEGANFLREIQ-NPEGGFGESYLSCPY K- - - - - -
RC-LUS WLHPVEFMEOUVVEHEYWVECITSSAIQALVLFEKLYPRH-RNKETENCIIINAAQF IENTIQEPDGSWYG WS ICFSYGTWFALKGLAAAGR TYENCSAIR|IKGWDFLLESD -RODDGGWAESYLSCPKK- - - - - -
ET-05C WLMNPVEFLEDWUVVEHEYWEHCITSSS IQALTLFEKLYPGH-RTKEIENFIAKAVEFIEEIQEPDGSWYGHMWG ICF INGTWFGLGGLAAAGHNSYENCIAIRRGWEFLLNSO -RYVDGGWAESYLSCPMK------
KC-MTS WLHPVEFLEDUVIEHEYIEHCITSS SWVOQALVLFEKLYPEH-RREKEIENFIVINAVRFIEEIQKPDGSWYGMWS ICFLFGTWFGLKGLATAGKTYYNC TAVR|IKGWEFLLRTO -REDSGWGESYLSCPKK- - - - - -
BG-LUS WLMNPVEFLADWUYIEHEYWHCTSSSLOQALVLFEKLYPEH-RREKEIEIFILNAVRFTEEIQOPDGSWYGHMWG ICFLSGTWFGLEGLAAAGKETY Y NCTAVRIEGWVEFLLQTO -RODGGWSESYLSCPREK- - - - - -
RE-MTS2 VLWPLEFFEMIVVEHEYVEVTASAINALYVMFEKRYPGY -REKEIEHFISKAVHYLIQTOQFPHNGPWY G VWG ICFMYGTYFALKGLAAAGHNTYANCPAIPKAVDFLLETO-CODGGWSESYLSGTTHK--~--- -
AT-MTS WLSPVEFMEDT IVEHEYVWHCTGSAIVALARFLEKEFPEH-RREEVEEFIKNAVEY IESFOMPDGSWY G WG VCFMYGTFFAVREGLYAAGKETYQNCEPIRIKAVOQFILETO - NVEGGWGESYLSCPMK- - - - - -
AT-ARS WFEPVEFVQOTVIEHEYVECTGSAIVALTQF SKQFPEF -REKKEVERFITINGVEY IEDLOMKDG SWCG WS WCF IYGTLFAVRGLYVAAGKTFHNCEPIRRAVRFLLDTO - NOEGGWGESYLSCLRK- - - - - -
AT-THAS WLSPVEFLEOTIVEYEYVWEHCTGSAIAALTOFNKEQFPGY -KNVEVERFITKAAEY IEDMOQTVDGSWYGMWGWVCF IYGTFFAVREGLYAAGKTYSNCEAIRIKAVRFLLDTO - NPEGGWGESFLSCPSK- - - - - -
AT-PENZ WLEPIEFIEQTILEHEYLECTGSAIVYVLARFMKQFPGH-RTEEVKKFITKGVYEY IESLQIADGSWYGMWG ICF I¥YGTFFAVRGLVAAGNTYDNCEAIRRAVRFLLDIQ - NGEGGWGESFLESCPMNK - -
AT-BARS T - -KLWVEFIEOAYVVEHEYWVEHCTGSAIVALAQFNKQFPGY - KKEEVERFITEGVEY IEDLOMYDGSWY G MWGWCF IYGTFFAVREGLYAAGKCYNNCEAIRRAVRFILDTO - NTEGGWSESYLSCPREK - =
AT-MARS WLEPVEHVEMTVVEQEYLECI TGSV IAGLVCFEKKEFPDH-RPKEIEKLIKKGLEY IEDLQMPDG SWY G MWGWVCF TYGTLFAVRGLAAAGKTFGNESEAIRRAVOQFILNTO - NAEGGWGESALSCPNK - -
CA-bAS VLHPSEIFADIWVVEKEHTEHCTASI IAALVAFERLHPGH-RSKEISVATAKAVHFLEGKEQLEDGSWY G G ICFLYGTFFALAGLASYWGQTYENSETYREAVEFFLSTO - NEEGGWGESLESCPSE - -
OE-MTS MLHNPSEIFADIWVVETEHVECISASI IQALLAFKRLYPGH-REKEIEISVAKAISFLEGRQWPDGSWY G GICFLYGTFFVLGGLEAAGKTYENSEAVRIEGYNFLLETO - NEEGGWGECLESCPSM- -
PG-DAS MLHPSEIFAOIWVVEREHIHCOTASYIKGLMAFKCLHPGH -RQKE IEDSVAKAIRYLERNOMPDGSWYGFWG ICFLYGTFFTLSGFASAGRTYDNSEAVRIEGWEFFLSTO - NEEGGWSESLESCPSE - - - - - -
TO-LUS KFHPTEFFEDYML IEREYVEHCITSSAIQGLTLFEKKLHPGH-RTKEIEHCISRAVEYVEDTQE SDGSWYGOWGE ICY TYGTWF AVDALVACGKNYHNCPALQKACKFLLSKD - LPDGGWGESYLSSSMNK----- -
OE-LUS KLMNPTEFFEDYWML IERDYWHCITSSAVOQALKLFEQLHPGH-RRKEITASCISIKAIQY IEATOQNPDGSWDGHWG ICFTYGTWF AVEGLYVACGKENYHNSPTLRRACEFLLSKEQ -LPDGGWSESYLSSSMK- - - - - -

BP-LUS KFHPTEFFE LIEREYVE
L I-LLIS KFHNPTEFFEETILIEREY\WE
Co-LUST KFHPTEFFEDTIMIERE ¥\ E

—

TSPAVHGLALFRKFYPRH-RGTEIDSSIYRGIQY IEDVQEPDGSWYGHWG ICY TYSGTWF AVGALAACGRNYKNCPALRIKECEFLLSKQ-LPNGGWGESYLSSQMNK----- -
TGSAMOQALALFRELYPEH-RREEIDRCISKAIRY IENTOQNPODGSWYGOWG ICY TYGTWFAVEGLTACGKNFQHNSYTLRRERACKFLLSKQ-LPNGGWGESYLSSQDK- - - - - -
TGSAMQGLALFREKQFPOQH-RSKEIDRCIAKAIRYIENMOQNPDGSWYGOWG ICY TYGTWFAVEGLTACGKNCHNSLSLRIKACOFLLSKQ-LPNAGWGE SYLSSQMNK- -~ - - -
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Appendix 5

