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Abstract

The various steps of monoterpene indole alkaloid (MIA) biosynthesis are known to
occur in specialized cell types and subcellular compartments. Numerous MIAs display
powerful biological activities that have led to their use as pharmaceutical treatments for
cancer, hypertension and malaria. Many of these compounds accumulate on the leaf surface
of medicinally important Apocynaceae plants, which led to the recent discovery and
characterization of an ABC transporter (CrTPT2) that was shown to mobilize catharanthine
from its site of biosynthesis in epidermal cells to the leaf surface of Catharanthus roseus
Bioinformatic analysis of transcriptomes from several geographically distant MIA-
producing species led to the identification of proteins with high amino acid sequence
identity to CrTPT2. Molecular cloning of a similar transporter (VmTPT2) from Vinca
minor was carried out and expressed in a yeast heterologous system for transport
experiments and functional characterization. In planta studies involved transcript
expression analysis of the early MIA biosynthetic gene VmTDC and putative transporter
VmTPT2and alkaloid profile analyses. RT-qPCR results showed that VmTPT 2xpression
increased 15-fold between the first two leaf pairs, and high levels were maintained across
older leaves. The alkaloid accumulation profile on leaf surfaces matched that of VmTPT2
expression, especially for the MIAs vincadifformine and vincamine. Gene expression and
alkaloid profile analyses suggest that the functional protein may act as a similar transporter
to CrTPT2. However, although VmTPT2 had 88.4% identity at the amino acid level to
CrTPT2, it displayed an altered expression pattern in plantaacross developing leaves, and
functional characterization using a previously developed yeast heterologous system was

unsuccessful due to difficulties with reproducibility of transport assays.
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Chapter 1. Introduction and Literature Review
1.1  Monoterpeneindole akaloids
1.1.1 Plant secondary metabolism

Plants are essentially sessile organisms that cannot flee when they are threatened or
stressed. For this reason, they have evolved numerous means of defending themselves.
There are two major ways that plants protect themselves from abiotic stresses such as
drought, cold and heat, or from biotic stresses caused by herbivory, pathogenesis and plant
competition. The first line of defence is physical, while the second method involves the
production of chemicals that can be toxic to other organisms, or can be used for
communication (Bennett & Wallsgrove, 1994). Physical protection includes such
morphological features in the form of thorns, trichomes, and the waxy cuticle that act as
mechanical barriers to deter herbivores and pathogens (Martin, 1964; Milewski et al., 1991;
Kaplan et al., 2009). The range of chemical defences that plants employ is much more
extensive and are classified based on their structure and origins from different primary

metabolites (Dewick, 2002).

Alkaloids, terpenes and phenolics are the three main classes of chemical defence
compounds that are referred to as secondary metabolites. Secondary metabolites differ
from primary metabolites such as carbohydrates, proteins, lipids and nucleic acids, which
have essential functions in plant growth and development, and exist in all plants (Bennett
& Wallsgrove, 1994). Secondary metabolites are not considered necessary or required for
plant survival, although this notion is arguable since plant defence compounds are
important for protection and maintenance of overall plant health, and can play a crucial
role in processes such as pollinator attraction (Bennett & Wallsgrove, 1994; Pichersky &

1



Gershenzon, 2002). The bioactivities of certain plant secondary metabolites can translate
to desirable pharmacological activities and have been long exploited by humans for

medicinal use (Dewick, 2002).

Alkaloids are a class of organic, nitrogenous bases that are principally derived from
the amino acids lysine, tyrosine, tryptophan, histidine, ornithine, nicotinic acid and
anthranilic acid (Dewick, 2002). Tryptophan and tyrosine are produced through the
shikimate pathway via the pentose phosphate and glycolysis pathway metabolites,
erythrose-4-phosphate and phosphoenolpyruvic acid (PEP), while ornithine and lysine are
derived from Krebs cycle intermediates (Dewick, 2002). This class of secondary
metabolites exhibits a wide range of chemical structures and corresponding biological
activities. Many of these aromatic amino acid-derived compounds have important roles in
plant defence mechanisms to deter herbivores and pathogens (Bennett & Wallsgrove, 1994;
Dewick, 2002), while the addictive drug cocaine, the narcotic morphine, the poison
strychnine and the anticancer therapy vincristine are some examples of plant-derived

alkaloids that are used by humans (Dewick, 2002; Facchini & De Luca 2008; Fester, 2010).

Terpenes are derived from C5 isoprene units that undergo condensations with
additional isoprene units to form monoterpenes (C10), sesquiterpenes (C15), diterpenes
(C20), triterpenes (C30), and tetraterpenes (C40). Two pathways have evolved in plants for
the production of terpenes: the mevalonic acid (MVA) pathway for the production of
sesquiterpenes and triterpenes, and the non-mevalonate or 2-C-methyl-D-erythritol 4-
phosphate (MEP) pathway that yields monoterpenes, diterpenes and triterpenes
(Rodriguez-Concepcion and Boronat 2002). Glandular trichomes are often implicated in

the biosynthesis, storage and release of terpenoids in the form of essential oils with



antifeedant properties within the Lamiaceae family (Gershenzon et al., 1992; Gonzalez-
Coloma et al., 2005), while the glandular trichomes of Asteraceae species produce and
store medicinally important sesquiterpene lactones like artemisinin and parthenolide that
are used as anti-malarial and anti-inflammatory treatments, respectively (Luo & Shen,

1987; Kwok et al., 2001; Lommen et al., 2006; Majdi et al., 2011).

Phenolics are metabolites produced through the condensation of acetate units and
by the modification of aromatic amino acids (Bennett & Wallsgrove, 1994). This class
includes subcategories such as catechols, coumarins, polyphenols, tannins and the well-
studied flavonoids, which include flavonols, isoflavonoids and anythocyanins. Various
phenolics provide plant protection against insect herbivores, bacteria, fungi and nematodes,
and more specifically, anthocyanins play a photoprotective and antioxidant role in plants
that may translate to free oxygen radical protection in the animals that consume them
(Bennett & Wallsgrove, 1994; Dewick, 2002; Karageourgou & Manetas, 2006; Kytridis &

Manetas, 2006; Ky et al., 2013).
1.1.2 Medicinally important MIA -producing plants in the Apocynaceae family

Catharanthus roseus..) G. Don, commonly known as the Madagascar periwinkle,
is @ member of the Apocynaceae family that is endemic to Madagascar. Catharanthus
roseusis naturalized in other tropical countries and is planted as a garden variety in North
America. It is a woody-stemmed herb that grows to a height of 80 cm with leaves that are
simple, entire, opposite, and obovate-elliptic in shape. This species produces solitary,
bisexual flowers in colours ranging from white to pink and purple (Huxley, 1992; van der

Heijden et al., 2004).



This plant was traditionally used in folk medicine to treat diabetic patients and was
initially investigated for its potential hypoglycemic properties. Instead, it was found to
deplete white blood cell counts in rabbits and its constituents were subsequently explored
for anticancer properties (Dewick, 2002). More than 150 alkaloids have been characterized
in Catharanthugoseus most of which are terpenoid indole alkaloids. These compounds
display a range of pharmaceutical activities, including the important anti-cancer dimeric
alkaloids vincristine and vinblastine, which are used to treat childhood leukemia and
Hodgkin’s disease, respectively, and the antihypertensive drug ajmalicine (Dewick, 2002;

van der Heijden et al. 2004).

Vinca minorL. is commonly known as lesser periwinkle and is native to areas of
Europe and the Caucasus. It is commonly grown as a garden variety in temperate climates
and is often used as a perennial ground cover (Rogers, 2003). This species is a broadleaf,
deciduous, evergreen sub-shrub with trailing stems that can grow to 2 meters in length.
Vinca minoreaves are simple, entire, opposite, and lanceolate to ovate in shape. This plant
is used as an ornamental due to both its ability to stifle the growth of weeds and its
periwinkle coloured flowers (Rogers, 2003). Over 50 indole alkaloids have been isolated
from Vinca minor(Farahanikia et al., 2011). The monoterpene indole alkaloid vincamine
and its semisynthetic derivative vinpocetine are used to increase cerebral blood flow and
to treat dementia (Merlini & Pinza, 1989), although data on efficacy towards dementia
treatments are inconclusive and as such it is sold as a dietary supplement in the United
States rather than an approved pharmaceutical drug (Szatmari & Whitehouse, 2003).
However, recent work has shown that vinpocetine possesses anti-inflammatory activity via

inhibition of NF-kB activation and subsequent upregulation of pro-inflammatory cytokines



(Ghosh et al., 1998; Tak & Firestein, 2001; Jeon et al., 2010; Medina, 2010), and another
recent study demonstrated a novel role of vinpocetine in the decrease of lipid accumulation
and atherosclerosis formation in mice (Cai et al., 2013). Total alkaloid extracts subdivided
into three alkaloid fractions have shown in vitro dose-dependent cytotoxic activity against
colon carcinoma (HT-29), colorectal adenocarcinoma (Caco-2) and breast ductal

carcinoma (T47D) cancer cell lines (Khanavi et al., 2010).
1.1.3 Monoterpene indolealkaloid biosynthetic steps are spatially separated

Monoterpene indole alkaloids (MIAs) comprise 2000 natural products and are
classified as such by their structure and mode of production (O’Connor & Maresh, 2006).
Monoterpene indole alkaloids are initially derived by the coupling of the indole and iridoid
pathways. The indole tryptamine, an aromatic, heterocyclic derivative of the amino acid
tryptophan, undergoes an enzyme-mediated condensation reaction with the monoterpene
iridoid secologanin to yield the product strictosidine, the common precursor for all MIAs
(O’Connor & Maresh, 2006). Members of the Apocynaceae, Loganiaceae, Rubiaceae and
Nyssaceae plant families are known to produce this class of secondary metabolites

(O’Connor & Maresh, 2006).

Much research has focused on the cloning and characterization of pathway steps
involved in the biosynthesis of medicinally important MIAs from Catharanthus roseusd
other related Apocynaceae members. Cellular and subcellular localization of several
biosynthetic pathway components by such techniques as immunohistochemistry, in situ
hybridization and carborundum abrasion, have led to the discovery that the various steps

of MIA biosynthesis are spatially separated (De Luca & Cutler, 1987; St-Pierre et al., 1999;



Laflamme et al., 2001; Burlat et al., 2004; Mahroug et al., 2006; Oudin et al., 2007b; Levac

et al., 2008; Murata et al., 2008; Asada et al., 2013).
1.1.4 Internal phloem-associated parenchymdocalized biosynthetic pathway steps

The plastid-localized 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway
involves 7 enzymatic steps that lead to the production of isopentenyl diphosphate (IPP),
which can undergo isomerization into dimethylallyl diphosphate (DMAPP) (Veau et al.,
2000; Rodriguez-Concepcion & Boronat, 2002). In Catharanthus roseuternal phloem-
associated parenchyma (IPAP) cells are specialized for the preferential expression of MEP
pathway genes, and the enzymes geraniol synthase (GES) and geraniol 10-hydroxylase
(G10H), which are involved in the production of committed iridoid precursors for
secologanin biosynthesis, as shown in Figure 1.1 (St-Pierre et al., 1999; Burlat et al., 2004;
Mahroug et al., 2007; Oudin et al., 2007a; Simkin et al., 2013). Recently, the fourth to last
step in secologanin biosynthesis performed by the iridoid glucosyltransferase UGT8 was
characterized by Asada et al. (2013), and localization studies using carborundum abrasion
for RNA extraction and in situ hybridization confirmed the presence of UGT8 in IPAP
cells of Catharanthusspecies. The third to last step of secologanin biosynthesis is the
hydroxylation of 7-deoxyloganic acid to loganic acid, catalyzed by 7-deoxyloganic acid 7-
hydroxylase (DL7H) (Salim et al., 2013). DL7H is believed to be expressed in IPAP cells
due to the fact that it is expressed in whole leaves at levels 7 times greater than in leaf
epidermal cells, which is the same ratio as determined for iridoid synthase (IRS), an IPAP-
localized enzyme responsible for cyclization of the dialdehyde 10-oxogeranial into

iridodial (Geu-Flores et al., 2012; Salim et al., 2013).
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al., 2013).