GICFT

KACDFL

05-05C7 HINPTEAFGR[MIEYPYVHC[TSSSIQCLALFKKLHPGH -REKEEVENCTS IESSQRSDGSWYGS YATWFAVTGLYSAGRTLGNSATVR LSKQ-LPSGGWSESYLSCHDE - - - - - -
O05-05C12 IFNMTEIYAD[|IVEHQYVEC[TSSVIQALALFREKYPGH -RKDEIDQC IR|KATEFIEKLQNDDGSWFGSWG ICFTYGTWFAIEGLSAVGQCYDDSTC IR[KACKFLLEKQ-LTNGEWSESHLSSRTK- - - - - -
05-05C3 ILKPCESFPHMvWDYPYPHC[TSSVLQALVLFKELCPGY -RTEEIEECVR|NASMFIENTQRKDGSWLGTWGVCF TYGAFFSVQGL IAAGRTYENSSS IR[KACDFILSKQ-LNTGEWGSE SHVSHNETK- - - - - -
05-05c4 ILNPCESFSHMVWDYPYPHC[TSSVLQALVLFKELCPGY -RTEEIEKCVR|NATMFIENTQGEDGSWLGTWGVCF TYGAFFSVKGL IAAGRTYENSSS IR[KACDF IMSKQ- LN TGGWSE SHVSHETKISPLLF
05-05C11 WLSPCESFPINIWVDYPFPECTSSVLQALVLFKQLHPSY -RIKEIEKCVR|NAAMFIES TQGEDGSWLGTMGVCFTYGAFLSVKGLIAAGRTYENSSS IR[KACDFILEKQ-LDTGEWSESYVSHNITK- - - - - -
58-05C2 ILNPLESFRIMIMADYPTVEC[TSSVMEALILFREVNPYY -HSEEIREYVTKAAMF IENNQKKDGSWYG WG ICFIVGTLFGIKGLYAAGRNYENSICIR[KACEFLLSTQ-LRTGEWGSESYLSCER - - - - - - -
05-05c8 FINPSESFRIMIIVDYPYVEC[TSSLIQALILFNGIYPSY -RHEEIEKIIKSGALFIEKQQRKEDGSWYGSMWAICFTYATFFAIKGLYAAGRTYQNSSS IR[KACNFLLEKQ-LTTGEWGENYICCQVE - - - - - -
05-05C10 FINPSESFRIMIIVDYPYVEC[TSSLIQALILFKGVHPGY -RREEIDRIIKNGVLFIEKKQENDGSWYG SMAVCFTYATFFAIKGLYAAGRTFQNSLS IR[KACNFLLEKQ-LSTGEWSEDYLGCQVE - - - - - -
ZM-CAS FINPSESFRMIIVDYPYPEHCTSSLIQALVLFRGKHPIY-RRDEIDKIIKSGASFIEKVQRKEDGSWYGFWAVCFTYATFFAIKGLYAAGRTYRNSLAIR[KACNFLLEKQ-LETEEWGSENYLGCQIE - - - - - -
05-05C8  ILNPSESFRIMIVVDYPHVECTSSAIQGLISFTELYPGY -RGWEIESCIKNAVMFIENKQONDGESWYGTWGICFTYGAFFAIRGLIAAGRNYENSQAIR[NGCKFLLEKO-LSAGEWSEHYSSSETE--- - - -
A5-bAS VLNPSESFRMIVVDYPSVEC[TSSVVDALILFKETNPRY -RRAE IDKC IE[EAVVFIENSQNEDGSWYGSWE ICFAYGCMFAVRALVATGKTYDNCAS IR[KSCKFVLEKQ-QTTEEWGSEDYLSSDNG- - - - - -
5B-05C1 WLNPSESFINIVVDYPSVEHC[TSSVLQALIMFRDLDHGY -REEEIGHC IE[SATKF IEKEQRKEDGSWFGSWGVCF TYGSFFAIKGLAASGR TYKNSDTIR[KACHFLLSKG-LHTGGEWGESYLSSETE - - - - - -
TA-0SC VLNPSESFLMIIVDYPSVECTSSVLQALIMFKELYPGY-REKEEIGKCIKNASKFIEDKQREDGSWFGTWE ICFTYGTFFGYKGLIASGRTYENSSS IR[KACNFLLEKQ-LSTGEWSESYLSSETE---- - -
05-05C5 WLNPSKTFLMIIVDYPSVEHC[TSSVLQALIMFSECYPVYY -RKEEIGKC IKNASKFIENKQRKDGSWFG TG ICFTYGTFFAIKGLYAAGRTYENSSS IKKACNFILSKQ-LSTEEWGETYLS - ---------
05-05C6 WLNPSESFLIMIWVDYPSVEHC|[TSLVLQALIMFSELNPYY -RKEEIGHCII|KSSKFIENKQRKEKDGSWFCTWG ICFTYGTFFAVKGLAAARRTYENSSS IR[KACNFILSKQ- - - - - - LISETYLSSETK------
C5-NTS IMNPADVFINIVVDHQYVECTSSATIQPLALFKKLYPGH -RQEEIDNC IMKAARFIERTQRADGSWYGSMGVCFTYATWFGVKGLYAAGRTYENSCYIQKACNFLLSKQ-EASGGWSE SFLSCRKK- - - - - -
PG-LAS LLNPAETFGD|IVIDYQYVECTSAAIQGLKSFMRLYPGY -RRKEIEACIAKATNFIESIQLPDGSWYG WG ICYTYGTWFGIKGLVAAGR THRNCYS IRRACDFLLESKQ-LGSEEWGESYLSCQNK- - - - - -
ro-0sc LVNPAETFGDIVIDYPYVECTSAVVQSLRSFTKLYPSH-RRIQIETCIE|KAIAFIERSQLGDGSWYGSWAICYTYGTWFGIKGLVAGGKTYETSHS IR[KACAFLLSKQ-LHSGEWGESYTSCQQK- - - - - -
CP-05C TLNPAEIFGDMMIDYQYVEC[SSAAIERLKAFMKLHPSY -REKE IQACMAIKAADFIETIQQPDESWYE WG ICYTYGTWFGIKGLVACGRTYENSKTLRKATHFLLEKQ -LESGEWSESYLSAHNK- - - - - -
LC-05C MFHNPAEIFGDMMIDYQYVEHCTSAAIQGLKAFMQLHPGH -REKE IQKC IAKAANFIESIQRTDESWYSSWE ICYTYGTWFGIKGLVACGR TYDNSKS IR[KATEFLLEKQ-LKESGEWGESYLSAHHK- - - - - -
LI-LAS KINPVETFROIMIDYQYVECTSAAIQGLALFTQRYPEY -RRREIDSCIAKAARYIESTQLADGSWYGSWG ICYTYATWFGIKGL IAASKSYQESKS IRRACEFLLEKQ-LLSGEWGESYLSCELK- - - - - -
AT-LAS VINPSETFGDIIIDYQYVECTSAAIQGLYLFTTLNSSY -KRKEIVGSINKAVEFIEKTQLPDGSWYSE SWEVCFTYATWFGIKGMLASGKTYESSLC IR[KACGFLLEKQ-LCCGEWSESYLSCQNK- - - - - -
CP-Cus LINPAETFGDIVIDYPYVECTAATMEALTLFKKLHPGH-RTKE IDTAIGKAANFLE KMQRADGSWYSCOWEVCF TYAGWFGIKGLVAAGR TYNSCLAIR[KACEFLLSKE -LPGEGWGESYLSCQUK- - - - - -
DD-CAS KFNPSEVFQMIMIDYSYVEC[SAAC IQAMSAFRKHAPNHPRIKEINRSIARGVKFIKSIQRQDGSWLG WS ICFTYGTWFGIEGLVASGEPL - TSPSIVKACKFLASKQ-RADGGWGESFKSNVTK- - - - - -
54-CAS VLNPSDVLSTIMVDVSYVECTSACVQALAAWRKHHQY - -QDARVDLAISRGAEFIRRAQREDGSWIGSWEVCFTYGTWFGYVTGLIAAGVSPGD -MVLRRAAAFLRSHQ-RSDGSWSEVVESCRQG- - - - - -
CR-CAS!  ILNPAETFGD|[IVDYSYVHC[TSACITALCSFRKQHPGH -RAAEIAASLKRAEAFIRSIQRKDGSWYGSWGVCF TYACWFGATGLAALGHTYANDEALRRCAAFLADKQ-RADGGWGESYLSCQDK- - - - - -
PP-0SC VINPAETFGDIVIDYSYVECTSACMQALASFQKRYPHH-RTKEIAKSIQRARKYIESIQKDDGSWYS SWAVCFTYAIWFGVLGL IAAGQTYESSFHIRMACKFLLSKQ-LPDGGWGESYRSCQDK- - - - - -
AbM-CASI KINPAETFGOD|[IVIDYSYVEC[TSAITQALVSFKKLYPEH-RHKEIETCIL|KATRYIENIQRPDGSWYG SMWGVCFTYGTWFGVLGLAAAGKTYQNCSNIR[KACEFLLEKQ-LPSGEWSESYLSCQEK--- - - -
AC-CAS LINPAETFGDIVIDYQYVECTSAVIQALAAFKKLYPKH-RTEEVHNACIQHAAKYIESIQREDGSWYE SWEVCF TYAGWFGVIGLLSAGRTYE - SETLK[KACNFLLSKK-LSSGEWGESYLSCQDK- - - - - -
58-05C3 LINPAETFGD|[|VIDYPYVEHC[TSAAIQALTSFKKLYPGH -RRKEVDSCIS|KASNFIESIQKSDGESWYGSWAVCF TYGTWFGVKGL IAAGRTFENSPAIR[KACDFLLSKE -LPSGEWGESYLS5QDQ- - - - - -
58-05C4 LINPTETFGOD[I|MIDYPYVEC[TSAAIQALTSFRKLYPGH -RREKEVDNCIS|KAANFIEDVQRSDESWYG SMWAVCFTYGTWFGVKGL IAAGRTFENSPAIR[KACGFLLEKELLPSGEWSESYLSSQDQ- - - - - -
A5-CAS LINPAETFGD|IVIDYPYVECTSAAIQALTSFKEKLYPGH-RREDVDNC I MKAANFIESIQRSDGSWYSE SWAVCF TYGTWFGVKALVAAGR TFKSSPAIR[KACEFLMSKE -LPFEEWGESYLSCQDQ- - - - - -
05-05C2 LINPAETFGOD|[|VIDYPYVEHC[TSAAIQALTAFKKLYPGH -RKSEIDNCIS|KAASFIEGIQKSDGESWYGSWAVCF TYGTWFGVKGLYAAGR TFKNSPAIR[KACDFLLSKE -LPSGEWGESYLS5QDQ- - - - - -
05-05C1 ILNPSETFGOD[IMIDYPYVEC[TSGVIQGLTAFRKHYPGH -RREEIDNC IQKADSFIQSIQRSDESWYG SWAVCFTSRTWFGAKGL IAAGRTYENCPAIR[KACNFLLESKE -LPCGEWGSESHLSCKGK- - - - - -
DZ-CASI  I1INPAETFGD|[|VIDYPYVEHC[TSAAIQALTSFKKLYPGH-RREEIECCIKKAVSFIEKIQKEPDGSWYGSWAVCF TYGTWFGVLGL IAGGKTYQNSPC IR[KACDFLLSKE -LPSGEWGSESYLSCQDK- - - - - -
AM-05C IINPAESFGD|IVIDYPTAESTSACIQALASFRMLYPGH -RRDE TEKC ITIKGVQF IEKTQEHDGSWYGSMAVC Y THGTWYGVKGL I SGGKCYENSHS IR|KACDFLLSKQ - LESGGEWGE SYLSCQEK- - - - - -
C5-CASZ  I1INPAETFGOD|[I|VIDYPYVEC[TSAAIQALTLFKKTYPGH -RREEIDNC IR|KSARFIEKIQLADGSWYG MG VCFTYG IWFGMKGLLAAGR TYETSSC IR[KACDFLLEKQ - VASGEWSESYLSCQNK- - - - - -
KC-CAS VINPAETFGDIVIDYPYVECTSAAIQALYSFKKSYPGH-RREEIERC IR|[KAAMFIESIQRADGSWYS SWAVCFTYATWFGIKGLVATGKNFHNCSS IR[KACDFLLSRQ-CASGEWGESYLSCQEK- - - - - -
R5-CAS VINPAETFGDIVIDYPYVEHCTSSAIQGLYSFKKSYPGH-RREEIERCIR|KAATFIESIQKADGSWYS SWEVCFTYATWFGIKGLVAAGKNFINCSS IR[KACDFLLSRQ-CASGEWGESYLSCQEK- - - - - -
RC-CAS FINPAETFGDIVIDYPYVECTSAAIQALTSFRKSYPEH-QREEIECCIKKAAKFMEKIQISDESWYG SWEVCFTYGTWFGIKGLYAAGKSFGNCSS IR[KACDFLLEKQ-CPSGEWGESYLSCQKK- - - - - -
BP-CASZ2  LINPAETFGD[|VIDYNYVEHC[TSAAIQALTSFKKSYPKH-REEEVDVC IKRAAMFTEKIQASDGSWYG SMGVCF TYGTWFGVKGLYAAGKNFHNDCFG IR[KACDFLLSKQ-LPSGEWGESYLSCQNK- - - - - -
AT-CASI  LINPAETFGD|[|VIDYPYVEHC[TSAAIQALISFRKLYPGH -RKKEVDEC IE|[KAVKFIESIQAADGSWYGSWAVCF TYGTWFGVKGLVAVGKTLKNS PHVAKACEFLLSKQ-QPSGEWGESYLSCQDK- - - - - -
PG-CAS LVNPAETFGDIVIDYPYVECTSAAIQALTAFKKLFPGH-RREEIQHS TE|KAALFIEKIQSSDEEWYG SWEVCFTYGTWFGIKGLYTAGR TFSSCAS IR[KACDFLLEKQ -VASGEWGESYLSCQNK- - - - - -
CA-CAS LINPAETFGD|IVIDYPYAECTSAAIQALSAFKKLYPGH-RREEIQCS IE|KAADFIEKIQASDGSWYGE SWEVCFTYGTWFGVKGL ISAGRTFSNCSSIR[KACYFLLEKQ-LASGEWGESYLSCQNK- - - - - -
BK-CAS SINPAETFGD|IVIDYPYVECTSAAIQALSVFSKLYPGH-RREEIQHATE|[KAASFIEKIQESDGSWYG SWGEVCFTYGTWFGIKGLISSGRTFSTCSS IR[KACEFLLEKQ-LYSGEWGESYLSCQUK- - - - - -
PS-CAS IINPAETFGD|VIDCPYVECTSAAIQALATFGKLYPGH -RREE IQCC IE[KAVAFIEKIQASDGSWYGSMGVCFTYGTWFGIKGL IAAGKNFSHCLS IR|KACEFLLSKQ-LPSGGEWAESYLSCQNK- - - - - -
GG-CAS LINPAETFGDIVIDYPYVECTSAAIQALTSFKKLYPGH-RREEIQCCIE|KAASFIEKTQASDGSWYG SWEVCFTYGTWFGVKGL IAAGKSFHNCSS IR[KACEFLLEKQ-LPSGEWGSESYLSCQNK- - - - - -
Li-CAS LINPAETFGDIVIDYPYVECTSAAIQALTSFRKLYPGH-RREEIQHS IE|KAAAFIEKIQSSDEEWYG SWEVCFTYGTWFGVKGL IAAGKSFSNCSS IR[KACEFLLEKQ-LPSGEWGESYLSCQNK- - - - - -
SL-CAS LINPAETFGD|IVIDYPYVEC|SSAAIQALTAFKKLYPEH -RKEEVERC I AKAAAFIESIQETDGSWYS SWAVCF TYGTWFGVLGLLAAGRNYNNSSSIR[KACTFLLSKQ - VSSEEWSESYLSCQNK- - - - - -
OE-CAS LINPAETFGD|IVIDYPYVECTSAS IQALAAFKNLYPWH-RREEVECC IE|[KAAKFIEKIQAKDGSWYG SWEVCFTYGTWFGILGLLAAGRNFHNCSSIS[KACDFLLEKQ-LPSGEWGESYLSCQNK- - - - - -
PT-CASI  LTNPAETFGD|[|VIDY¥TYVHC[TSAAIQALVSFKGLYPGY -RKEEIERC IE|[KAVAFTEQIQSSDGESWYGSWG ICF TYGTWFGVRALVTAGKTYDNCSSVR[KACKFLLEKQ-LPSGEWGESYLTCQNK- - - - - -
BP-CASI  LINPAETFGD|[|VIDYPYVEHC[TSAAIQALTLFKKLHPGH -RREEIENC IAKAAEFIENIQASDGESWYGSWGVCF TYAGWFGIKGLVAAGR TYKNCSS IH[KACDYLLSKE -LASGEWGESYLSCQDK- - - - - -
CP-CAS LMNPAETFGDIVIDYPYVEC|SSAAIQALAAFKKLYPGH-RRDEIDNCIAEAADFIESIQATDGSWYG SWEVCFTYGGWFGIRGLYAAGRRYNNCSS LR[KACDFLLEKE -LAAGEWGSESYLSCQNK- - - - - -
LC-CAST LMNDAETFGDIVIDYTYVECTSAAIQALVAFKKLYPGH-RRDEIDHCVjKﬁﬁDFIE5IQATDGEWYGSWGVCFTYGGWFGIRGLVAAGRRYDHCSSLRKACDFLLEKE-LAEGGWGESYLSGQHK ------
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Appendix 5