1.1.5 Epidermis-localized biosynthetic pathway steps

While the majority of secologanin assembly takes place in the internal phloem-
associated parenchyma cells, the last two steps of secologanin biosynthesis catalyzed by
loganic acid O-methyltransferase (LAMT) and secologanin synthase (SES) occur in leaf
epidermal cells of Catharanthus roseu#ahroug et al., 2006; Murata et al., 2008; Roepke
et al., 2010). In the leaf epidermis, tryptophan decarboxylase (TDC) catalyzes the
conversion of the amino acid tryptophan into tryptamine (De Luca et al., 1989; St-Pierre et
al., 1999; Murata & De Luca, 2005). Secologanin undergoes a condensation reaction with
the tryptamine molecule to yield strictosidine, the precursor for 1000s of MIAs (Figure
1.2). This reaction is mediated by the epidermis-localized enzyme strictosidine synthase
(STR1) (St-Pierre et al., 1999; Irmler et al., 2000; Murata & De Luca, 2005). The leaf
epidermis is also specialized for the expression of strictosidine B-glucosidase (SGD)
(Murata et al., 2005), tabersonine 16-hydroxylase (T16H) (Murata et al., 2005; Besseau et
al., 2013) and 16-hydroxytabersonine-16-O-methyltransferase (16-OH OMT) (Murata et
al., 2005; Levac et al., 2008), where the two latter enzymes are involved in production of
precursors for vindoline biosynthesis (Figure 1.2).

Metabolite analysis of epidermal cell extracts has revealed low levels of vindoline and
catharanthine, and high levels of tabersonine and 16-methoxytabersonine (Murata & De
Luca, 2005). Although catharanthine is present in low levels within epidermal cells, it is
instead found to accumulate on the extracellular surface of the epidermis as shown in

Figure 1.2 (Roepke et al., 2010).



1.1.6 Leaf mesophyll: specialized idioblast and laticifeflocalized steps

The terminal reactions in vindoline biosynthesis involve an N-methyltransferase
(NMT), desacetoxyvindoline 4-hydroxylase (D4H), and deacetylvindoline 4-O-
acetyltransferase (DAT), all of which are expressed in the leaf mesophyll or in specialized
idioblasts and laticifers (St-Pierre et al, 1999; Murata & De Luca 2005). Analysis of leaf
surface chloroform extracts and whole leaf methanol extracts revealed that leaf surface
exudates contain only 2-5% of total vindoline, while the remaining vindoline is found
within the mesophyll, spatially separated from catharanthine (Roepke et al., 2010).
Vindoline is likely sequestered in central leaf cells such as idioblasts or laticifers where the
final steps of its biosynthesis occur as shown in Figures 1.2 and 1.3 (Murata & De Luca,

2005; Roepke et al., 2010).
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1.1.7 Transport of intermediates and products in MIA biosynthesis

The differential expression of biosynthetic pathway genes in various cell types and
subcellular compartments coupled with the movement of metabolites, such as
catharanthine and 16-methoxytabersonine, suggests the intra- and inter-cellular trafficking
of intermediates and products (St-Pierre et al., 1999; Irmler et al., 2000; Burlat et al., 2004;
Murata & De Luca, 2005; Roepke et al., 2010). To date, not much is known about the
mechanism of transport involved in movement of these metabolites. Most recently, an
ATP-binding cassette transporter from CatharanthusoseusCrTPT2 was characterized by
Yu & De Luca (2013). CrTPT2 was found to transport catharanthine from its site of
synthesis inside epidermal cells onto the leaf surface where it accumulates (Figure 1.3),

confirming the prediction made by Roepke et al. (2010).
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1.2 ATP-binding cassett(ABC) transporters
1.2.1 ABC transporter structure and classification

The ATP-binding cassette superfamily of transporters is large and ubiquitous to all
extant species, ranging from prokaryotes to humans (Higgins, 2001). ABC transporter
function requires the hydrolysis of ATP to translocate a range of substrates across different
membranes. Examples of substrates include lipids, heavy metal ions, secondary
metabolites and drugs, as these transporters are often implicated in fungal and bacterial
drug resistance (Higgins, 1992; Rea, 1998).

ABC transporters are clustered into subfamilies based on their phylogeny and
structure. Three well-characterized groups are the pleiotropic drug resistance (PDR),
multidrug resistance (MDR) and multidrug resistance-associated protein (MRP)
subfamilies of ABC transporters (Jasinski et al., 2003). There are two characteristic
domains of ABC transporters that are known to operate in pairs. In order to function, there
must be two interacting cytosolic ATP-binding cassettes, or nucleotide binding domains
(NBD), which contain the highly conserved Walker A and Walker B motifs, the Q-loop,
the H-loop, and an alpha-helix domain that contains the ABC signature motif, LSGGQ
(Higgins, 1992; Schmitt et al., 2003; Rees et al., 2009). There are also two integral
transmembrane domains (TMD) made up of hydrophobic alpha-helices, of which there are
three recognized classifications: two types of folds are associated with ABC importers and
one type is observed across all ABC exporters (Higgins, 1992; Locher, 2008; Rees et al.,
2009). ABC exporter folds contain 12 membrane-spanning helices for a full transporter, as

described in the first characterized bacterial exporter Sav1866 from Staphylococcus
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aureus and its homolog MsbA from Salmonella typhimuriuniDawson & Locher, 2006;
Ward et al., 2007; Rees et al., 2009).

The two NBDs function to bind and hydrolyze ATP, which is coupled to
translocation of the substrate. The TMDs recognize the substrate and are responsible for its
transport across the membrane (Verrier et al., 2008). An interaction between the NBD and
TMD domains involves the Q-loop of the NBD alpha-helix, which is possibly implicated
in TMD conformational changes that result in the physical mobilization of the substrate
across the associated membrane (Jones et al., 2002; Rees et al., 2009).

In prokaryotes, most ABC proteins are encoded as separate TMD and NBD
subunits, or as half-sized transporters containing one TMD and one NBD. Eukaryotes
generally contain all four domains along a single polypeptide and the order of these
subunits distinguishes between the MDR and PDR subfamilies, while MRP transporters
share the same orientation as MDR proteins but some have only five alpha-helices (Jasinski
et al., 2003).

1.2.2 Transporters involved in cuticle assembly

Aerial plant organs are coated by a protective cuticle that is composed of a cutin
matrix embedded and overlaid with cuticular waxes. The formation of this outer cuticle
was a crucial step in the evolution of land plants from their ancestral aquatic habitat, in
order to regulate epidermal cell permeability and water loss (Kenrick & Crane, 1997).
Aside from prevention of transpirational water loss, the cuticle plays an important role in
various stress and defence responses, including protection from abiotic factors such as salt
and drought stress, UV light, and frost, and from biotic threats including herbivory,

pathogenic microorganisms and fungi (Martin, 1964). All characterized steps in early
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biosynthesis of very long chain fatty acid (VLCFA) wax precursors from every studied
plant species to date, including leek, maize and Arabidopsis have been localized to the
endoplasmic reticulum of epidermal cells (Samuels et al., 2008), including the last
enzymatic step characterized in Arabidopsisan alkane oxidation to secondary alcohols and
ketones catalyzed by mid-chain alkane hydroxylase MAH1 (Greer et al., 2007). The
intracellular location of all known steps for VLCFA biosynthesis suggests the production
of all intermediates occurs in the endoplasmic reticulum and final products must be
translocated from this subcellular compartment towards the plasma membrane for export
to the cuticle (Samuels et al., 2008).

In the last decade, much research has focused on the movement of wax products
from within epidermal cells to the extracellular matrix of plant surfaces. Multiple studies
in Arabidopsis thaliandave led to the discovery of wax transporters involved in cuticle
assembly. Pighin et al. (2004) identified the WBC12/CERSene encoding an epidermal
cell plasma membrane-localized half-sized ABCG subfamily transporter. The disruption
of this transporter in cer5 mutant plants resulted in the accumulation of wax inside
epidermal cells and decrease in surface wax quantities in stem and leaf tissues. Another
ABCG transporter, WBC11, has been implicated in the secretion of both waxes and cutin,
and in the prevention of organ fusion during plant growth and development (Bird et al.,
2007; Luo et al., 2007; Panikashvili et al., 2007). Gene expression of WBC11is limited to
aerial organs and root tips (Bird, 2007) and affects other genes involved in cutin
metabolism in reproductive organs and suberin biosynthetic genes in roots (Panikashvili et
al., 2010). Expression of WBC11was found to be light-dependent (Luo et al., 2007) and

induced by stressors such as salt, abscisic acid, and wounding (Panikashvili, 2007).
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An ABC half transporter from the moss Physcomitrella patensABCG7, was
identified as a putative ortholog of the described Arabidopsis thaliangABCG transporters
with roles in cuticle assembly (Buda et al., 2013). Studies with an ABCG7knockout mutant
line led to the conclusion that ABCG7 is required for cuticular wax trafficking and
protection from desiccation. Mosses are living relatives of ancestral terrestrial plants and
this study gives insight into cuticle assembly genes that have been functionally conserved
across evolutionary time, demonstrating the importance of developing a mechanism to
survive desiccation when plants moved onto land (Buda et al., 2013).

An epidermal cell plasma membrane-localized pleiotropic drug resistance (PDR)
subfamily ATP-binding cassette transporter, ABCG32, previously named PDR4 by
Sanchez-Fernandez et al. (2001) (Verrier et al., 2008), was recently characterized by
Bessire et al. (2011). The ABCG/PDR type transporters contain all domains in a single
polypeptide and vyield full transporters, distinguishing them from the half-sized
ABCG/WBC type proteins that require dimerization to function (Bird, 2007; Rea, 2007,
Bessire et al., 2011). The permeable cuticle Xpecl) mutant of Arabidopsis thaliana
displays a phenotype with low cutin monomer accumulation and a structurally
compromised cuticular layer of the cell wall in petals, due to ABCG32 knockout. ABCG32
is likely responsible for export of cutin precursors onto the cellular surface for assembly of
the cuticular layer of the cell wall (Bessire et al., 2011). Chen et al. (2011) demonstrated
that two full transporter homologs from rice (Oryza sativaand barley (Hordeum vulgarg
each named ABCG31/PDR6, with high sequence similarity to Arabidopsis thaliana

ABCG32/PDR4, are also involved in cutin secretion, but not wax deposition.
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There is currently no direct experimental evidence for the transport of putative wax
and/or cuticle component substrates by the discussed transporters involved in cuticle
assembly (Samuels et al., 2008), as no research groups have yet isolated transporters in
vitro or identified exact substrates, likely due to the difficulty of carrying out in vitro
experiments with hydrophobic compounds. The discussed conclusions have been drawn
based on the sequence similarity of these plant proteins to human lipid transporters
(Samuels et al., 2008), and findings from electron-scanning microscopy and experiments
with knockout mutants.

1.2.3 Transporters involved in plant defence

The Arabidopsis thalianagenome contains 129 open reading frames encoding
ATP-binding cassette proteins (Sanchez-Fernandez et al., 2001). Fifteen of these sequences
are genes that encode pleiotropic drug resistance (PDR) subfamily ABC transporters (van
den Brile & Smart, 2002). The first PDR subfamily ABC transporter identified in a plant
was SpTUR2 from Spirodela polyrrhiza, whose expression was induced by stress
conditions and was hypothesized to have a role in plant stress responses under adverse
environmental conditions (Smart and Fleming, 1996). The PDR subfamily of ABC proteins
has been implicated in the transport of secondary metabolites such as antifungal agents,
based on the demonstration of ATP-dependent transport of a diterpene by Nicotiana
plumbaginifoliaNpABC1, a protein related to SpTUR2 (Jasinski et al., 2001; van den Brdle
& Smart, 2002).

Various plant ABC transporters have also demonstrated the ability to transport
anthocyanins, flavonoids, flavones and alkaloids (Klein et al., 1996; Klein et al., 2000;

Shitan et al., 2003; Goodman et al., 2004). Coptis japonica synthesizes the
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benzylisoquinoline alkaloid berberine in its root tissues and subsequently transports the
compounds into its rhizome via a specific multi-drug resistance family (MDR) ABC
importer, CJ/MDR17 (Shitan et al., 2003).

Translocation of secondary metabolites by some specific ATP-dependant
transporters has been proposed to explain the production of intermediates and products in
certain cell types and subcellular compartments, and their subsequent accumulation in
spatially separate sites (St-Pierre et al., 1999; Shitan & Yazaki, 2007). Some multi-drug
and toxin extrusion (MATE) and ABC transporters have been identified as functional
alkaloid transporters that may play roles in plant protection against contaminants, toxins,
and biotic threats. Li et al. (2002) characterized a MATE-related efflux protein from
Arabidopsisthat exports alkaloids, antibiotics and other toxins, and is involved in the
detoxification of cadmium. Bienert et al. (2012) described the PDR subfamily
ABCG/PDRS5 transporter from Nicotianatabacumthat may have a role in reallocation of
primary metabolites to damaged tissues upon induction by wounding and herbivory by its
specialist herbivore Manduca sexta

Plants may require protection from their own toxic defence compounds, or deposit
their secondary metabolites in specific locations as a defence strategy. The alkaloid
nicotine is exported into vacuoles for storage (Morita et al., 2009), and the monoterpene
indole alkaloid catharanthine is secreted onto the leaf surface where it is unable to form
cytotoxic heterodimers with the compound vindoline that accumulates in cell interiors (Yu

& De Luca, 2013).
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1.2.4 Catharanthusroseuscatharanthine transporter CrTPT2

Catharanthine is produced in epidermal cells and accumulates in surface exudates
of young Catharanthus roseusaves (Roepke et al., 2010). The antifungal and insecticidal
activities of catharanthine offers some explanation for the secretion of secondary
metabolites (Roepke et al., 2010), but until the recent characterization of the CrTPT2
transporter by Yu & De Luca (2013), the mechanism for catharanthine transport to the
Catharanthusroseusleaf surface was unknown. Bioinformatic analysis of epidermis-
enriched annotated Catharanthugoseussequence libraries led to the identification of two
prospective alkaloid transporters, CrTPT2 and CrTPT5, both being members of the
pleiotropic drug resistance (PDR) subfamily of ABC transporters. CrTPT2 was found to
transport catharanthine, while CrTPT5 was not (Yu & De Luca, 2013).

Characterization of this alkaloid transporter involved the expression of
CatharanthusoseusTPT2 in a mutant yeast strain lacking 8 endogenous transporter genes.
Over a time course transport experiment, yeast cells expressing either a truncated CrTPT2
protein where ATP-binding motifs had been deleted, or the empty plasmid vector,
accumulated catharanthine at quantities significantly higher than that of yeast cells
expressing CrTPT2, which maintained low internal levels of catharanthine. In plantavirus
induced gene silencing showed that suppression of CrTPT2was associated with decreased
catharanthine accumulation on the leaf surface, while internal catharanthine content rose,
relative to control plants. There was no difference in vindoline content, but increased dimer
production was observed in cell interiors. Plants with suppressed CrTPTZ2also displayed
morphological changes such as stunted growth, possibly as a result of increased cytotoxic

heterodimer accumulation in cells. This finding was not surprising, since previous work
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demonstrated that these heterodimers were toxic when applied to Catharanthusoseuscell
suspensions (St-Pierre et al., 1999).
1.2.5 Phylogeny of identified TPT2 type transporters

Comparative phylogenetic analysis of CrTPT2 and CrTPT5 with 15 Arabidopsis
thaliana genes clustered CrTPT2 and CrTPT5 together in subfamily V with Arabidopsis
ABCG31/PDR4, which has a role in cuticle assembly (Bessire et al., 2011). Further
phylogenetic analysis is represented in Figure 1.4. Bioinformatic analysis of transcriptome
databases produced from rice, barley and other alkaloid-producing species of interest,
including Vinca minor Tabernamontana elegansRauwolfia serpentina Cinchona
ledgeriana Amsonia hubrichtiand Lonicerajaponicawas carried out in order to identify
additional putative transporters. Comparative phylogenetic analysis clustered the recently
characterized ABCG31/PDR6 transporters from rice and barley, which have known
function in cuticle assembly, and the Arabidopsis thaliana cuticle assembly gene
ABCG32/PDR4 (Bessire et al., 2011; Chen et al. 2011) together in subfamily V-A with
TPT5 type proteins found in all analyzed medicinal plants, including Lonicerajaponica
which produces the iridoid secologanin, but does not produce MIAs (Yu & De Luca, 2013).
Subfamily V-B contained only TPT2 type transporters, which were found exclusively in
plants that produce MIAs. This analysis suggests that gene duplication and
neofunctionalization of a cuticle-assembly gene in MIA-producing plants were possible
evolutionary events that were important in the acquisition of a novel, specialized role for

TPT2 in MIA secretion to plant surfaces (Yu & De Luca, 2013).
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Figure 1.4 Comparative phylogenetic analysis of CrTPT2with species that produce
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1.3 Concluding remarks
1.3.1 Objectivesand hypothesis

The characterization of CrTPT2 as a catharanthine transporter and the fact that there
are highly similar TPT2 proteins exclusive to MIA-producing plants led us to ask whether
TPT2 evolved specifically for MIA export to the extracellular surface, and subsequently
hypothesize that the MIA transport function of TPT2 would be conserved across
geographically distant MIA-producing species. Amino acid sequence alignment between
Catharanthus roseuSrTPT2 and other identified TPT2 proteins recognized the highest
amino acid sequence identity between CrTPT2 and Vinca minorVmTPT2 at over 88%
identity. Due to the fact that CrTPT2 functions as a catharanthine transporter and it shares
a high amino acid sequence identity with VmTPT2, the objective of this research was to
use in plantaand heterologous methods in attempts to characterize VmTPT2 and to test
the hypothesis that Vinca minorTPT2 will transport its specific MIA(s) to the leaf surface.
As well, this research aimed to test the broader hypothesis that TPT2 proteins will function
to export MIAs in MIA-synthesizing plants other than Catharanthus roseus

This research aimed to utilize modern tools such as yeast heterologous protein
expression and metabolite profiling coupled with gene expression analyses as a combined
approach towards expanding our knowledge of MIA transport mechanisms in MIA-
producing species by studying Vinca minor Recent developments have led to metabolic
profiling and large-scale sequencing required for targeted identification of transporters
involved in MIA mobilization from inside epidermal cells onto the external leaf surface.
This research aimed to characterize a TPT2 transporter from a species geographically

separated from Catharanthus roseus order to offer a comparative basis for studying the

22



evolution of alkaloid transporters in various plant species, and to the selection pressures
that may have conserved the secretion process across spatially distant species. The findings
reported in this thesis suggest that despite their similarities, two related MIA-producing
and secreting plants exhibit different patterns of putative transporter expression and varied
alkaloid profiles. Unfortunately, use of the previously developed yeast heterologous system
was unsuccessful for the characterization of VmTPT2, and some possible explanations are
explored. Further work that permits functional characterization of VmTPT2 would offer
further support for the TPT2 function hypothesis and offer some insight into the

mechanisms involved in secondary metabolite secretion in other species.
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Chapter 2. Materials and Methods
Contribution: All aspects of transcript and alkaloid profile analysis over leaf development,
TLC-purification, and transport assays including method development were carried out by
Katie Woolfson, molecular cloning of VmTPT2and vector construction was performed by
Fang Yu, and alkaloid extraction from Amsonia hubrichtiwas done by Kyung-Hee Kim
and Vincenzo De Luca. Yeast cells were counted by Fei Yang.
2.1  Molecular cloning of VmTPT2from Vinca minor

VincaminorL. plants were grown under a 16h light/8h dark cycle in the greenhouse
at 25°C. For RNA extraction, 1g of the youngest leaf pair closest to the apical meristem
(LP1) were harvested in liquid N2, ground into a fine powder using a mortar and pestle and
total RNA was extracted using TRIzol reagent (Invitrogen) following the manufacturer’s
protocol. DNase treated RNA was used as a template for reverse transcription by reaction
with AMV reverse Transcriptase (Promega) mix according to the manufacturer’s
instructions and the generated cDNA was used directly as a PCR template for cloning the
VmTIPT2cDNA with specific primers:
VmTPT2forward: 5> - TTTCACCAAAATTCCACCAT - 3’ [F24]
VmIPT2reverse: 5’- AAAAGCAGTTGTCAATCCCA - 3° [R4362]
This PCR product was used directly as a template for nested PCR for full-length cloning
of VmTPT2
VmTPT2forward: 5> - TCCATCTTTTTGGGTTCTCC - 3’ [F61]
VmTPT2reverse: 5’- GCTCCTCTCCTTCCCTTCAT - 3’ [R4283]
The PCR reaction was carried out with Phusion DNA polymerase (NEB) under the

following cycling condition: 30 sec at 98°C (10 sec at 98°C, 20 sec at 50°C, 2 min at 72°C)
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x 35 cycles (Bio-Rad T100 Thermal Cycler). After gel purification and A-tailing using Taq
DNA polymerase (Fermentas) of the PCR product, the DNA of desired length was cloned
into the pGEM-T easy vector (Promega) and transformed to XL 10-Gold (Stratagene)
Ultra-competent cells.
2.2  Cultivation of seedlings andVmTPT2expression anasis

Vincaminor seedlings were grown by vegetative propagation under a 16 h light/8
h dark cycle at 25 °C. Leaf pairs 1-6 were harvested (from three separate plants to generate
biological replicates) for VmTPTZranscript analysis. After treating total RNA with DNase
samples were submitted to reverse transcription and relative VmTPT Zranscript levels were
determined by real-time quantitative PCR (20 pL reaction mixture containing 100 nM of
primers and 10 pL reaction cocktail from the iTag SYBR Green Supermix with ROX kit
(Bio-Rad) and 2 pL of cDNA under the following conditions: 95°C for 3 min, then 40
cycles of 95°C for 10 sec, 50°C for 20 sec and 72°C for 20 sec). The expression levels of
VmTPT2were analyzed with the Bio-Rad CFX Manager Software (Bio-Rad), and
normalized to Actin2using the 2°°“ method as described by Livak & Schmittegen (2001).
Primers were designed based on sequences from VmTPT2and Actin2 from Vinca minor
and selected for further use based on melt curve data as an indicator of primer specificity:
VmTPT2forward: 5° - GGTGGAGATGGTATTACTGGG - 3’ [F3910]
VmMTPT2reverse: 5’- GCTCCTCTCCTTCCCTTCAT - 3’ [R4283]
Actin2-forward: 5> - CAGTTGATTTGGTTCGCATT -3’

ActinZreverse: 5’- ATTGACATAACTGTTCCCAGGA - 3°.
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2.3 Metabolite profile analysis of VmTPT2across leaf development

Leaf pairs (LP) 1-6 were harvested from three separate plants to generate biological
replicates. Leaf surfaces of each leaf pair were extracted in 5 mL of chloroform for one
hour. Leaves were removed and chloroform was dried in a SPDIIIVV SpeedVac dryer
(Thermo Savant, coupled to a Thermo Savant RVT4104 refrigerated vapor trap). Dried
material was resuspended in 5 mL water and acidified with drops of 1M HCI until a pH of
2-3 was reached. Samples were vortexed and centrifuged at 2800 RCF (Thermo IEC
21000R) for 10 minutes to partition the mixture into the alkaloid-containing acidic aqueous
phase and organic phase containing chloroform as waste. The aqueous phase of each
sample was transferred to a new tube and washed twice with 5 mL ethyl acetate. After
removing the waste, another 5 mL ethyl acetate was added and 5M NaOH was added in
drops until reaching a pH of 11-12. Samples were vortexed and centrifuged, then the
organic alkaloid-containing phase transferred to new tubes. Ethyl acetate was evaporated
by SpeedVac and dried surface extracts were resuspended in 250 pL methanol, filtered
through 0.2um PALL discs (VWR) and subjected to Ultra Performance Liquid
Chromatography-mass spectrometry (UPLC-MS) analysis (Waters, Canada).

After small amounts of remaining chloroform had evaporated from whole leaves in
the fume hood, small leaves (LP 1 & 2) were placed in Eppendorf tubes with sterile glass
beads and frozen in liquid nitrogen before tissues were pulverized in a Tissuelyserll
(Qiagen) for 5 minutes at frequency 30 Hz, in order to ensure the maximum yield of leaf
material for extraction. Larger leaves (LP 3-6) were pulverized by grinding in a mortar and
pestle in liquid nitrogen. After pulverization, all whole leaves (LP1-6) were extracted in

methanol for one hour in a wrist-action shaker (Burrell), followed by the same acid-base
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extraction method that was used for alkaloid extraction from leaf surface chloroform
extracts. Whole leaf alkaloid extracts were then dried by SpeedVac and resuspended in
250uL methanol, filtered and subjected to UPLC-MS analysis.
2.4  UPLC-MS analysis ofmonoterpene irdole alkaloids

The analytes were separated using an Aquity UPLC BEH C18 column (Waters)
with a particle size of 1.7 um and column dimensions of 1.0 x 50 mm. Samples were
maintained at 4°C and 5 pL injections were made into the column. The analytes were
detected by photodiode array and MS. The solvent systems for alkaloid analysis were as
follows: solvent A, methanol:acetonitrile:5 mM ammonium acetate (6:14:80); solvent B,
methanol:acetonitrile:6.2 mM ammonium acetate (26:64:10). The following linear elution
gradient was used: 0-0.5 min 99% A, 1% B at 0.3 mL/min; 0.5-0.6 min 99% A, 1% B at
0.4 mL/min; 0.6-7.0 min 1% A, 99% B at 0.4 mL/min;7.0-8.0 min 1% A, 99% B at 0.4
mL/min; 8.0-8.3 min 99% A, 1% B at 0.4 mL/min; 8.3-8.5 min 99% A, 1% B at 0.3
mL/min; and 8.5-10.0 min 99% A, 1% B at 0.3 mL/min. The column temperature was
maintained at 35°C. Alkaloid reference standards were also analyzed by using this method
to establish standard curves for quantification of vincadifformine and vincamine levels in
the extracts.