1 1 1 1 1 1 1
FRHIYPLWALAEYCRRWVPLP
RHIYPLWALAEYRRRVPLPS--------------------
FRHNIYPLWALAEYRNRVPLPSTTL------=-=-==--===-=-=-
KHNIYPLWALAEYRKHVPLPLGENLNQWWNCIGQSL Y KKY K
RNIYPLWALAEYRRRVPLPSLGT-=-=--=-=-=-=-===-===-=-=-
RDLYPLWALAEYRKRVALPSSTI-----=-=-=-==-=-==-=-=-

SRENIYPLWALAEYRKNVRLPSKSWY-----------------
RS IYPMWALAEYRKHVPLRLMN---=-=->-=-===-=====-=-=-
RSIYPMWALAEYRKHVPLRLM--------=-----=-=-----
FHIYPMWALADYRKQVLPQLKGT -----=------------
RDIYPMWALADYRKHVLPKLKRI -=-=--=-=-=-=-==->-==-=-=-
RDIFPTWALAEYRRRILLASPAVAIL ---------------
FHHNFTTMALAEYRRRVPLPSIAW -----------------
RDIYPLWALAEYRRRVPLPSTAV-----=-=--=-=-=-==-=-=--
RDIYPMWALAEYRRRVPLPSTPVWCLT--------------