Mass spectrometry was operated as electrospray ionization (ESI) in the positive ion
mode for electrons, with a capillary voltage 3.1 kV, cone voltage 48 V, cone gas flow of 3
L/h, desolvation gas flow of 600 L/h, desolvation temperature of 350°C, and a source
temperature of 150°C. Vincadifformine was detected at 330 nm and its identity was verified
by its diode array profile, its mass (339 m/z), and retention time (6.50 min). Vincamine

was detected at 272 nm and its identity was verified by its diode array profile, its mass (355
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m/z) and retention time (3.41 min). All compounds in the LC chromatograms were
quantified by using determined peak areas with reference to standard curves. The
quantification of vincadifformine and vincamine were based on calibration curves
developed with tabersonine and vincamine which were available as authentic standards
(Sigma) (Table 2.1). Tabersonine has absorption spectra almost identical to that of
vincadifformine and was used to develop an initial standard curve since vincadifformine is
not commercially available. However, once purified, vincadifformine was used to develop

another calibration curve after initial comparison using tabersonine standards.

Table 2.1 Calibration curves for alkaloids.

Compounds Calibration curves? RZ-value
Tabersonine y =0.003x - 5.5797 0.9982
Vincadifformine y =0.0206x 0.997
Vincamine y =0.0062x + 9.2788 0.9939

- In equations, y represents concentration and x represents peak area for 1 puL

2.5TLC purification of vincadifformine from Amsonia hubrichtii
2.5.1 Amsonia hubrichtiileaf surface extraction

Amsoniahubrichtii leaves were harvested on June 6, 2013 from the Niagara Parks
Botanical Gardens where it is cultivated in an outdoor garden, and extracted to obtain
surface alkaloids by KHK and VVDL. Leaves (500 g) were dipped in chloroform (4 L) and
removed from chloroform after 1 hour. The same leaves were dipped in fresh chloroform
(4 L) and removed after 1 hour to yield two chloroform extracts, with the first expected to
contain more waxy cuticular material. The two chloroform extracts were evaporated to

dryness by rotary evaporation (Blchi Rotavapor, paired with a Biichi heating bath and
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Welch self-cleaning dry vacuum system). The two dried extracts were dissolved in water
then subjected to a brief acid-base extraction with 10% sulfuric acid followed by treatment
with 5M NaOH, and each extract was then partitioned with ethyl acetate. Both extracts
were dried by rotary evaporation to yield 9.5 g of the first crude CHCIs extract and 4.9 g
of second crude CHClI3 extract. Both dried, crude extracts were resuspended in 20 mL of
MeOH to dissolve all extracted material from the round-bottom flasks used in the roto-vap.
Water (100 mL) was added to each extract and the dissolved extracts subjected to further
evaporation until volumes consisted of approximately 100 mL water, as methanol has a
lower boiling point. Both extracts were eventually dried down completely and resuspended
in 8 mL MeOH and subjected to TLC on a silica gel plate using an ethyl acetate, methanol
and water solvent system (90:10:1), followed by visualization under UV light or after
treatment with 0.1% CAS (ceric ammonium sulfate) in 85% phosphoric acid spray reagent
as a stain (Sigma). Extracts were also analyzed by to UPLC-MS for quantification of
alkaloids. Due to the higher levels of vincadifformine present in the second extract as
determined by UPLC-MS, all 8 mL were subjected to preparative-TLC on silica plates for
vincadifformine purification.
2.5.2 Vincadifformine purification by t hin layer chromatography (TLC)

Three different solvent systems were used to separate vincadifformine from other

alkaloids present in Amsonia hubrichtiextracts after application to silica TLC plates.

1. Ethyl acetate:Methanol:Water (89:10:1)
2. Toluene:Ethyl acetate:Diethylamine (60:25:15)

3. Acetonitrile:Ethyl acetate:Methanol (30:65:5)
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The third and final solvent system was most effective for vincadifformine separation and
was selected for preparative TLC purification of vincadifformine.

A piece of paper towel was added to the back side of a glass TLC chamber to ensure
even solvent run, then solvent added until it reached 1 cm from the bottom of the chamber.
The chamber was shaken to allow solvent to wet the paper towel and to moisten the air
within chamber to allow even running of solvent up the TLC plate once added. Amsonia
hubrichtii extract was loaded in 20 pL spots and tabersonine was used as a standard due to
its structural similarity to vincadifformine and the lack of commercially available
vincadifformine. Approximately 2 puL of sample was loaded at one time, dried with an air
hose before applying the next 2 puL, in order to produce small, concentrated 20 puL spots.
These 20 puL samples were applied to the TLC plate at 0.5 cm intervals and once loaded to
maximum capacity, it was placed in the chamber for chromatography. When the solvent
front reached the top of the TLC plate, the plate was removed with tweezers and left to air
dry in the fume hood. Once dry, the TLC plate was visualized under a UV lamp at 280 nm
and 360 nm.

Vincadifformine spots with an Rf value of approximately 0.7 were harvested by
scraping off the silica containing the desired bands with a scalpel and transferring them to
10 mL methanol. The scraped silica from one TLC plate was stirred in 10 mL methanol for
one hour. The samples were centrifuged to pellet the silica shavings then passed through a
filter paper disc into 15 mL falcon tubes. The samples were dried down in a SpeedVac at
40°C and pooled into successively fewer tubes as volume allowed. The dried residue was
re-suspended in 200 uL of methanol and filtered through 0.2 um pore size filter discs for

UPLC analysis.
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2.5.3 Selection of TLC solvent system for vincadformine purification

Preliminary work involved running TLCs with the three aforementioned solvent
systems to determine which one was best for the separation of vincadifformine from other
compounds. The first and second extracts obtained from KHK were applied to a TLC plate
for comparison alongside a tabersonine standard for a total of 3 samples per plate at the
same volumes as mentioned in the general TLC protocol. Each solvent system was used to
run two TLC plates where the 3 samples had been loaded. For each solvent system, one of
the two TLC plates was sprayed with CAS for alkaloid visualization, and the other was
visualized under a UV lamp at 254 nm and 365 nm and used to harvest vincadifformine
spots for UPLC analysis.
2.6 Functional analysis ofVmTPT2in yeast cells
2.6.1 Vector construction and yeast transformation

The restriction sites Spel and Sall were introduced to the 5’ and 3’ ends of the
VmTPT2open reading frame (ORF). After cloning VMTPT20RF into pGEM-T easy
vector, the VMTPT20ORF was subcloned into the yeast expression vector pDR196 for
constitutive gene expression (Figure 2.1A), or into pDRGAL for galactose-induced gene
expression (Figure 2.1B), by Spel/Sall digestion and ligation to produce the plasmids
pDR196:VmTPT2and pDRGAL:VmTPT2 respectively. Vectors carrying VmTPT2were

individually transformed into the yeast strain AD12345678 (MA T a, -F r&3lhisl,

Ayor 1::hisGgG, Asnqg2::hisG, Apdr5:: hisG,

Apdr 3: : hi s G, ghbythelithipndacethitd§ methold as gesGribed by Gietz et al.
(1992). Yeast were also transformed with empty vectors as controls. Transformants were

grown on selective drop-out (SD) medium agar plates containing 0.67% (w/v) yeast
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nitrogenous base without amino acids (BioBasic Canada), 2% dextrose (Caledon), 0.002%

L-histidine HCI (Sigma), and 2% agar (Sigma), but lacking uracil to maintain plasmids.
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Figure 2.1 Yeast expression vectors used for transformation of Saccharomyces cerevisiae
strain AD12345678. (A) pDR196 yeast expression vector for constitutive expression. MCS
where * cuts twice: Spel-BamHI*-Smal-Pstl-EcoRI-EcoRV-Hindlll-Sall-Xhol-Acc651-
Kpnl-BamHI*. (B) pPDRGAL yeast expression vector for galactose-inducible expression.
MCS where * cuts twice: Notl*-Spel-EcoRI-Notl*-BstZI-Pstl-Sall-Xhol-Acc651-Kpnl-

BamHl.
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2.6.2 Transport experimentswith recombinant yeast

The yeast transformants were grown in selective drop-out (SD) medium containing
0.67% yeast nitrogenous base without amino acids (BioBasic Canada), 2% dextrose
(Caledon) and 0.002% L-histidine HCI (Sigma), but lacking uracil, to maintain plasmids.
Cultures were grown overnight in 5 mL of SD (-uracil) in sterile 50 mL conical centrifuge
tubes (Greiner Bio-One), then pre-cultured in sterile 250 mL Pyrex Erlenmeyer flasks
containing 50 mL of SD medium (-uracil), harvested at Aso0=1.0, and resuspended in 50
mL dropout medium (-uracil), containing 2% galactose instead of glucose as a carbon
source (referred to as SG medium from here on), for induction of VmTPT2expression
under the GAL10 promoter. After a 12-hour induction, yeast cells were harvested and
resuspended in a 10 mL aliquot of 10mM Tris (Fisher Scientific) buffer (pH 6.5) containing
1 pug/mL vincadifformine from 1mg/mL DMSO (Sigma) aliquot of a 5 mg/mL DMSO
stock, in initial experiments, and 2 pg/mL or 4 pg/mL vincadifformine in later assays. The
cells were incubated in a shaker-incubator at 30°C at 200 RPM and 300 pL samples
collected at the indicated time points. Cells were harvested by 5 min of centrifugation at
5510 RCF (Eppendorf 5418) and the supernatants were transferred to separate tubes. A 200
uL supernatant aliqguot was mixed with an equal volume of methanol for UPLC-MS
analysis. The remaining supernatant was discarded and the fresh weight of yeast cells was
measured, followed by dry weight measurements after drying of cells in the SpeedVac for
some experiments. For some experiments, total pellet weights were recorded initially
before starting experiments, and after the last time-point sample was taken, the remaining
volume of each culture was centrifuged and the pellets weighed again. In some assays, after

remaining experimental cultures were emptied, flasks were washed with methanol to
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harvest vincadifformine on glass surfaces. The methanolic extracts were dried in the
SpeedVac at 40°C for 3 hours, and residue was dissolved in 200 uL. MeOH for UPLC-MS
analysis in order to account for any vincadifformine that had adhered to the flask.
Additionally, some experiments used 4 pg/mL tabersonine or vincamine instead of
vincadifformine.

2.6.3 Yeast gene expression analysis

Total RNA was extracted from yeast transformants to confirm gene expression in
VmTPT2transformed yeast cells and verify that no expression was observed in empty
vector control transformants used in experiment. Yeast cells were disrupted with acid
washed glass beads in TRIzol reagent (Invitrogen) in a TissueLyser (QIAGEN) for 5 min
at 30 Hz, partitioned with chloroform, precipitated by isopropanol, washed with 70%
ethanol, dried and dissolved in Milli-Q water before DNase treatment.

DNase treated total RNA was used as a template for reaction with AMV reverse
transcriptase, and obtained cDNA used as a template for real-time quantitative PCR to
determine relative VMTPT2transcript levels (20 pL reaction mixture containing 100 nM
of primers, 10 pL iTaqg SYBR Green Supermix with ROX (Bio-Rad) and 2 pL of cDNA
under the following conditions: 95°C for 3 min, then 40 cycles of 95°C for 10 sec, 50°C
for 20 sec and 72°C for 20 sec). The expression levels of VmTPT2were analyzed with the
Bio-Rad CFX Manager Software (Bio-Rad), and normalized to Actl using the 2P
method as described by Livak & Schmittegen (2001). Primers were designed based on
sequences from VmTPT2from Vinca minorand Actinlfrom Saccharomyceserevisiae
VmTPT2forward: 5° - GGTGGAGATGGTATTACTGGG - 3’ [F3910]

VmTPT2reverse: 5°- GCTCCTCTCCTTCCCTTCAT - 3° [R4283]
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Actl-forward: 5’ - GCCTTCTACGTTTCCATCCA - 3
Actl-reverse: 5 - GGCCAAATCGATTCTCAAAA -3’

Yeast PCR was used to confirm the presence of the gene insert in VmTPT2
transformed yeast cells used in the experiment. Yeast cells were boiled in 20 uL of 20mM
NaOH for 10 minutes at 100°C in a ThermoCycler, chilled on ice, boiled for 5 more
minutes, and used directly as a template for PCR with the following primers:
VmTPT2forward: 5> - ACACACTTGAGGATGGAGGC - 3’ [F1584]

VMTPT2reverse: 5°- GGGAACACTTAGAAGCCACG - 3’ [R1768]
VmTPT2containing plasmid vector (pDRGAL:VMTPT3, empty plasmid vector
(pPDRGAL), and water were used as templates for controls. The PCR reaction was carried
out with Tag DNA polymerase (Thermo Scientific) under the following cycling condition:
94°C for 5 min, then 32 cycles of 94°C for 30 sec, 50°C for 30 sec and 72°C for 30 sec
(Bio-Rad T100 Thermal Cycler).