RO IYPMWALAEYRRRVPLPSTEW
FDIYPMWALAEYRRRWVPLPSTAV

Frame 7 Ce
Be
D 0 B
o ¢
1 1 1 1 1 1 1 1 1 ' 1 1 1 _I 1
RE-MTSY - ----- EYWPLEAN-HSHNLVYWHTAWAMMALWVHAG - QMDRDPTPLHRAAKLMINSQLEDGDFPQQE I TGWF|NRE NCHM
BG-£AS - - - - - - RY¥WPLEGH-RSHNLYHTAWALMALIHAG - QMODRDPTPLHRAARLMINSQLEDGDFPQQE I TGWFMENCM
ET-6AS - ----- EXYWPLEDH-RSHNLYHTSWALMGLISAG - QMODRDPTPLHRAAKLLINSQLEDGDFPQGQE ITGEWF|MENCHM
Bp-bAs - - - - - - E¥YWPLEGHN-KSHLWVHTAWAMMGL IHAG - QAERDPTPLHRAAKLIINSQLEDGDFPOQOQE I TGWFMEMCHM
PC-BASI - ----- VYWVPLEGH-RSNLYHTGWALMGLIHSE - QAERDPTPLHRAAKLLINSQMEDGDFPQQE I SGWFMENCM
BEK-BAS - - - - - - EYTQIEGS -RSNLYQTAWATYGLIHSG - QVERDPTPLHRAAKLIINSQEEKGGFPQGQE I TG WF|MENCHM
PG-BAS2 - ----- EX¥YTPLEGHN-RSHLWHTSWAMMGL IHSR - QAERDPTPLHRAAKLLINSOQMESGDFPOQOQE I TGWF|MENCHM
VH-AS @ - - - - - - DFWPLEGP--SHLTQTAWALMGLIYTR -QMERDPTPLHRAAKLLINSQLESGDFPQQEIITGEWFMENCM
GP-BAS - - - - - - DFYPLEGP--SHLTQTAWALMGLIYTR -QMERDPTPLHRAAKLLINSQLESGDFPQGQE I TGWFMENCM
AA-bAS - - - - - - EY¥YIPLEGG-RSHLWHTAWAMMGL IHSR - QAERDATPLHRAAKLLINSQLETGDFPOQOE IAGWFMENCHM
AstS-bAS1 EXYWPLEGG-RENLVHTAWALMGLIHSR -QEERDPTPLHRAAKLIINSQLENGDFPQQE I AGWFMENCHM
P5-MTS IYWPLERS -QSHNIVQTEWAIMGLIHAG - QMERDPTPLHRAVKELIINFQQEEGDWPQOQE L TG WFMENCM
LI-MTS IYWPLEGH-RSNWYVOQTAWALMGL IHAG - QAERDPTPLHRAAKLLINSQLEDGDWPQOQD I TGEWY[WVKENCT]
MT-BASI IYWPLEGS -RENVVHTAWALMGLIHAG - QAERDPTPLHRAAKLLINSQLEEGDWPQOQE I TG WF[MENCM
GG-bAS I¥YWVPLEGS-RSNWWVHTAWALMGL IHAG - QAERDPAPLHRAAKLIINSQLEEGDWPQQE I TGWFMKNCM
GH-bAS I¥YWPLEGS-RSNWYVHTAWALMGLIHAG - QADRDPMPLHRAAKLLINSQLEEGDWPQOQE I TGWFMENCM
L7-bAS IYWPFEGH-RSNVWVHTAWALMGLIHSGE - QAERDPTPLHRAAKLLINSQLEEGDWPQOQE I TG WFMENCM
Pr-tAS - ----- IYWVPLEIS-RSNWVQTAWAMMGL IHAG - QADRDPTPLHRAAKLLINAQLENGDWPQQE VTG WF[MENCM
PS-bAS - - - - - - I¥YWPLEGH-RSNWYHTAWALMGLIHAG-QSERDPTPLHRAAKLLINSQLEQGDWPQQE I TGWFMENCM
NS-pAS - - - - - - KFIPLEDK-RTHLYVHTAWALMGLINGSG - QAQRDPTPLHRAVKENYLINGQMENGDFPQGQE I TG WFIMENCM
G5-bAS - - - - - - EYIPLEGHN-RSHLYVHTAWAMMGLIHSG - QAKRDPTPLHCAAKLLINSQLENGDFPOQQEIAGWFIFKENGH
SR-BOS - ----- EYWPLEGH-RSHLYWQTACALMGLIRSK -QEERDPTPLHRAAKLLINSOQMENGDFPQEETGGV|FKENC Y
AT-LUPE - - - - - - RYIPSEGE-RSHNLYQTSWAMMALIHTGS - QAERDLIPLHRAAKLIINSQLENGDFPQQE IWGAFMNTC
mr-LeeP? - - - - - - RYIPLEGH-RSHNWYQTAWAMMAL IHAG - QAKRDLIPLHSAAKFIITSQLENGDFPQOQELLGASMSTC
AT-LUPZ - - - - - - RY¥IPLEGH-RSNLYQTAWAMMGLIHAG - QAERDPTPLHRAAKLIITSQLENGDFPQOQEILGWFMHNTC
Ar-4s - - - - - - IYIAQVWGE -ISHVWVQTAWALMGLIHSG - QAERDPIPLHRAAKLIINSQLESGDFPQOQOQATGWFIL KNCT
AT-Cam5 - ----- RY¥IPSEGE-RSHNLYQTSWAMMGLLHAG - QAERDPSPLHRAAKLLINSQLENGDFPOQOQE I TG AFMENC L
Lo-rys - - - - - - RY¥IPLDGK-RENLYQTAWGMMGLICAG - QADVDPTPIHRAAKLLINSQTEDGDFPQEE I TGE|F|FKNCT]
WRC-LLS - ----- VYWPFEGH-RSHLYQTAWAMMGLIYGSE - QAKRDPMPLHRAAKLLINSQTDLGDFPQGQELTGAFMR NCM
Er-0s¢ = - ----- VYVGWDGEDGRSHNLYQTAFAWLGLIHGGE - QAKTDPTRPLHRGYVKEFLINSQTQLGDFPQOQEL TG AFMRE NCM
KC-MTS - - --- - VYWPLEGH-QSHNLIHTALAMMGLILSG - QAERDPTPLHRALKLLINSQTELGDFPQGQE I SGC|FMR MM
BG-LUS - ----- IYWPLEGHN-RSHNLYQTALAMMGLILGGE -QGERDPTPLHRAAKLLINSQTELGDFPQGQELSGCIFMR NCM
RS-MTS2 - ----- YWYTPLEGH-RSHLYQTAWALMGLIHSG - QAERDPTPLHRSAKLLINSQTSDGDFPQQDSTGLILKGSC A
AMr-Mrs = - ----- EYTLLEGH-RTHYWVHTGQALMYLIMGS - QMERDPLPVHRAAKNYVLINSQLDNGDFPQEE IMGWF|KMNY
AT-ARS - ----- EYTPLAGHN-KTHIVSTGQALMVLIMGSGE - QMERDPLPVHRAAKVVINLQLDNGDFPQQE VMG WF[MMMNYW L
Mr-rHAS - - - - - - EYTPLEGH-STHVWQTAQALMYL IMGD - QMERDPLPVHRAAQWVLINSQLDNGDFPQOQE IMGTIFIMR T
AT-FENF - ----- HY¥IPLEGH-KETDWWHTGEQALMYLIMGS - QMDRDPLPVHRAAKNLINSQMDNGDFPQOQ - - - - - -|- -VCF
AT-BARSI - ----- EYIPLIGH-KETHWWNTGQALMYLIMGHN -QMERDPLPVHRAAKVLINSQMDNGDFPQOQE I MGWF[EMMNWY
AT-MARS - ----- EYIPSKGHN-VTHVWVHTGEQAMMVLLIGSE - QMERDPSPVHRAAKYVLINSQLD IGDFPOQOQERRG IfY|M- MUY
CA-BAS - ----- IFTPLEGH-RTHLYQTSWAMLGLMFGSE - QATRDPTPLHRAAKLLIMNAQLHNNGDFPQOQETTGWYME NCM
DE-MTS - ----- EYTPLEGHN-RTHLYWQTSWAMLGLMYGGE - QAERDPTSLHKAAKLLIDAQMDDGDFPOQOQE ITGWY|[MEMNCHM
PC-DAS - - - - - - KEFTPLEGH-RTHLYQTSWAMLGLMFGSE - QAERDPTPLHERAAKLLINAQMDNGDFPOQOQEI TEWY|CKHNSM
TO-LUS = SWYTHLEGH-RSHLWHTESWALISLIKEAG-QAEIDPTPISNHNGYRLLINSQMEEGDFPQOQEI TG V|FMEMNCH
QE-LUS = SWYTHLEGH-RSNLYQTESWALLSLIKAG-QWVEIDPGPIHREGIKLLYNSOQMEDGDFPOQEE ITGAF|MEMCT|
BP-LUS = SVWTHIEGH-RANLYQTAWALLSLIDAR -QAEIDPTPIHRGYVRYLINSQMEDGDFPQOQE I TG V|FMR MNCT]
LI-LUs = WY THIEGK -RANLYWOQSSWALLSLMRAG - QAEIDPTPIHRGIRLLINSQMDDGSDFPQOQE I TG VF|MR MCT]
GGE-LUsy - ---- - WY THLEGH-RANLYOSSWALLSLTHAG-QAEIDPTRPIHRGMELLINSOQMEDGDFPQOQE I TGWFMRNCT]

f

rt

I PMWALAEYKRRVPLPSHAS - - -~ - ===~~~ =--- -
RO IYPLWALAEYRRRVPLP -~ ---------=--=-=----
FR NMFPLWALGEYRRKCLSS - === == === == == - ===~
RS I YPLWALAEYRKQWR - - - - = - == == === = oo momooo
R MDY TLWALGEYRKEVLP QP TKEW - - === === === == -~ -
RN TFPLWALAEYRKWYE IWH - = = == == == === == == ===
KDIFPPWALAEYRKAAF ITHHADL - - === === -~ -=--- -
RN IFPLWALAEYRKAAFATHQDL - - =-=======»==-==-
R IHPLWALAEYRARWVELP - - - == == === =ocoooono-
RN IF P VWAL AEYRRRVPLPYEKPSTERRS - - - - - - - - - - -
FIREVFPVMALGEYCNEVPLPSKKK -==-==-=====»==-==-
FRNTFPIWALAEYRRHVLFPSAGFGFGFTNNL - ------ - -
R N IFPLWALAEYRRNVPLSPQIAAETK -------------
RO IFPMWALAEYCKLFPLPSKHND - - === ======»=====-
RO IFPTWALAEYCKLFPLPSKHND - - - - === === -«----
R NIFPLWALAAYRTHVLGLTSKAHSSAVME - - - - - - - - - -
R I FTLWAL TY Y TKALRVPLC - = == == === =========-
F NI Y SLWALTLY TQALRRLQP - - - - === === === === = = -
RN TFSLWAL THY THALRRLLP - - == == --=--=-=-=--

R HMF SLWALALYTHALRLLYWS - - - - - - - ------------
R HWFPLWALGE YR KRLWLEN - = = = = === == c o m oo e o -
R IFPLWALGE YRKRVWSSQSL - - - === ------------
R IFPLWALGE YRKRVWLPKHQQLKI - = - =« - == ------