2.64 Yeast cell viability assay

Saccharomyces cerevisia@D12345678 were transformed with pDRGAL-
VmTPT2, pDRGAL-CrTPT2, and the empty pDRGAL vector, by the lithium acetate
method (Gietz et al., 1992) and grown on SD plates lacking uracil. Colonies were selected
from each plate and grown overnight in 5 mL liquid SD medium lacking uracil until an
ODeoo of 1.0 was reached, then diluted to an ODeoo 0f 0.1 in 50 mL SD (-uracil) medium,
and grown until reaching an ODeoo of 1.0. 200 pL samples were taken from each culture
for microscopy and cell counting. Cultures were centrifuged for 5 min at 4050 RCF,
washed with sterile MilliQ-H20, and resuspended in SG (-uracil) medium containing 2%

(w/v) galactose to induce CrTPT2and VmTPT2expression. After a 12 hour induction, 200
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ML samples were taken from each culture for microscopy and cell counting. Cultures were
then centrifuged at 4050 RCF for 5 min, resuspended in 10 mL sterile MilliQ-H20 and
split into two aliquots of 5 mL before centrifuging to remove water. The split pPDRGAL-
VmTPT2 pellets and empty pDRGAL vector pellets were resuspended in either 5 mL
10mM Tris, or 5 mL 10 mM Tris with 4 pg/mL vincadifformine, in 125 mL Pyrex
Erlenmeyer flasks. Only one half of the pDRGAL-CrTPT2 yeast pellet was used in this
experiment and was resuspended in 5 mL 10 mM Tris only. Samples were collected (200
pL) every 2 hours for 10 hours, followed by cell counting, which took approximately 2
hours on average per sample set. Cells were observed under a compound microscope to see
their true appearance in the growth medium or transport medium, then based on cell
densities, were diluted 1:10 in a half 0.1% peptone, half methylene blue solution. Samples
were loaded onto a hemocytometer in 10 puL volumes for two technical replicates, and
counting carried out for four outer squares and the center square, and concentration of dead
and live cells per sample (cells/mL) were calculated using the following equation:

Cells/mL = (Total cells counted in 5 squares x 5 x dilution factor) / 0.0001 mL
2.65 Tabersonine growth inhibition of yeast

Saccharomyces cerevisia®dD12345678 were transformed with pDR196-
VmTPT2, pDR196-CrTPT2 as a positive control, and the empty pDR196 vector, by the
lithium acetate method (Gietz et al., 1992) and grown on SD plates lacking uracil. Colonies
were selected from each plate and grown overnight in 5 mL liquid SD medium lacking
uracil until an ODseoo of 1.0 was reached. Plates used for growth inhibition assays were
made with the previously described components in SD medium lacking uracil, autoclaved

and cooled to 55°C, then added to 50 mL sterile conical tubes and mixed with the
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appropriate ratio of 10 mg/mL tabersonine stock (or DMSO as a control) to a final volume
of 25 mL of medium containing DMSO or tabersonine, then poured into petri dishes to
cool. The three yeast cultures were diluted to an ODeoo 0f 0.1 and applied in 1, 2, 3 and
4pL volumes to SD (-uracil) plates containing 1% DMSO or increasing concentrations of
tabersonine (1, 2, 5, 10, 25, 50, 75, 100, and 120 pg/mL from a 10 mg/mL DMSO stock).

The plates were left in the dark at 25°C until there was considerable growth on the
control plate and a noticeable difference in growth was observed between empty vector
transformants and transporter-expressing yeast on one tabersonine-containing plate, which
was approximately 3 days. After a specific tabersonine concentration was found to inhibit
the growth of transporter-expressing yeast while allowing empty vector yeast to grow, a
similar experiment was repeated with a narrower range of tabersonine concentrations to
determine a more precise inhibitory concentration (60, 70, 80, 90, 100 pg/mL from 10
mg/mL DMSO stock). Samples of yeast from the second experiment DMSO control plates
and the 80 pg/mL plate, where empty vector and transporter-expressing yeast showed
differences in growth inhibition, were resuspended in a half 0.1% peptone, half methylene
blue staining solution. Volumes of staining solution were adjusted for cell densities: 1 mL
of solution was used to resuspend empty vector cells growing on both plates, 500 pL was
used for CrTPT2- and VmTPT2-expressing yeast on the DMSO plate, and 200 pL total
volume was used to resuspend CrTPT2- and VmTPT2-expressing yeast from 80 pg/mL
tabersonine plates. Samples were loaded onto a hemocytometer in 10 pL volumes for two
technical replicates, and counting carried out for four outer squares and the center square,
and concentration of cells per sample calculated for both dead and live cells using the

previously shown equation.
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Chapter 3. Results
3.1 VmTPT2 shares 88.4 amino acid sequence identity with CrTPT2

Amino acid sequence alignment analysis was performed using Mobyle (Néron et
al., 2009) and demonstrated the high sequence identity shared between the respective Vinca
minor and Catharanthus roseu$PT2 transporters, VmTPT2 and CrTPT2 (Table 3.1
Figure 3.1). Since over 88% amino acid sequence identity is shared between these
transporters, the full length VmTPT2was cloned and its sequence confirmed (454 Life
Sciences, Roche) (Figure 3.2). As well, a comparably high percent identity was shared
between CrTPT5 and VmTPTS5, which were previously shown to be closely related to
transporters involved in cuticle assembly from Arabidopsis rice and barley, in a
comparative phylogenetic analysis. The percent identity and consensus positions between
VmTPT2 and CrTPT2, and VmTPT5 and CrTPT5, were higher than the similarities found
between TPT2 and TPT5 proteins from the same plant, suggesting that TPT2 proteins could
share similar roles across species that differ from those of TPT5 proteins involved in cuticle
assembly (Figures S1S4).

Table 3.1 Amino acid sequence identity and consensus positions shared between TPT type
transporters from Catharanthus roseumd Vinca minor

% ldentity | % Consensus % ldentity % Consensus

Transporters

CrTPT2

88.4 92.1

CrTPT5 67.7 78.0 87.3 90.1
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Figure 3.1 Amino acid sequence alignment of CrTPT2 and VmTPT2 open reading frames
using Mobyle (Néron et al., 2009). Grey shading highlights the consensus positions found

(92.1%), and black shading indicates the identity positions found (88.4%).

40



ATGTGGGATTCCTCTGCAAATATGTTCACCAATGGTGGTGGTAGTAGTGGTAGTAGAGTGAGTGTTGATGAGGAA
GCTCTTTGCTTGGCTGCTCTACAGAGATCTCCTACTTATATTCGAGCCCGGATGTCGATTTTTCGTAATCTTTCAGG
GGAATTTTCTTTGGTTGATATTGATAAACTCAAAAATCAAGAACAGAAGCAAGTTTTGGATAAGCTAATTAGTTC
AATTTATGATGATCCAGAATTTTTTTTCAAAAGGGTTAGGCAAAGATTTGATGTGGTGGACTTGGAATTTCCGAA
AGTTGAGGTTCGATTTCAGAACCTCAGTGTGGATGCATTTGTTCATGTTGGAAGTAGAGCATTGCCTACAATTCCC
AATTTCATATTCAATATGACTGAGGTTTTCTTGAGGCAGCTCAGAATATTTCCAGGCCGAAAAAAGAAATTTTCA
ATCCTAAAAAATATCAATGGTATTCTTCGACCTTCCAGGTTAACTCTACTTTTGGGTTCTCCTAGCTCCGGGAAGA
CAACTCTACTTTTGGCTCTTGCTGGACGGCTTGATCATCGCTTAAAGATGTCAGGGCGAGTTACATACAACGGGC
ATGAAATGAACGAGTTTGTTCCTCAAAGGACTTCGGCATATATAAGCCAGCAGGATTGGCACATGGGGGAGATG
ACAGTACGGGAGACACTCGAGTTCTCGGGAAATTGTCAAGGTCTTGGATATAAGCACGATATGCTTATGGAACTT
CTTCGAAGGGAGAAAAGTGCCGGCATTTTGCCAGATGAAGAACTCGATTTATTTATCAAGGCAGTAGCATTGGGG
GAACAGACAAGTCTAATTTCCGAATACCTGATGAAGATTTTAGGATTGGACATATGCTCGGATACACTGGTCGGA
GATGAAATGATAAAAGGCATCTCGGGGGGGCAAAAGAAGCGGCTCACCACAGGTGAATTTTTAATGGGTGCAAC
GCGCGTGCTGTTGATGGATGAGATATCAACCGGGCTAGATAGTTCAACTACCCATCAGATTATCAAATATCTCAG
ACACTTGACTCATGCTTTCGAAGGGACCACGATAGTCTCGCTGTTGCAACCTGATCCAGAAACTTACGAGTTATTT
GATGATATTATTCTTTTAAGCGAGGGACAAATTGTATATCAGGGACCCCGTGAAGCTGCTCTTGATTTCTTTGCAT
TTATGGGATTCCGATGTCCATCCAGGAAAAATATTGCCGATTTTCTGCAAGAGGTAATATCTGAAAAAGATCAAG
GACAGTATTGGTTCCTCAATAGTCATTATCGTTATGTATCCGTGCAAAAATTTATCGAAGGCTATAAAGCATTTGG
TCCGGGAAAGAGTTTGGTCCAGGAGTTATCAGTTCCATTTGATAGGCGTTATAACCATCCAGCTGCTTTGTCAAG
GAATACTTATGGCGTAAAGAGGACTGAACTTCTCAAGATTAGTTTGTTCTGGCAGATTCTTCTACTCAAGCGGAA
CTCATTTGTTTTCGTGTTCAAAGTTTTGCAGCTGTTTTTGATTATTTCTATCATGACAAGTGTGTTTTTTCGAACTAC
AATGCATCATAACACACTTGAGGATGGAGGCGTTTATCTTGGCGCCCTCTACTTCTCAATACTCATGATTCTCTTC
AATGGCTTCCTGGAGGTTCCGATGTTGATAGCTAAGCTTCCAGTTCTTTACAAGCATCGAGATTCAAGATTTTATC
CTTGTTGGATATATACTCTTTCTTCGTGGCTTCTAAGCGTTCCCCTTTCGCTTATAGAGTCAAGTATTTGGGTCGGA
GTCACATATTATCTAGTCGGCTTTGATCCTCAAATAAATAGATGCCTACGTCAACTTTTGTTATATTTTTGTTTGCA
CCAGATGTCCATAGCTCTTTTTCGCGTGATGGCTTCATTAGGGCGTAATCTTGTGGTTGCAAACACGTTTGGATCT
TTCGCTATGTTGGTTGTGATGGCTCTTGGGGGATTTATTCTTTCAAGAGATAGCATCCCAAGCTGGTGGATTTGGG
GATACTGGTTTTCTCCTTTAATGTACGCACAAAATGCAGCTTCGGTTAATGAATTTCTTGGCCATTCTTGGGATAA
GAAAGCTGGGAACAACACTGATGCAACCTTGGGAGTGACGTTACTAAAAGCCCGAAGTTTATTTCCAGAGAGCT
ATTGGTACTGGATTGGCATTGGTGCTTTGCTTGGATATACCGTTCTGTTCAACGTTCTCTTCACATTATTTTTGACA
TACCTCAACCCTCTAGGAAATGCACAAGTGGTTGTTTCTAAGGAAAAGCGCATTGAAAAGATAACGGTGCAAGA
AAACGTGCAAGAGAACACTAATGCTGACATTTCACTTGGTGAATTTTTGCAACATTCACACTCATTTAATGGAAA
AGTTGTAAAGAATAAACGCGGCATGGTTCTTCCGTTCGAACAGCTTTCGATGTCATTCAGAAACATAAGTTACTT
CATCGATGTCCCTTTGGAACTGAAGCAACAAGGTGTAGTAGAAGACAGATTGCAACTGTTGGTGAATGTCACGGG
TGCTTTCAGGCCGGGAGTTCTCACTGCATTAGTCGGTGTGAGTGGTGCTGGTAAAACAACTCTCATGGACGTTTTA
GCTGGACGAAAAACAGGTGGCTATATCGAAGGTGATATCTATATATCTGGCTACCCAAAAAAACAAGAAACGTT
TGCACGGGTTTCTGGCTATTGCGAACAGAATGATATCCATTCCCCGTGCTTGACTGTCCACGAATCTCTTATATTT
TCTGCTTGGCTCCGACTATCCTCAAAAGTTGACTTGAAAACAAAAAGGGCTTTTGTAGTTGAGGTTATGGAACTC
GTTGAGCTAACTCCATTACGCGGAGCTTTAGTTGGTCTACCTGGGGTTGACGGGTTGTCAACCGAGCAAAGGAAA
AGACTAACAATAGCAGTCGAGCTTGTCGCTAATCCTTCTATTGTATTCATGGATGAGCCTACTTCAGGACTGGATG
CAAGGGCTGCTGCCATTGTGATGAGAACTGTGAGAAATATCGTTGACACTGGACGGACGATTGTTTGCACTATCC
ATCAGCCTAGCATCGATATTTTTGAGTCCTTCGATGAGTTATTGCTGATGAAACGAGGCGGGAAGCTCATTTATGC
CGGTCCATTAGGCAATAAATCTTGCAAACTTGTCGAGTATTTTGAGGCCATAGAAGGAGTTCCGAAAATCAGATC
TGGATATAACCCTGCTGCTTGGATTCTTGAGGTTACTTCTCCAGCTGAAGAAAGCCGCCTTGATGTAGATTTCGCG
GAAGTTTATCACACATCAAACTTATTTGAGCAAAATAAGGATCTAGTGGACCTTTTAAGCATGCCGAAAAATGAT
TATAATAAATTAAGTTTTCCAAGCAAATATTCTCAATCATTTTTCGGACAGTTTTTGGCATGCCTTTGGAAGCAAA
ATCGCTCTTACTGGAGGAATCCTCAGTACACTGCTGTCCGATTCTTCTACACGGTTGTTATATCCTTAATGTTTGG
AACAATATGCTGGAAATTCGGAGCAAAAAGGGAAACGCAACAAGAAATATTTAATGCGATGGGATCCATGTACG
CGGCTGTTTTATTTATCGGAATAACAAATACAACATCTGTCCAACCTGTTCTCTATGTTGAAAGGTTTGTTTCATA
CAGAGAAAGAGCTGCAGGAATGTATTCGGCTTTACCATTTGCATTTGCACAGGTCGCGATTGAATTCCCATACGT
CTTTGTTCAATCGCTTATTTATAGTACAATATTCTACTTCATGGCATCTTTCGAGCTCAATTTCTGGAAGTTAGTTT
GGTACATATACTTCATGTATTTCACGTTGCTATACTTCACCTTCTTCGGAATGATGACTACTGCTGTTACGCCAAA
TCATAACATTGCTGCAATCATCGGGGCACCATTTTTCATGATGTGGAACCTTTTTAGCGGATTCATGATTTCTCGC
CTGAGGATTCCGATATGGTGGAGATGGTATTACTGGGCGAATCCAATAGCATGGACGTTGTATGGACTTCTAACA
TCGCAGTATGGAGATATAAACGCGTTTGTCAAATTAGCAGATGGCGTTCATTCGATGCCAATAAAACAGTTGCTC
AAGGAACAATTTGGATATAGGCATGAATTTTTGGCTACTGCTAGTATTGTAGTAGTCGGCTTCTGTTGCGTATTTG
CTGTTGCTTTTGCTTTCGCTATCAAAGCCTTCAACTTCCAAAGGAGATGA