FRNIFPIWALGEYRRIVQNT - - - - ----c--ooomonooo
R IFP IWALGEYRRRILHAQT - - - - ---------------
R IFP IWALGEYRRRVLFA- - - - - ccmmmmmam o oe o
R IFP IWALGEYRRRVLCA - - -« -------ooooo oo
R IFP IWAMGE YRRQVLCAHSY - - - - == -----------
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Q5-05C7 - ----- VYTHLEGHN-RPHGTHTAWAMIALIDAG-QAERDPVPLHRAAKALLNLQLEDGEFPQQE IVGVFILQTAMI|SY|[SQNYRMNIFPIMALTSYRRRVLLAGHI - - - - - - - - - - - -------
a5-0sc12 - - - - - - AYTHLDGE -KSHIVHTAWAMLALMEAG - QWVERDPAPLHKAARLIMSMQLSDGDFPQEEMIGS/FILENGP|LKC|YMANR M IFP IWALGEYQKLWF - - - - - - - - - - - - - - - - - ----
O5-05C3 - SVYVHIKGD -RAHWYNTAWAMLTLIYAG-QMERDPTPLHCAAKELINMQLETGEFPQQEHVGC|FINCSLFFMY[P Y[R NIFP IWALSEYCWHLR = - = = = = = = = = = == === oo mm o
05-05C4 FYNIKQVYVNIKGD-HAHAVNTAWAMLTLIYAG-QMERDPAPLHCAAKELINMQLETGEFPQQEHVGCIFNCSLFF|MY[P MY[RMLFP IWALSEYCHRLRSERRA - - - - - - - -=-=-=----u--
Q5-05C1f - ----- VYVHIKDD - QAHAVHTAWAMLAL ICAG-QMERDPAPLHRAAKELINMQLETGEFPQQEHVGAFNACLFFNY|[P H¥[R MLFP IWALSEYCRHLHSTRRA - - - - - - - -----------
T i QMERDPTPLHGAAKWVLINMOQMETGDYPQQEHVGHTINS SV Y|F[H¥P HR HLYP IWALGEYRRRLFAKME - - - - - - - - - - - - - - - - - - -
o5-05C% - ----- K¥VD--5G-RPHAVNTAWAMLGLIYAG-HVEIDPIPLHRAAMELINMQLDTGEFPQQE IVGSFINSSLFFMY[P M¥[RMLFP IWALSEFRHRLLAKKG - - - - - - - - - - - --------
O5-05CI0 ------ EYID--5G-RPHYWHTAWGMLGLIYAG-QVELDPAPLYRAAKELINMQLETGEFPQQEILGSFNSSLFF|MY[THY[RNLFP IWALSEFHRRLLAKRA - - = - - = ----------e--
ZM-CAS - - - - - - E¥YVD--5G-SPHGYNTAQAMLALLYAG-QVEQDPAPLYRAAKELINMQMENGE FPQQE IVGHNF|INSSLFFMY[P M¥[R HNLFP IWALSEFRRRLVAKKRLRWYS - - - - - - - - - - - - - -
O5-05C8 - ----- VYVD - -5G6-SPHAVHNTSLAMLALLYSG-QIERDPTPLYRAAKOQLISMQLETGEFPQQEHVGC|FNSSLYFNY[P Y[R MLY P IWALSEFWHRLWVASKD - - - - - - - - - - - - - ------
AS-bAS --5G-RPHNAVTTSWAMLAL IYAG-QWERDPVPLYMNAARQLMNMQLE TGDFPQQEHMGC|F[NSS L MF|MY AR NLYP IMALGELRRRLLAIKS - - - - - - - - - - - - - ------
SB-05C1 - -AS-RPHAVHNTAWAMLALVYGG-QWERDP TPLYKAAKVLINMQLESGDFPQQEHVGC|FNS S LYF|YjGH[fRNL TP IWALGEFRQRLLARKK -------------------
TA-O5C --AT-SPHAVNTAWAMLALIYAG-QWERDPTPLYHAAKELINMQLETGEFPQQEHVGC|FINCS IY|F|NYIS N¥[R NLY P IWALGEFRRRLLAKH - = = = = = = = = === 2o
o5-05C5 - - - - - - I¥YVGE--AS-RSHYWVNTAWAMLALIYAG- -VERDPSPLYHAAKELINMQLETGEFPQQEHVGC|IFINSS IY|F|MY|SH[¥[R MLFP IWALSEFRRRLWVLRKMN- - - - - - - ------------
o5-05C6 - - - - - - VY¥VEAS-- -RPHAVNTAWAMLAL I¥YAGQQWVE IDPTPLYHAAQELINMQLETGEFPQQEHVGCFNCSF S|F|MY|S M¥[R MLFP IWALGEFHRRLWVLRKS - - - - - - - - - - - --------
cs5-MT5 - - - - - - VYIHNLEGH - KTHAVHTSWAMLALIAAG-QGERDPKPLHRAAKALINMQMENGDFPQQEMMGNFIMGS S SILIMY|[PLY[R M IFP TWALSEYRMNHIFHSMT - - - - - - - - - - - - - - - - - - -
PG-LAS ~ ------ VYTSIEGN-ISHVANTGWAMLALIEAG-QAQRDPSPLHRAAKVLMNSQMENGVFPQQE IVGVFNENCMI|S(Y[SANMRNIFP IWALGEYLNRVLQPSRHILKTLNWY ----------
ro-osc - ----- TYTHLWGHN-KSHITHNTSWALLALIEAG-QPRRDRIPLHRAAKVLIDHQLGNGDFPQQE I IGYFINENCMI|SY|[SSHMRMIFP IWALGEYLHHVITEKSLG - - - --------------
cp-0sC - ----- VYTDLKNG - KSHIWNTSWALLAL IKAG-QAQRDPSPLHQAATYLINSQLDNGDFPQQE I IGVFNKESCTII|SY|[SANRHNIFP IWALGEYQLKVLKRQE - - - - - - - ------------
Lc-0s¢ - ----- VY¥THLKGC - KSHIWNTSWALLAL IKAG-QAQRDLTPLHRAAMVLINSQLHDGDFPQQE IMGWFNESCMI|SY[SANRMIFPIWALGEYR IRVLQLHEKF - - - - - - - - - --------
LI-LAS - ----- VYTHLEGMN- KSHLWNTAWAMLAL IEGG - QAERDPTPLHRAAKVLINSQMENGE FPQQE IMGWYNQTEWV[Hy|SANMRNIFP IWALGEYRNRVLLCPGKWVSKNKESH - - - - - - - - - - -
AT-LAS - --=--- VYTHLPGH-KSHIWVNTSWALLALIEAG-QASRDPMPLHRGAKSLINSQMEDGDYPQQEILGVFINRNCMI|SY|[SANRNIFP IWALSEYRKLMLSL - === =-=->-==-===-===-=-=-~-
Cp-Cus - ----- YVYTHLEGH - KPHLYHTAWVLMALIEAG-QGERDPAPLHRAARLLMNSQLENGDFVQGQE IMGV|FINKNCMIMYRANRMNIFP IWALSEYCHRVLTE --------=-------------
Do-CAs - --- - - EYVQHE - - - TSQWYWNTGEWALLSLMSAK -YPDREC - - IERGIKFLIQRQYPHNGDFPQESI IGVFNFHNCMI[SY|[SH¥[KNIFPLWALSRYHQLYLKSHKI - - - - - - - - - - - - -- -~
SA-CAS - - - - EW--IEGT-HGHAVHTSWALLTLASYG---EQNSEAVRRGIRWLRDRQQEDGRWPPEPIVGI|FNR TCAIHYDANY|LR IFPWWALAWCDKR - - - - - - - - - - - - - - - - - - - - oo -
CR-CASY  -=----- VYSHLEGD - - SHYYNTAWAMLALMAYG - YHEVDPEPLRRGAVFLMRMQQPSGDWPQQHISGYFINR NCMIMYANNMRHIFP IWALGHFRRLVLLGEEEIKINS -------------
FP-OSC - ----- VYSHLPGG - KSHYYNTSWAMLTLIAAG-QWERNPEPLHRAASYVLINKQMESGDFPQEE IMGVFINRHNCMI|EY|[SANRCIFPIWALSEYRGQKLMA - - = - = = = = = = - o o e e e e e o
AbM-CAST -VYTHLEGG-RSHIWVSTAWAMLALIYAG-QALRDPKPLHRAAIVLVHNYQMENGDFPQGQE IMGVIFINR NCMI|S[Y|[SANRMNIFP IWALSEYCRHVLGQS---------------------
AC-CAS - ----- VYTHLPHND -RPHYWHTSWAMLALLYAG-QAERDPRPLHEAATVLINSQLENGDYPQQE ITGV|FINRNCMI|S[Y|[SANYRMNIFP IWALGEYRRRWVLSH - - - - - - ---------------
S58-05CF - ----- VYTHLEGH-RPHAVHTSWAMLALIDAG - QAERDPTPLHRAAKVLINLQSEDGEFPQQEIIGVFNENCMI|SY|[SQR N TFP IWALSEYRCRVLASGKQ - - - ---------------
FB-05C4 - ----- VYTHLKGHN-RAHAWVNTSWAMLALIDAG - QAERDPTPLHRAAKVLINLQSEDGEFPQQE IVGVIFINKNCMI|SY|[SONRNIFP IWALGAYRCRYVLLEDGKQ---==--==-===-===-==--
AS-CAE - ----- VYTHNLEGK-HAHAVNTGWAMLTLIDAG-QAERDPTPLHRAAKVLINLQSEDGEFPQQE IMGVFINKENCMI|SY|[SONRD IFPWVWALGEYRCRYVLAAGHK - - = = - = = - = === --o-mo-
o5-05C2 - - - - - - VYTHLEGK-RPHAVHTGEWAMLALIDAG-QAERDPIPLHRAAKVLINLGSEDGEFPQQEIIGVFINKENCMI|S|Y|[SENMRMNIFP IWALSEYRRRVLAADK - - - - - - - - - - - - -------
a5-05C1 - - - - - - VYTHLEGE -RPHGWHTSWAMLAL IDAGQQGERDPAPLHRAARILINLQLEDGEFPQQEIIGAFSKENCAI|SY[SQRMIFP IWALSEYRCR WL - - - - - - - - ---------------
DZ-CASY - ----- VYTHLEGM-RPHAVHTSWVMLALIGAG - QAERDPMPLHRGAKVLINMQSENGEFPQQD IMGV|FINR NCMI|S|Y|[SANRMNIFP IWALSEYRRQVLPYLKH - - - - - - ------------
AM-OFC - --- - - VYTHLEGMN-RAHAWNTSWAMLALIDAG - QAQRDAEPLHRAAKVLINMQMENGE FPQQE IMGVFINR HCMI|SY[SANRMNIFPIWALSEYRTRVLSSSAGH ------=--=-==-=-=-=-~-~-
C5-CAS? -VYTHLEGH-RAHAVHTGEWAMLAL IDAG - QGERDPKPLHRAAKVLINMQMENGE FPQGQE IMGV|FIHNKENCMI|S[Y|[SEMRNIFP IWALSEYRRRVLCSQFH - - - - --------------
KC-CAS - ----- VYSHLEGM-RSHYWHNTAWAMLALIGAG-QTERDPTPLHHAARYLINSQMENGDFPQGQE IMGV|FINR NC TJI|S|Y|S A|KVIFP IWALSEYRCRVLGQAS - - - - - - - - - -----------
R5-CAS - ----- VY¥SHLEGM-RSHIVHTAWAMLALIGAG-QAERDPTPLHRSARYLINSQMDNGDFPQGQE IMGV|FINR NCMI|S|Y|[SAN|KD IFP IWALSEYRCRVLQAS - - - - - - - - ------------
RC-CAS - ----- VYSHNLEGD -RSHWWNTAWAMLSLIDAG - QAERDPTPLHRAARYLINAQMENGDFPQQE IMGVFINR NCMIMYRANRD IFP IWALSEYRCRWVLKEAS - - - = = - = = - - === - oo oo o
8p-CA52  ------ VYSHWVEGHN-RSHVYNTEWAMLALIEAG - QAERDPTPLHRAARVLINSQMENGDFPQEE IMGVFINR HCMIMYRANRNIFP IWALSEYRCRVLQAP - - = = = - = = - = = === oo oo o
AT-CAS? - ----- VYSHLDGM-RSHYWHTAWAMLAL IGAG - QAEVDRKPLHRAARYLINAQMENGDFPQGQE IMGV|FINR NCMIMYAANRMNIFP IWALSEYRCQVLLQQGE - - - - - -------------
PG-CAS - ----- VYTHLEGMN-RSHYWHTGWAMLALIDAG - QAERDATPLHRAAKLLINSQMENGDFPRPQEE IMGVFDKNCMIMYRANRMNIFP IWALSEYRCRVLQGPS - - - - - - - ------------
CA-CAS -VYTHLEGE -RSHYWHTGWAMLALIEAG - QAERDATPLHHAAKLLINSQMENGDFPQEE IMGVIFINENCMIMYBANRMNIFP IWALSDYRCRVLLAP - - - - - - - - - - - - - - ------
BK-CAS  ------ VYTHLEGH-RSHWYNTAWSMMAL IDAG - QAERAETPLHRAAKVLINSQMENGD YPQEE IMGVFINENCMI|SY|[SANRNIFP IWALSEYRCKWVLGQFP - - - == - - oo o-mammnm o
PS-CAS  ------ VYSHLEGHN-REHVYNTGWAMLALIEAE - QAKRDPTPLHRAAVCLINSQLENGDFPQEE IMGWFIMNENCMIMYAANRCIFPIWALGEYRRVLQAC - - - - - - - - - - - - - - - - - - - - -
GG-CAS - ----- VYSHWVESH-RSHYWVHTGWAMLALIDAE -QAKRDPTPLHRAAVYLINSQMENGDFPQGQE IMGV|FINENCMIMYRANRNVFP IWALSEYRHRVLQSQ - - - - - - --------------
LJ-cAs - ----- VYSHLEGHM-RPHAVNTEWAMLALIEAE - QAKRDPTPLHRAALYLINSQMENGDFPQQE IMGVFINKENCMIMYRANRSIFPIWALSEYRCRVLGQAR - - - = === - - - -----o-no-
SL-CAS - ----- YVYTHLEGM-RSHYWHNTAWAMLALIAAG-QAERNPTPLHSAAKELINAQQENGDYPQGQE IMGV|FINR NCMI|S|Y|[SANRMIFP IWALSEYRAHVLKEAN - - - - - - - - - - - - - - ------
QE-CAS - ----- VYSHIVGHN - TSHYWHTGWAVLALIAAG-QAERDPAPLHRAAKLLINSQCENGDFPQEE IMGV|FINENCMIMYAANRNVFPILALGEYRNRVLETP - - - - - - - - - - - - - - - - - - - -
FT-CAS1 -WYTHLEED-RSHYVHNTAWAMMALFDAG - QAQRDPKPLHLAAQYLINSQMENGDFPQEE IMGWFINR HCMI|S|Y[SANR N IFP IWALGEYRTRVLGQAC - - - - - - - - - - ----------
BP-CASI - ----- YVYTHLKDMN-RPHIVHTGWAMLALIDAG - QAERDPTPLHRAARILINSQMENGDFPQEE IMGV|FINKENCMI|S|Y|[SANRMNIFP IWALSEYRCRVLKEAL - - - - - - --------------
CP-CAS - ----- VYTHIKDD -RPHIVHTGWAMLSLIDAG-QSERDPTPLHRAARVLINSQMEDGDFPQEE IMGV|FINENCMI|SY|[SANRMIFP IWALSEYRSRVLKEPLK - - - - - - - ------------
LC-CASY  ------ VYTHIKDD -RPHIWVNTGEWAMLSLIDAG-QSERDPTPLHRAARILINSQMDDGDFPQEE IMGI|FNENCMI|SYJAANRNIFP IWALSEYRCRYLQAP - - = = = - = = - - = == - o= oo o -
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Appendix 6