Figure 3.2 Confirmed VMTPT2DNA sequence. The ATG start and TGA stop codons are
highlighted in bold.
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3.2  VmTPT2 expression is coupled tothe MIA accumulation profile across

developing leaves

In plantastudies were carried out in order to study VmTPT2 [ LP1—=
expression patterns in relation to the MIA accumulation profiles
occurring across leaf development in Vincaminor. The first six leaf
pairs were harvested from one single branch to make each
biological replicate for MIA and transcript analysis. Leaf pair 1
(LP1) comprises the youngest pair of leaves next to the apical

meristem, while leaf pairs 2 to 6 (LP2-LP6) represented separate

Figure 3.3 Leaf
pair numbering.

younger to older developmental ages of Vinca minor leaves.

(Figure 3.3).

RNA extraction of each leaf pair followed by reverse transcription provided a
cDNA template used directly for real-time quantitative PCR, using specific primers
designed for amplification of either the putative transporter VmTPT2 or the early MIA
biosynthetic gene tryptophan decarboxylase, VmTDC Gene expression was normalized to
Vinca minorActin2and to LP1 activity. Gene expression levels of VmTPT2were lowest
in LP1 and increased approximately 15-fold between LP1 and LP2, and these transcript
levels remain consistently high across all older leaves analyzed (Figure 3.5A).
Contrastingly, Vinca minor tryptophan decarboxylase transcript levels peaked in the
youngest leaf pair and are maintained at low levels in all older leaf pairs (Figure 3.5B).

The first six pairs of leaves on one branch (for three biological replicates) were also
harvested for alkaloid profile analysis. All leaves were subjected to chloroform dip

followed by acid-base extraction to isolate alkaloids found on leaf surfaces, keeping the
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leaves in their respective pairs throughout the extraction process (2.3, Materials and
Methods). After dipping in chloroform, leaves were briefly left to air-dry and subjected to
pulverization in methanol followed by acid-base extraction to isolate alkaloids contained
within leaf cells. Final extracts were dissolved in methanol and filtered for UPLC-MS
analysis and chromatograms were viewed at wavelengths associated with alkaloid
visualization. Numerous peaks were observed, indicating the presence of several
compounds in both leaf surface and whole leaf extracts. Compounds were identified as
vincamine, akuammacine, minovincinine, lochnericine and vincadifformine as predicted
by their UV absorbance and UPLC-MS profiles (Figure 3.4) (Malikov & Yunusov, 1977).

Overall, MIAs were present in higher quantities in leaf surface extracts than in
whole leaf cell interior extracts. Two compounds were identified as the medicinal MIAs,
vincamine and vincadifformine, based on their mass and retention time, were notably
present in high levels on the surfaces of leaves, while the amounts present inside of leaf
cells were relatively low. The peaks representing each of these compounds were quantified
based on constructed standard curves (as described in Materials and Methods) and
normalized to the final volume of extract in order to determine the amount of alkaloid found
on the surface of, or contained in, each individual pair of leaves. Final calculations of
amount per pair of leaves were combined as a mean of 3 biological replicates. Both
vincadifformine and vincamine were shown to accumulate in increasing quantities on the
leaf surfaces of older leaves, until LP5, and surface quantities decreased for LP6. However,
total amounts of vincamine were lower than amounts of vincadifformine (Figures 3.5C,
3.5D). Amounts of vincamine inside of leaves were also seen to increase gradually with

leaf age, although the amount of vincamine on leaf surfaces remained upwards of 90% of
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the total leaf vincamine present. Contrastingly, ratios of internal to external
vincadifformine levels were highest in LP1 and dropped in LP2 as surface quantities
increased relative to internal content. Ratios of internal to external vincadifformine levels
were slightly higher in older leaves than those found in LP2, and remained fairly consistent
across LP3 to LP6 (Table 3.2).

Taken together, the alkaloid accumulation pattern on the leaf surface seems to
correspond to the increasing expression of VmTPT2over developing leaves. Specifically,
the 15-fold increase in VmTPT2expression that occurs between LP1 and LP2 is followed
closely by the levels of vincadifformine found on the leaf surface that increase from 78.3%
of total vincadifformine levels in LP1 to 91.6% in LP2. The presence of vincadifformine
in high quantities relative to other alkaloids on the leaf surface led to its identification as a
likely substrate for VmTPT2 transport activity and was thus selected for use in transport

assays.
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Figure 3.4Representative UPLC-MS profile of Vinca minoreaf surface (upper panel) and
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Table 3.2 Percentage of MIAs present in leaf surface extracts and whole leaf extracts of
Vincaminor leaves of different ages.

Vincadifformine Vincamine
Surface Internal Surface Internal
Leaf pair content content content content
(% total) (% total) (% total) (% total)
1 78.3 21.7 100 0
2 91.6 8.4 99.8 0.2
3 85.5 14.5 98.8 1.2
4 83.5 16.5 96.4 3.6
5 82.5 17.5 95.1 4.9
6 86.3 13.7 94.3 5.7

3.3 Vincadifformine purification by thin layer chromatography

Amsonia hubrichtiiis a member of the Apocynaceae family that also produces
vincadifformine and accumulates virtually all of this MIA on its leaf surfaces. Access to
large quantities of Amsonia hubrichtiileaves allowed for the bulk extraction of surface
components and the eventual purification of vincadifformine by preparative thin-layer
chromatography (TLC). The surface of Amsonia hubrichtileaves were extracted twice and
the extracts were analyzed by UPLC-MS. Vincadifformine amounts were quantified using
a standard curve constructed with tabersonine authentic standards, due to its structural
similarity and nearly identical absorbance spectra to vincadifformine. Vincadifformine
quantities were higher after the second extraction than in the first extract (Figures 3.6A,
3.6B).

Preliminary work involved running TLCs with three solvent systems to determine
which could be used to achieve optimal separation of vincadifformine from neighbouring
compounds:

1. Ethyl acetate:Methanol:Water (89:10:1)

2. Toluene:Ethyl acetate:Diethylamine (60:25:15)

3. Acetonitrile:Ethyl acetate:Methanol (30:65:5)
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The first and second extracts obtained from KHK were applied to a silica plate for
thin layer chromatography (TLC) alongside a tabersonine standard for a total of 3 samples
per plate. Each solvent system was used to run two TLC plates where the 3 samples had
been loaded. For each solvent system, one of the two TLC plates was sprayed with CAS
stain for alkaloid visualization, and the other was visualized under UV light and used to
harvest vincadifformine spots for UPLC-MS analysis (Figure 3.7, Figure 3.8).
Vincadifformine spots were determined relative to the tabersonine standard, which differs
in structure from vincadifformine by one double bond at the C14-C15 position (Kobayashi
etal., 1999).

TLC solvent systems were assessed based on their ability to separate
vincadifformine from other compounds, and vincadifformine spots were harvested for
UPLC-MS analysis. In the case where UPLC-MS analysis revealed an undesired peak close
to the vincadifformine peak, additional solvent systems were used to encourage better
separation between the compounds.

The first solvent system separated vincadifformine from several other compounds
found close to the origin. UPLC-MS analysis of the purified spots showed an undesired
peak very close to the vincadifformine peak. The second solvent system was used to
encourage better separation between these two compounds, but the undesired compound
was again visualized on TLC under UV light and appeared to be in contact with the
vincadifformine spot. The second solvent system did not aid in separation of
vincadifformine and the unknown compound, and UPLC-MS analysis instead showed even
more contamination than the sample purified using the first solvent system. The third and

final solvent system tested was found to successfully separate vincadifformine from the
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adjacent, unwanted band. The retention factor (Ryf) of vincadifformine was 0.7 with the
third solvent system. UPLC-MS analysis was used to confirm the purity of vincadifformine
and showed minimal contamination of the sample (Figure 3.8B). For these reasons, the
third solvent tested was selected for large scale purification of vincadifformine from the

second Amsoniahubrichtii extract.
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Figure 3.7 TLC plates used to separate vincadifformine from first and second Amsonia

hubrichtii leaf surface extracts. A 0.1% ceric ammonium sulfate in 85% phosphoric
acid solution (CAS) was used to visualize alkaloids on the first plate (top), and the
second was visualized under UV light to determine the location of vincadifformine
spots, which were harvested for UPLC-MS analysis (bottom). T = tabersonine, V =
vincadifformine (harvested from a previous TLC and applied to this plate), 1 = first
Amsoniahubrichtii extract, 2 = second Amsoniahubrichtii extract.
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After the third solvent system was determined to be the most effective for
separation of vincadifformine from other compounds present, varying concentrations of
Amsonia hubrichtiextract were run on TLC in order to qualitatively match the appearance
of the band of the known concentration tabersonine standard (350 pg/mL). The size of
spots, their fluorescence under UV, and their ability to travel up the plate and separate were
noted. The second Amsonia hubrichtiextract was loaded directly and as a half dilution,
and vincadifformine bands were compared to bands of tabersonine loaded at concentrations
of: 350 pug/mL, 1 mg/mL, 2 mg/mL and 5 mg/mL (Figure 3.9). The half dilution of
Amsoniaextract was estimated to be approximately 1 mg/mL and the methanol extract
obtained from KHK approximated at 2 mg/mL. The predicted theoretical yield of
vincadifformine in the second Amsonia surface extract provided by KHK was
approximately 8 mg. The Amsonia hubrichtimethanol extract obtained from KHK was
further dissolved in methanol for a final methanol:methanol-extract ratio of 1:3 to

encourage optimal separation of vincadifformine for large-scale TLC purification.
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(bottom).
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Pooled, TLC-purified vincadifformine from KHK’s total extract was subjected to
final TLC and UPLC-MS analysis to confirm that vincadifformine purity was consistent
with preliminary results using the third solvent system for TLC purification and to calculate
percent purity (Table 3.3. The final mass of purified vincadifformine was 7 mg, giving an

actual yield of 87.5%.

Table 3.3 Vincadifformine purity.

Total peak area®  Vincadifformine peak area® Percent vincadifformine purity
187907 150728 80.2%

4 _ measured at m/z=339

3.4 Yeast transport experiments

In order to examine the putative transport activity of VmTPT2, experiments were
carried out using the AD12345678 mutant strain of Saccharomyces cerevisitmat lacks 8
endogenous transporter genes (MA T, ®PDRZ13, ura3, hisl Ayorl:hisG, Asng2:hisG,
Apdr5::hisG, ApdrlQ:hisG, Apdrll:: hisG, Aycfl:hisG, Apdr3:hisG, Apdrl5:hisG), that was
either transformed with an empty inducible pDRGAL expression vector as a control, or
with pDRGAL plasmid vector carrying VmTPT2 After incubation with vincadifformine in
1ug/mL concentration, yeast expressing VmTPT2appeared to export the MIA after its
diffusion into yeast cells (Figure 3.10. Although vincadifformine levels were similar
between VMmTPT2expressing yeast and control cells after the first 4 hours, the empty vector
cells demonstrated higher accumulation of vincadifformine at the 7 and 10 hour time
points, while VmTPT2expressing yeast maintained lower levels of vincadifformine that

were approximately half the amount taken up by yeast transformed with the empty vector.
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To confirm the observed transport activity, experiments were repeated, but failed
to reproduce the initial results that suggested VmTPT2 was able to export vincadifformine
after its diffusion into VmTPT2-expressing cells. Empty vector control cells were no longer
observed to take up approximately 90% of initial vincadifformine quantities as seen in
Figure 3.1Q Transport experiments with yeast expressing CrTPT2 were also compared to
empty vector yeast that accumulated almost 100% of catharanthine (Yu & De Luca, 2013).
Experiments were conducted to test the ability of empty vector transformed yeast to take
up vincadifformine at different concentrations in order to develop a reliable control for
comparison with VmTPT2-expressing cells. While 1 pg/mL and 2 pg/mL did not seem to
be taken up by empty vector yeast in high quantities, yeast incubated with a 4 pg/mL
concentration of vincadifformine exhibited measurable uptake. However, when further
experiments were carried out with biological replicates and VmTPT2-expressing yeast, it
appeared that vincadifformine was taken up by yeast expressing the transporter in amounts
that were greater than or similar to levels accumulated by empty vector control cells.

The results of the presented follow-up experiment (Figure 3.11) failed to reproduce the
previous data shown in Figure 3.1Q These results are representative of additional
experiments carried out that also failed to reproduce the initial promising results (Table
S1). Although one biological replicate of empty vector yeast was shown to accumulate over
50% of vincadifformine by the 8-hour time point, there was considerable variation between
the two empty vector biological replicates, A and B. After 8 hours of incubation with the
substrate, empty vector replicate B accumulated more vincadifformine than VmTPT2-
expressing cells and demonstrated activity similar to what was shown in the initial transport

assay (Figure 3.10, but replicate A accumulated less vincadifformine than yeast
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expressing the transporter, which demonstrated the type of activity observed across the
majority of follow-up experiments (Table S1). By the final time point, empty vector
replicate A was shown to accumulate 35% of starting material, which is far from the 87%
accumulation observed in Figure 3.10 at the final time point. Empty vector replicate B
accumulated only 65% of the starting material and one VmTPT2-expressing biological
replicate accumulated the same amount of vincadifformine by the final time point, while
the other accumulated 50%. These results contrast with earlier observations where
VmTPT2-expressing cells accumulated less than half of the MIA accumulated by empty
vector cells. The inconsistent transport activity exhibited by biological replicates of empty
vector yeast did not allow for a reliable comparison of vincadifformine uptake between
VmTPT2-expressing yeast and empty vector control cells. For these reasons, no

conclusions could be drawn from this set of experiments.
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experiment was conducted over 12 hours where empty vector and VmTPT2
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3.5 Yeastcell viability assay

In order to rule out cell death as the reason for lack of observed alkaloid uptake,
empty vector and VmTPT2transformed cells were incubated in 10 mM Tris with or without
4pg/mL vincadifformine in a 10 hour time course experiment (Table ). Cell viability
dropped initially by less than 10% when yeast were transferred from the induction medium
containing galactose into 10mM Tris buffer that did or did not contain 4pg/mL
vincadifformine. Cell viability remained consistently high, around 90%, across all time
points, for all transformants and in media with or without vincadifformine, until cell
counting was finished 12 hours after the start of incubation. When yeast cells were viewed
under the microscope, some swollen cells were observed that appeared on the verge of
lysis, and there were many budding cells, which could indicate that ruptured cells were
replaced by newly budded cells to maintain levels of cell viability across the time-course
(Figure SH.
3.6 Yeast growth inhibition in the presence of tabersonine

Yeast transformed with the empty pDR196 vector, pDR196-CrTPT2, or pDR196-
VmTPT2 were grown on selective dropout medium plates (-uracil) in the presence of
increasing concentrations of tabersonine, or in 1% DMSO as a control. When grown on
plates with concentrations ranging from 1-120 pg/mL, empty vector cells grew until
incubated with 100 pg/mL, whereas transporter-expressing yeast displayed visual signs of

growth inhibition on plates containing 75 pg/mL (Table 3.4).
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Table 3.4 Yeast growth inhibition? in the presence of tabersonine.

DMSO control, or 75ug/mL 100
Yeast transformants 1,5, 10, 25, 5@g/mL tabersonine  120pg/mL
tabersonine tabersonine
pDR196 empty vector + + -
control
pDR196-CrTPT2 + Sparse -
pDR196-VmTPT2 + Sparse -
EV:1, 2,3, 4L
CrTPT2: 1,2, 3, 4uL
VmTPT2:1, 2, 3, 4uL
Spg/mL 50pg/mL 75pug/mL 100 pg/mL

& — Positive growth denoted by +, total growth inhibition represented by -, sparse growth
shows some inhibition with more/larger spaces observed between colonies relative to +.
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These observations led to further experiments that focused on a narrower range of
concentrations, from 60-100 pg/mL with 10 pg/mL intervals. In this case, empty vector
cells were able to grow until incubated with 90ug/mL tabersonine, whereas transporter-
expressing yeast displayed visual signs of growth inhibition on plates containing 80pg/mL
tabersonine. Cell viability counts demonstrated that empty vector cells were almost 83%
viable at 80pug/mL while CrTPT2-expressing yeast only had 46% viability and VmTPT2
transformed yeast were less than 20% viable, although transporter-expressing yeast grown
on DMSO control plates displayed around 70% cell viability (Table S3. CrTPT2-
expressing cells were previously shown to be more susceptible to tabersonine than empty
vector containing control yeast cells, and these results suggest that VmTPT2-expressing
yeast is even more susceptible to growth inhibition and cell death due to tabersonine
exposure than yeast expressing CrTPT2. Microscopy images showed increased
aggregation of cells in the presence of 80 pug/mL tabersonine compared to cells grown on

control plates (Figure S6).
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Chapter 4. Discussion
4.1 VmTPT2 expressioncoincideswith the timing of MIA accumulation on Vinca
minor leaf surfaces

The present study initially describes the relationship between MIA accumulation
on the leaf surface of Vincaminorand the gene expression profile of a putative transporter,
VmTPT2, which shares over 88% amino acid sequence identity with recently characterized
Catharanthus roseusllA transporter (CrTPT2) (Table 3.1 Figure 3.1) (Yu & De Luca,
2013). The majority of Vinca minorMIAs were found to accumulate on the surfaces of
leaves, while low levels are found inside of leaf cells (Figure 3.4). VmTPT2expression
was lowest in LP1 and increased approximately 15- to 25-fold in older leaf pairs, in concert
with the rise of leaf surface MIA levels across leaf development (Figure 3.5). Together
these data suggested that VmTPT2 protein was also involved in transport of MIAs
biosynthesized within leaf cells for secretion onto the leaf surface where they would
accumulate, as observed in studies with CrTPT2 and its catharanthine transport activity
(Yu & De Luca, 2013). The alkaloid accumulation profile of catharanthine on the surface
of Catharanthus roseusaves of different ages described by Roepke et al. (2010) is similar
to the accumulation pattern of MIAs such as vincadifformine and vincamine on the leaf
surfaces of Vinca minoracross leaf development. MIA levels were lowest on the surfaces
of LP1 and increased with leaf age in both species, although surface catharanthine levels
peaked at LP3, whereas vincadifformine and vincamine quantities were highest on the leaf
surfaces of LP5 (Figure 3.5, Table3.2, Table4.1). Contrastingly, CrTPT2expression was
limited to LP1 and LP2, with LP3-5 exhibiting close to a 90% decrease in expression levels

(Yu & De Luca, 2013). Despite the close relationship between these two species and their
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respective TPT2 transporters, life history differences, defence strategies and environmental
pressures could explain the variation in CrTPT2 and VmTPT2 activity, if VmTPT2 is in
fact able to transport MIAs.

The amounts of vincadifformine contained in cell interiors of developing Vinca
minor leaves were similar to levels of catharanthine found within Catharanthus roseus
epidermal cells, and for some leaf pairs, vincadifformine accumulated inside of Vinca
minor leaves in higher quantities than those of catharanthine found within Catharanthus
leaves. This finding is surprising, considering that the peak amount of catharanthine found
on the surface of LP3 (492 pg) was nearly 5 times greater than the 104 pg of
vincadifformine that accumulated at the highest level on LP5 surfaces (Table 4.1). A
greater percentage of total vincadifformine was found inside of Vinca minorleaves relative
to that of catharanthine found within Catharanthus roseusaves. The internal MIA content
also exhibited different patterns across developing leaves between the two plant species.
Internal levels of catharanthine were highest in LP4 for Catharanthusat 18 g, whereas
Vincaminor LP5 contained the highest amount of vincadifformine at 22 ug (Table 4.1).

Table 4.1 Amount of MIA (ug) per leaf pair across developing Catharanthus roseus
and Vinca minorleaves.

Leaf pair

1 2 3 4 5 6
Leaf surface
Catharanthine? 46 244 492 388 350 302
Vincadifformine® 1.6 16 75 96 104 51
Leaf interior
Catharanthine 0 0 14 18 0 0
Vincadifformine 0.4 1.7 13 19 22 8

a — Values for catharanthine levels were obtained from Roepke et al. (2010).
b — Values for vincadifformine levels represent means of triplicate samples as shown in
Figure 3.5C
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The regulation of alkaloid biosynthesis in each plant may explain these observed
differences in transporter expression profiles across leaves of different ages. TDC catalyzes
an early decarboxylation step required for MIA biosynthesis, and is preferentially
expressed in the epidermis of young Catharanthus rosewsgedlings and in young leaves of
mature plants, but not in older leaves of mature plants (Fernandez et al., 1989; St-Pierre et
al., 1999). Vinca minorleaves display a similar TDC profile, and TDC was previously
shown to be preferentially expressed in young leaf epidermal cells (Edmunds, 2012),
suggesting that, as in Catharanthus MIA biosynthesis also occurs in the epidermis of
young Vinca minor leaves. As a result, MIA biosynthesis and secretion should occur in
early stages of leaf development as previously observed in Catharanthus roseu@=igure
3.5B) (Edmunds, 2012). However, the active accumulation of vincadifformine in
developmentally older leaves of Vincaminor (Figure 3.5C) conflicts with this hypothesis,
and suggests that in spite of the pattern of preferential TDC expression in young Vinca
minor leaves, low levels of MIA biosynthesis may still be occurring in older leaves. Future
studies that focus on Vinca minorwould be required to further elucidate which MIA
biosynthetic steps occur across different leaf developmental stages.

4.2 Yeast transport experiments and troubleshooting

After preliminary in plantastudies were carried out and VmTPT2expression was
found to follow a similar pattern across developing leaves as alkaloid accumulation
profiles, the gene was cloned, sequenced, and expressed in a yeast heterologous system for
characterization and to confirm its putative function as an MIA transporter. After its
identification as a major alkaloid present on the surfaces of Vinca minor leaves,

vincadifformine was purified by thin layer chromatography (TLC) using Amsonia
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hubrichtii leaf surface extracts. The TLC purification method was successfully optimized
for isolation of vincadifformine with over 80% purity, which was used as a substrate in
transport assays using recombinant VmTPT2-expressing yeast (Figure 3.8 Table 3.3.

Early experiments demonstrated that when yeast cells were incubated with
vincadifformine at a low concentration, empty vector cells accumulated the alkaloid at
levels almost twice as high as VmTPT2expressing cells (Figure 3.10. When these
experiments could not be reproduced, higher concentrations of vincadifformine were tested
(Figure 3.11, Table S1). Further experiments seemed to demonstrate that cells expressing
VmTPT?2accumulated more alkaloid than the empty vector control yeast leading to the
possibility that VmTPT2 functioned as an importer rather than an exporter. However, none
of these results could be reproduced in a series of separate experiments (Table SJ).
Unfortunately, control experiments with empty vector showed that yeast cells did not take
up either vincadifformine or tabersonine as well as they were able to take up catharanthine
in the CrTPT2 studies (Yu & De Luca, 2013). The inability to observe considerable uptake
of substrate by control yeast cells rendered further experiments inconclusive as there was
no basis for comparison between VmTPT2-expressing yeast and control yeast.