Appendix 6: Genomic DNA sequence of Sad1

Genomic DNA sequence of the Sadl gene showing the positions of the primers used for gDNA
sequencing of the sadl mutants. Exons and introns are shown in uppercase and lowercase
respectively. Locations of the forward and reverse primers identified in table 3.1 are shown in green
and pink respectively. The start (ATG) and STOP codon (TGA) are shaded in grey.

ATGTGGAGGCTAACAATAGGTGAGGGCGGCGGTCCGTGGCTGAAGTCGAACAATGGCTTCCTTGGCCGCCAAGTGT

GGGAGTACGACGCCGATGCCGGCACGCCGGAAGAGCGTGCCGAGGTTGAGAGGGTGCGTGCGGAATTCACAAAGAA

CAGGTTCCAGAGGAAGGAGTCACAGGACCTTCTTCTACGCTTGCAGgtacatgcgtcttcttteccectacttecat

atacacccagtagtatatgttgccactgccgttagctctagectttaggactgagaaaagggctctcagataatcca

tatctctctttagatggagggtttgcttttatttattattacatattgttcaatccttgectgtgtatatcatcaac

tgcagTACGCAAAAGACAACCCTCTTCCGGCGAATATTCCGACAGAAGCCAAGCTTGAAAAGAGTACAGAGGTCAC
— > 16F

TCACGAGACTATCTACGAATCATTGATGCGAGCT TTACATCAATAT CCHCHOIACAACORCACEANCCGCATTGG
26R ¢—m

CCTGGTGATTACACTCCCATTCTCTICATTATGEC TATCATTgtaagtattttactattattttatgatacageaa

tttggcaattaatatatgcatacgaggtttcttatttcgtaaatactcaagacaatatagcatgtggaatcttata
atttctataatgaatatgtaccgtcttgtgtgcgcaatacgtatactatattattccgctatgcatatagtattac
ataccaatattgatagatgttcaaaccaattatgaagagtttaactacaagatttaatatagtagtttctgttatt
ctagcagcaagttacctccattaggttccggaagttctactcttaccacctatatatatgtattattgecttatact

accttcgtctcaaagtttaagacttttttttaaagtcaatttatggaaagtttgaactaacttttataaaactatc
— > 10F

aagaactatgatattatatttgccatgtgaaaatatgttttattatgtatcaaagg_
25RE——

.ataatatt_ttacttagtttgacttttggaaagtatataagccttaaactt

taaaatagacgtagtaattcagatgcacttcactgatatcccgacaaaagtacaaaatacatttatggaatgtcaa
atttatttgaaaacaacacatttggtttagcttcaatatttcggaaaagaaaatatgaggagtgatttaaataagt
tcttaaggttttcatgaaaaacaaatctgttatggggactttatgcaaagagaacaagattggctcttagaaattt
ctttagatatgattaaattaaaatacagtgtttgcactaaaaccacatttggtttgatttgaatatttgaaagaga
tagaaaatcttgaacatttatttttagggaatataggctttattactaccatcctatgtatcatcgatg_
—» 18F

actctgaaaactaagaagtctccaacatttagacaatgatattggtttttcaaatttcagt

aacacttacaagaattccgttgattttattctccatccgagaactcatttctecctctecctaataatgatgcacata

tatgatgggatcttttctttatgttgcagATATTCTCTTTATATGTTACTAGATCACTTGACACCTTTTTATCTCC
—— > 610F

GGAACATCGTCATGAGATAT_gggattaaacctaacacatatttccatat

ttgttttctatatgtttgtgattttgtgaccaaaataaaaacagtacttaatgcaacatatattgagcagAATGAA
GATGGTGGTTGGGGAAAAATGGTTCTTGGCCCAAGTACCATGTTTGGATCGTGTATGAATTATGCAACCTTAATGA

TTCTTGGCGAGAAGCGAAATGGTGATCATAAGGATGCATTGGAAAAAGGGCGTTCTTGGATTTTATCTCATGGAAC
61R¢—m

TGCAACTGCAATACCACAGT_ttaaat aacacaagatatcaatgctcatata

tgttctcttctgaactaacgttaaatcaacctactatttgataacatcatagATAATTGGCGTTTACGAATGGTCA
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GGAAACAATCCTATTATACCTGAATTGTGGTTGGTTCCACATTTTCTTCCGATTCACCCAGgtatttctatctage
ttgcatatataacaaaattgttgtagaacgcatgcttagaccatcattctgtggaattattctgtgcaatttgttyg
cttgtggaagcaatttaaccatatatcaaacaaggaatattgaggcatggtacctgaaatagttttttgaaaaata
catgccgaaaaggaaatcaatgtttcaattaggcatgtttgcacgtagattccacaagattctcttgtatatgttt
tgatcttggagatacatgtatatatttatgtatctttcatattatctcaaaaaaataacatgttactaccccctcect
atccataataagtgtcggtcacttagtacaaactttatactagcttagtacaaaatggacgactcttattatggat
tgcagggagtactaaatattatgaagttgaaccttatcattcacaagtaatttattggaaaataatccttcatatg
tagGTCGTTTTTGGTGTTTTACCCGGTTGATATACATGTCAATGGCATATCTCTATGGTAAGAAATTTGTTGGGCC

————————» 11F D ——
TATTAGTCCTACAATATTAGCT_GTATACbAGGCG
CGTGATTATTGTGCAAAGgttagttagttaatcaatcactatatatatgtattcagtttgttagaatatattaatt
tagcccatgtcactacataatattttcatggattcaagattaagaacatcacgtagaataatgaagtacatcattt
cagtacttggtatctcagaaaaaatatagactaagaaagctagtgttcttcaaaaattttatgttgtttcagGAGG
ACCTTCATTACCCACGCTCACGGGCACAAGATCTTATATCTGGTTGCCTAACGAAAATTGTGGAGCCAATTTTGAA
TTGGTGGCcAGcAAACAAGcTAAGAGATAGAGcTTTAACTAAccTCATGGAGCAﬂM
-AAATATGTGGGCATTTGCCCTATTAACAAthgaaattattttcaaattgatttgcaccttttactttaataa
tgacggatgttattccattctaatgttttaacatgtttattgtaattagGCATTGAACATGATTTGTTGTTGGGTA
GAAAACCCAAATTCGCCTGAATTCCAACAACATCTTCCACGATTCCATGACTATTTGTGGATGGCGGAGGAT-

109R ——

gctcttgtcagatattttgccaatttaactacgtgccaattcttcacaaccatt
aacctttttcatgaatatatatttcctcaaacaaaatgtgagaatcttttgggttacaaggattttttattttcat
ctatatctaggttgcattcaataagcatgtttgtgcatgtccgagttctcctgaaccaaactaaaatgcatattcet
ctttagctgcacatagtgtatatgaaataaaattatggtaataatatttttactttagttaattctaatgacgaaa
tagttgatatgcctatatcgtttcgaatatataaatcagaggtagttagaaaaattattggacttacatcaaatgce

— p O5F
aaactgtgaatgtataagtaatatgtatacaatcgcagGTATATGAGEATCICATAGCIGGGAACTAGCGTTCAT

AATTCATGCCTATTGTTCCACGGATCTTACTAGCGAGTTTATCCCGACTCTAAAAAAGGCGCACGAGTTCATGAAG
AACTCACAGgtttgttgttctccatattatattattgctcaaattctgaaaagatctaacattaattgtctaccct
tgaagGTTCTTTTCAACCACCCAAATCATGAAAGCTAT*CATGGACCCTTTCAAG
TGTAGATAATGGTTGGTCTGTATCTGATTGTACTGCGGAAGCTGTTAAGgttaacataagaaccatgtcttccaat
tgtacatatataagtacatatgtgaatacatgacgggttaccctgtataagttgaaatgaactattcatgaatata
ttgaatctacattaatattcattattttttcagGCATTGCTACTATTATCAAAGAﬂGCG
ATCCAATAAAACAAGACAGGTTGTATGATGCCATTGATTGCATCCTATCTTTCATGgtatgagaatctaaattgga
tcaattaacaaacgtacattactaaacaagggaaactatgcagacccattactaaagaaatgtgagcccacctage
tagataattttatctaaaagtattaaattatattttgcacaacatacaaaagttaaatttgttgtacaatgcatat
tattttctaaaaaaaatgcaaaaataatttggagaaattttataaggtagtccacggtaatttaatccatttctat

aatgcaaatagagtctcactaatagcaggtctccttttctecgttttgaagAATACAGATGGAACATTTTCTACCTA
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CGAATGCAAACGGACATTCGCTTGGTTAGAGgttagtgatattcctttaaagttttataacatggtacaattaaga
tgaaatatcatttttgtattgtatgacttgtccatgagaacaaggtattgggattgaataagaagtcaaaagaaaa
ccaaatacaacaatgatatattaattgtaattcttatggtcattttgcatttctctttcatacccaagaaattttt

—» 12F

tctcctgaacaataagtttggataaccctatcccctttaacaaaatatctcttctacgagctagGTT_
23RE——

_TCCgtaagacaaaaaacacctacttcataaattatctttacttc

tatattcaaatattcattttcgcgaactgacttgatatacataataatggtcagATCTGTTGAATGCACATCATCT
GTGGTTGATGCTCTCATATTATTTAAAGAGACGAATCCACGATATCGAAGAGCAGAGATAGATAAATGCATTGAAG
AAGCTGTTGTATTTATTGAGAACAGTCAAAATAAGGATGGTTCATGgtaagtgacatgatataaattatgcgttac
aataacttttacttttgattaaatttgaaaatttattacttcttgtatctcatagGTATGGCTCATGGGGTATATG
TTTCGCATATGGATGCATGTTTGCAGTAAGGGCGTTGGTTGCTACAGGAAAAACCTACGACAATTGTGCTTCTATC
——» O08F
AGGAAATCATGCAAATTTGTCTTATCAAAGCAACAAACAACAGEICCATCCCEICARGACEATCTTTCTAGTGACA
ATGGGgtaatataacaaactactttacccctataacattttactaatggtaaatcaaatccatcatgattattcat
agatttaagtcatacatgatatagtaaacatagaaattgatactagttgagagttttgttgttctataaatatact
agttgagagttcagtagttctataagccatgcatggaattacgaaacattataaactcaacgcaagatgatatagt
tgacaaattttaaaaatatcatatgtcttgttaaaaaaaagatcctagttatattttgagcatgaatatcttcaaa
tattgtgtatatgtgagaaaggtgatgtttaattgcacaaggtacactaaataaaatggttaatttgtgtatgeccc
aaaaaagagagatatagaaagagctaaagtaaacttttaattgacacatcttgttcttaacatttattttttatga
aagtctcagtacattcacgatacctagcaatatgaaaattcattgattagacagaagataaaattgccattccaca
attattaaatcatatatgttaatttttgcctttttgcttatttttgtcatgataatggatgcat;;faccatgttt
tccaatggtctcatctactaatctcagatatcttaatacagcttggtctacaactgttacaccc_
_caaatacattataaactactactaatgacctaacacaaaaaaatgacgacaaagacaaatatccaat
agaaggatcttttgtactgaacaaatgaagaaaattgtacatatatattgtgtaatatttaatttgttttccttta
gtgtactccatccatgaaaatgatattaaatcaatatttgcaatcatgcggtcaaatctgttcttctagatgegta
agctaaagtcattatatgtatatatatattttcaagaacacataggcatgttgtgttttctaatcacgttttgtac

———————» 19F
agGAATATATTGATAGCGGTAGGCCTAATGCTGTGACCACCTCAICECCARTCTICECT I TARTIHBATGCTGGACA

Ggtttgtcaaatatttttccttgtttgtctagaatatgaattttttattaaaaaggaaaagttctcactattcttg
aatagtcgagttatctaacagaataatttatattttgtttttttaataagGTTGAACGTGACCCAGTACCACTGTA
TAATGCTGCAAGACAGCTAATGAATATGCAGCTAGAAACAGGTGACTTCCCCCAACAGgtaatatgtttcecgtect
acatgttttcaaacaaaaatgcaaagtaatcttaagtttaattgaaactgatcttttgttaatgaaactcaatgta
gaccttaagggaacaaccagtagaaataaaatacttgtgaattgataactctggaaagtgtatgcattaatgttgg
tgtgaatgtggtaaatgttggcattgcgtcataatttttgcatcggtacttacaaagtttaattaacactaatctc
ttgtcagattcaatgatcattaaaaattaagatataacctccatctagcttcttacttacagtttcaccttggtaa
tagGAACACATGGGTTGCTTCAACTCCTCCTTGAACTTCAACTACGCCAACTACCGCAATCTATACCCGATTATGG

CTCTTGGGGAACTTCGCCGTCGACTTCTTGCGATTAAGAGCTGA
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Appendix 7: Original data from DArT analysis of sadl mutants

Table A: DArT binary data. The binary data for the 35 genetic markers found to be polymorphic between all of the 17 sadl mutants.

Presence of absence of the marker was scored using “1” and “0” respectively and missing data is shown by a dash (-).

show high levels of variability between replicate samples are highlighted in red.

Mutan

ts that

CloneID CloneName MarkerName P Q Reproducibility CallRate PIC Discordance S75-1 S75-2 Al-1 A1-2 B1l-1 B1-2 109-1 109-2 610-1 610-2 1146-1 1146-2 1293-1 1293-2 110-1 110-2 225-1 225-2 589-1
415701 | 802106272005_N_24 | oPt-8320 |88.438|87.571 100 96.078 0

468690 | 802107109015_N_15 | oPt-17991 |83.785 | 82.964 100 94.118 0

415431 [ 802106272005_C_18 | oPt-3946 |82.194|81.388 100 88.235 | 0.495 0

468690 | 802107109015_N_15 | oPt-17991 [81.915[81.112 100 90.196 |0.499 0

466873 | 802107109011 _B_22 | oPt-16174 | 81.404 | 80.605 100 100 [0.109 0

464253 | 802107109004_E_18 | oPt-13554 | 79.327 [ 78.549 100 86.275 | 0.498 0 _ - [ 1 |
467153 [ 802107109011_N_14 | oPt-16454 |78.94978.175 100 92.157 [0.219 0 I 11 [ 1] 1 [ - | - ]

465310 | 802107109007_A_19 | oPt-14611 [77.514]76.671 100 90.196 |0.065 0

455550 | 800907094014 K 3 | oPt-11379 [76.888 | 76.134 100 93.137 [0.245 0 -

451487 | 800907094004_A_20 | oPt-2489 |[73.515 | 73.625 100 89.216 [0.252 0 1 1 |1 |1 [ 1 1 1]
450979 | 800907094002_L 16 | oPt-7377 |[73.474|72.754 100 91.176 [0.292 0 1

468422 | 802107109015_C_11 | oPt-17723 [72.307 | 71.598 100 93.137 [0.285 0

467089 | 802107109011_K_22 | oPt-16390 [72.225 | 71.551 100 87.255 |0.266 0

451823 [ 800907094004_0_20| oPt-7303 [70.92971.036 100 92.157 [0.225 0

464996 | 802107109006_D_17 | oPt-14297 [67.635 | 67.164 100 88.235 [0.252 0

466143 [ 802107109009_D_12 | oPt-15444 |66.243 | 65.594 100 93.137 [0.175 0

397225 | 802106198003_M_4 | oPt-9687 | 65.35 | 64.703 100 89.216 [0.228 0 |- [ -
794668 | 804909173005_A_1 | oPt-794668 | 64.406 | 63.774 100 95.098 [0.117 0

393089 | 802106192010_P_; 2 oPt-2374 [63.354 | 62.733 100 94.118 [0.192 0 1
793423 | 804909173001_M 4 | oPt-793423 | 60.718 | 60.152 100 97.059 |0.058 0 1
412054 | 802106271006_G_1 | oPt-6715 |64.346 | 63.786 96.97 82.353 |0.215

467187 [ 802107109011_0_24| oPt-16488 |66.992 | 66.673 96.97 80.392 [0.337

454314 | 800907094011_G_15 | oPt-10143 |71.103 | 70.986 96.97 83.333 | 0.27

794493 | 804909173004 _I_18 | oPt-794493 | 70.015 | 69.682 96.97 87.255 |0.299

390960 | 802106192005_H_3 | oPt-1586 |69.409 | 68.729 96.97 84.314 [0.483

454390 | 800907094011_J_19 | oPt-10219 |67.033 | 68.164 96.97 87.255 | 0.18 - 1 11 1

465377 | 802107109007_D_14 | oPt-14678 |73.056 | 72.597 96.97 85.294 [0.452

415431 [ 802106272005_C_18| oPt-3946 | 83.566 | 83.02 96.97 91.176 | 0.5 1 [ 1 [ 1] 1

467633 | 802107109013_B_14 | oPt-16934 | 74.16 | 73.588 96.97 84.314 |0.456

467672 | 802107109013_D_5 | oPt-16973 |74.233 | 73.506 96.97 84.314 |0.481 | - | 1 ]

467633 | 802107109013_B_14 | oPt-16934 |74.122]73.395 96.97 82.353 [0.492

453764 | 800907094009_P_17 [ oPt-9106 |73.829 | 73.105 96.97 83.333 [0.492

464962 | 802107109006_C_7 | oPt-14263 |75.059 | 74.323 96.97 94.118 [0.242

794975 | 804909173005_M_20 | oPt-794975 | 74.558 | 73.827 96.97 86.275 | 0.488

392831 [ 802106192010_F_2 | oPt-9413 |[83.599 | 82.779 96.97 95.098 |0.488
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CloneID CloneName MarkerName P Q  Reproducibility CallRate PIC Discordance 1001-1 1001-2 297-1 297-2 358-1 358-2 384-1 384-2 532-1 532-2 599-1 599-2 1023-1 1023-2 1217-1 1217-2
415701 | 802106272005_N_24 | oPt-8320 |88.438 | 87.571 100 96.078 | 0.48 0 1 1

468690 | 802107109015_N_15 | oPt-17991 [83.785 | 82.964 100 94.118 | 0.5 0

415431 [ 802106272005_C_18 | oPt-3946 |[82.194|81.388 100 88.235 | 0.495 0

468690 | 802107109015_N_15 | oPt-17991 [81.915[81.112 100 90.196 | 0.499 0

466873 | 802107109011_B_22 | oPt-16174 |81.404 | 80.605 100 100 [0.109 0

464253 | 802107109004_E_18 | oPt-13554 |79.327 | 78.549 100 86.275 | 0.498 0

467153 [ 802107109011_N_14 | oPt-16454 |78.949 | 78.175 100 92.157 |0.219 0

465310 | 802107109007_A_19 | oPt-14611 [77.514]76.671 100 90.196 | 0.065 0

455550 | 800907094014 K_3 | oPt-11379 |76.888 | 76.134 100 93.137 [0.245 0

451487 | 800907094004_A_20 | oPt-2489 |[73.515 | 73.625 100 89.216 | 0.252 0

450979 | 800907094002_L_16 | oPt-7377 [73.474|72.754 100 91.176 |0.292 0

468422 | 802107109015_C_11 | oPt-17723 [72.307 | 71.598 100 93.137 [0.285 0

467089 | 802107109011_K_22 | oPt-16390 [72.225 | 71.551 100 87.255 | 0.266 0

451823 [ 800907094004_0_20| oPt-7303 [70.929 | 71.036 100 92.157 [0.225 0

464996 | 802107109006_D_17 | oPt-14297 |67.635 | 67.164 100 88.235 | 0.252 0

466143 | 802107109009_D_12 | oPt-15444 |66.243 | 65.594 100 93.137 [0.175 0

397225 | 802106198003_M_4 | oPt-9687 | 65.35 |64.703 100 89.216 | 0.228 0

794668 | 804909173005_A_1 | oPt-794668 | 64.406 | 63.774 100 95.098 [0.117 0 N
393089 | 802106192010 P_20 | oPt-2374 |63.354 | 62.733 100 94.118 [ 0.192 0 1

793423 | 804909173001 M 4 | oPt-793423 | 60.718 | 60.152 100 97.059 | 0.058 0 1 - 1
412054 | 802106271006_G_1 | oPt-6715 | 64.346 | 63.786 96.97 82.353 | 0.215 | - | 1 ] 1 | 1
467187 | 802107109011_0_24| oPt-16488 | 66.992 | 66.673 96.97 80.392 [0.337 1 |1 [ 1 1 o [ - 1 [ ]
454314 | 800907094011_G_15 | oPt-10143 |71.103 | 70.986 96.97 83.333 [ 0.27 1 [ 1]

794493 | 804909173004_1_18 | oPt-794493 | 70.015 | 69.682 96.97 87.255 | 0.299 - 1 | -] N

390960 | 802106192005_H_3 | oPt-1586 |69.409 | 68.729 96.97 84.314 [0.483 - 1 1

454390 | 800907094011 ] 19 | oPt-10219 [67.033 | 68.164 96.97 87.255 | 0.18 - -] 1 1 1 1

465377 | 802107109007_D_14 | oPt-14678 | 73.056 | 72.597 96.97 85.294 | 0.452

415431 | 802106272005_C_18 | oPt-3946 |83.566 | 83.02 96.97 91.176 | 0.5 e

467633 | 802107109013 B_14 | oPt-16934 | 74.16 [73.588 96.97 84.314 | 0.456 I | - ] 1

467672 | 802107109013_D_5 | oPt-16973 |74.233 [ 73.506 96.97 84.314 | 0.481 1

467633 | 802107109013_B_14 | oPt-16934 |74.122]73.395 96.97 82.353 [ 0.492 1

453764 | 800907094009_P_17 | oPt-9106 | 73.829 [ 73.105 96.97 83.333 [ 0.492 | - ] e 1 | - ]

464962 | 802107109006_C_7 | oPt-14263 | 75.059 | 74.323 96.97 94.118 | 0.242

794975 | 804909173005_M_20 | oPt-794975 | 74.558 | 73.827 96.97 86.275 | 0.488 1 [ - I

392831 | 802106192010 F_2 | oPt-9413 |[83.599 [ 82.779 96.97 95.098 | 0.488 1
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Table B: Humming matrix analysis of binary data. The binary data was analysed using a Humming matrix which gives a numerical
score of the similarity between each of the mutant samples. The samples are scored at distances between 0 and 100, with identical

samples being at a distance of 0 from each other. The two groups of mutants with identical point mutations are highlighted in red and
blue.




Appendix 8

Appendix 8: Western blot analysis of sad1l PTC mutants

Western blot analysis of the sadl premature termination of translation mutants to look for the
presence of AsbAS1 protein. Membrane was probed with the AsbAS1 antibody at 1:10,000 dilution
(13083 serum) and chemiluminescent signal detected by exposure to X-ray film for 30 seconds. Lane
1, SeeBlue® Plus2 Pre-Stained Standard: myosin (188kDa), phosphorylase (98kDa), bovine serum
albumin (62kDa), glutamic dehydrogenase (49kDa), alcohol dehydrogenase (38kDa), carbonic
anhydrase (28kDa), myoglobin red (17kDa), lysozyme (14kDa), aprotinin (6kDa); Lane 2, Wild type
S75 root tip protein; Lane 3-8, Root tip protein from mutants #A1, #B1, #109, #610, #1146, #1293.
A. SDS-PAGE gel to show even total protein loading. B. Western blot at 30 seconds exposure.
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