In order to rule out cell death as the reason for these observations, yeast were
incubated in the transport buffer with or without vincadifformine and analyzed by
microscopy for cell viability counts and visual observations (Table S2, Figure S} Under
the microscope, cells in the transport medium containing Tris buffer and vincadifformine
had undergone aggregation, which is a known yeast stress response when cells are
incubated in the presence of ethanol or antibiotics (Smukalla et al., 2008; VVan Mulders et

al., 2008). Some cells were swollen and appeared to be on the verge of lysis, while many
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other cells were observed undergoing asexual reproduction by budding. Assuming that cell
lysis was taking place, it is possible that cells underwent rapid turnover to maintain viable
cell populations, since cell viability ratios were maintained across the entire time course of
the experiment. Is it possible that such long time course experiments allow enough cells to
die and subsequently be replaced by new cells so that the accumulation of vincadifformine
is not observed in empty vector cells over time to the same extent as catharanthine, or at
least so that no real difference is observed between empty vector and VmTPT2-expressing
yeast. These issues need to be further resolved before this experimental system can be used
for measuring the MIA transport capabilities of VmTPT2.

Experiments that aimed to test the specificity of CrTPT2 with tabersonine as a
substrate revealed that uptake of tabersonine by empty vector cells was difficult to observe
(Yu & De Luca, 2013). Further studies in an unpublished manuscript by Yu (2013) resolved
this issue by use of a specialized co-expression system in wild-type MKP-0 Saccharomyces
cerevisiaecells, where tabersonine could diffuse into cells, undergo hydroxylation by
heterologously expressed tabersonine-16-hydroxylase (T16H), followed by CrTPT2-
mediated export. Due to structural similarities between tabersonine and vincadifformine, a
similar uptake problem might occur during incubation of yeast with vincadifformine as a
substrate in the AD12345678 system. In the same study, Yu (2013) discovered that
tabersonine inhibits the growth of yeast expressing CrTPT2 to a greater extent than yeast
transformed with the empty pDR196 vector as a control. Tabersonine was found to affect
the regulation of certain cell wall and sterol biosynthetic genes in yeast expressing CrTPT2.
This inhibitory effect on yeast growth may further explain why the yeast only take up low,

difficult to measure, levels of tabersonine.
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Similar tabersonine growth inhibition experiments were performed with VmTPT2-
expressing yeast to determine whether VmTPT2 expression had a similar biological effect
on yeast in the presence of tabersonine. This was an indirect way to confirm that VmTPT2
was being produced, as previous attempts to semi-quantify CrTPT2 protein from
transformed AD12345678 yeast by SDS-PAGE and western blot were unsuccessful.
Experiments were carried out to test whether tabersonine had a greater inhibitory effect on
yeast cells expressing VmTPT2 than in cells expressing the empty vector, with CrTPT2-
expressing yeast used as a positive control. At high concentrations such as 80 pg/mL,
tabersonine was found to partially inhibit the growth of all yeast transformants, but
VmTPT2-expressing yeast was especially susceptible to the inhibitory effect of
tabersonine. VmTPT2-transformed cells appeared to be negatively affected even more so
than the positive control CrTPT2-expressing yeast, as determined by diminished
proliferation on plates containing growth medium plus 80pg/mL tabersonine. Under these
conditions, cell viability counts were below 20% for VmTPT2 cells compared to over 45%
obtained for CrTPT2-expressing cells and almost 80% in empty vector cells (Table S3,
Figure S6). Considering that vincadifformine is very structurally similar to tabersonine,
this MIA may also inhibit proliferation of VmTPT2-expressing yeast cells and thus skew
results based on the comparison of vincadifformine uptake and export between empty
vector and VmTPT2-expressing cells. In this respect, another study using the same
Saccharomyces cerevisia®D12345678 mutant strain to test the function of ABC
multidrug efflux pumps from Candida albicansfound that, paradoxically, yeast had
increased susceptibility to antifungal oligopeptides when these drug resistance transporters

were expressed in the mutant background, compared to empty vector controls (Wakiec et
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al., 2008). These results were explained by the higher rate of proton efflux occurring in
yeast cells expressing the Candidaalbicanstransporter that in turn increased the plasma
membrane electrochemical gradient and stimulated oligopeptide permease mediated
uptake of antifungal peptides to increase the susceptibility of yeast cells (Wakiec et al.,
2008). It is possible that the increased susceptibility of VmTPT2-expressing cells to
tabersonine growth inhibition could be explained by a similar phenomenon.

Additionally, vincadifformine concentrations used in the presented experiments
were substantially lower than the 100 pg/mL catharanthine concentrations used for
experiments with CrTPT2. Measuring the media content rather than internal cell
accumulation directly could also prevent accurate measurement of alkaloid transport.
Detection at such low concentrations is also an issue because of the error associated with
the sensitivity of the UPLC-MS detection method used. Measuring concentrations in the
media and observing slight differences between samples taken at different time-points is
not necessarily as reliable as measuring internal cell content when substrate concentrations
are high. Although this method was not ideal, the small amount of purified vincadifformine
that was available for transport assays limited the concentrations that could be used for
experiments, especially given that assays were replicated several times in attempts to
reproduce observed results.

The mutant yeast strain used in this heterologous system has 8 endogenous
transporters knocked out, but there are nearly 300 membrane-bound proteins in
Saccharomyces cerevisiagth known or predicted transport function (Brohee et al.,
2010). One transporter known to have involvement in drug resistance by export of the

antifungal agent aminotriazole is ATR1, which is not silenced in the mutant strain used for
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transport experiments with vincadifformine (Van Belle & André, 2001). More specifically,
the Saccharomyces cerevisig@nome encodes 15 full ATP-binding cassette (ABC)
transporters. The transcription factors PDR1 and PDR3 regulate the expression of ABC
transporter-encoding genes PDR5 SNQ2and YOR1 PDR10based on observations made
when using a yeast strain with a PDR13 gain-of-function mutation (Decottignies et al.,
1998). The mutant strain AD12345678 has certain drug resistance genes controlled by
PDR1 and PDR3 knocked out, although the strain harbors the gain-of-function pdr1-3. This
should allow the VmTPT?2 transporter to be over-expressed. However, the gain-of-function
mutant of transcription factor PDR1 could increase the activity of uncharacterized
endogenous genes under PDR1 control that promote extrusion of vincadifformine as a toxic
substrate from empty vector controls, so that no substantial differences are observed
between empty vector controls and VmTPT2expressing cells.

Protein-protein interactions are also likely to occur between membrane transporters
and integral ER membrane proteins during internal trafficking. Some have been found to
associate transiently with integral ER membrane proteins required for packaging other
proteins into vesicles, and other ER proteins shown to export specific transporters from the
ER are able to act on either a specific transporter, or broad range of transporters (\Van Belle
& André, 2001). It is possible that a protein required for proper VmTPT2 function is absent
in yeast, resulting in no measurable transport by VmTPT2.

Problems with experiment reproducibility and functional controls could be due to
a substrate issue or a problem with transporter trafficking, required interactions, or protein
function. Although the latter possible issues may be less likely due to the ability of CrTPT2

to function in the heterologous system and its similarity to VmTPTZ2, it is still conceivable
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to consider that this yeast system is not ideal for expressing this particular transporter. The
TPT2 transporters are active at different developmental stages in plantg so it is possible
they could serve different functions and behave differently in the heterologous system.
Another consideration is that VMTPT2 is localized to an intracellular membrane in yeast
and allows the sequestration of vincadifformine in vacuoles rather than its export to
extracellular space due to protein targeting and localization issues in the heterologous
system.
4.3 Conclusionsand future work

Although the presented yeast transport assays did not yield conclusive results, the
in plantaaspects of this study offer some insight into how the VmTPT2 transporter may
function in Vinca minor plants. Given the differences in Vinca minorand Catharanthus
roseus transporter expression profiles and internal accumulation of vincadifformine
compared to catharanthine, it is possible that the transporter functions differently than
CrTPT2 across leaves of different ages, even if VmTPT2 is indeed an alkaloid transporter.

Further research must be conducted in order to fully characterize VmTPT2 as an
MIA exporter. Unfortunately, Vinca minor was not amenable to virus-induced gene
silencing, which would be a very useful tool for in plantaexperiments for characterization
of VmTPT2. Further studies in plantacould include immunohistochemistry to determine
whether the protein is localized to the plasma membrane of leaf epidermis cells as
predicted. In order to carry out functional characterization of the putative MIA VmTPT2
transporter, transport assays could be conducted using different heterologous systems, such
as a Xenopus laevisocyte expression system or insect cells that have been successfully

used for the characterization other transporters (Dreyer et al., 1999). In addition, the use of
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tabersonine and vincadifformine as substrates in a heterologous yeast system where
tabersonine-16-hydroxylase (T16H) is co-expressed with VmTPT2 remains to be exploited
(Yu, 2013). If T16H is capable of carrying out its hydroxylation reaction with
vincadifformine as a substrate, it would be possible to measure the amount of hydroxylated
substrate present in the transport medium where cells co-express the transporter and T16H,
and compare these levels to those of control cells that only express T16H. This method
would allow uptake of the substrate to be confirmed, since hydroxylated product in the
media could only be present if the substrate had entered the yeast cell, undergone the

reaction, and exited the cell.
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Appendix |: Supplementary tables

Table S1 Overview of VmTPT?2 transport experiments.

Date and justification

Protocol

Outcome

August 21, 2013

1 pg/mL vincadifformine
in 3 mL Tris buffer for 10
hour time course (1h, 4h,
7h, 10h) after a 12h
galactose induction. 300
pL samples collected at
indicated time points.

VmTPT2 appears to
export vincadifformine
after its diffusion into the
cell and EV accumulates
the alkaloid steadily over
time course

August 29, 2013

Repeat previous
experiment with
technical replicates
Added an additional
control

Needed to increase
volume of buffer to
allow for all samples
to be taken in
triplicate

Dropped final
timepoint as
suggested because in
last experiment,
VmTPT2 starts to
uptake a lot of
substrate by 10h
timepoint

1 pg/mL vincadifformine
in 4 mL Tris buffer for 9
hour time course after a
12h galactose induction of
EV yeast and one culture
of pPDRGAL-VMTPT2
transformed yeast. A non-
induced pDRGAL-
VmTPT2 culture used as
an additional control. 300
pL samples collected
every 3 hours in triplicate.

EV and non-induced
VmTPT2 yeast accumulate
more vincadifformine by
9h time point, and induced
VmTPT2 years maintains
consistently low levels.

September 4, 2013

Reverted back to
original volume in
case cell density
needs to be higher in
order to allow
diffusion into cell

1 pg/mL vincadifformine
in 3 mL Tris buffer for 9
hour time course after a
12h galactose induction of
EV yeast and one culture
of pPDRGAL-VMTPT2
transformed yeast. A non-
induced pDRGAL-
VmTPT2 culture used as
an additional control. 300
uL samples collected
every 3 hours in triplicate.

Non-induced yeast seems
to accumulate less than EV
and induced TPT2
expressing yeast.
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September 9-19, 2013
- Yeast growth and
gene expression
troubleshooting

Issues growing yeast,
attempted to make
glycerol stocks and grow
from stocks several ways.
Also checked for
contamination of EV
plasmid stocks.

Aimed to have a working
stock to do experiments
from but would not grow.
Plasmid stock is not
contaminated.

September 27, 2013

1 pg/mL vincadifformine
in 4 mL Tris buffer for 10
hour time course (4h, 7h,
10h) after a 12h galactose
induction of EV and
VmTPT2. 300 pL samples
collected at indicated time
points in triplicate.

EV shown to accumulate
more vincadifformine at
later time points (7h, 10h)
compared to VmTPT2-
expressing yeast. Levels
are the same at 4h time
point. Peaks only
detectable by mass, but not
uv.

October 4, 2013
- Repeated previous
experiment as a third
replicate for August
22 and September 27
experiments

1 pg/mL vincadifformine
in 4 mL Tris buffer for 10
hour time course after a
12h galactose induction of
EV and VmTPT2. 300 puL
samples collected at
indicated time points in
triplicate.

EV appears to accumulate
more in first time points
(1h, 4h), about the same at
7h, and by 10h the
VmTPT2-expressing yeast
is accumulating more than
the EV yeast.

October 8, 2013
- Vincamine used as a
substrate

1pg/mL vincamine in 3
mL Tris buffer for 9 hour
time course after a 12h
galactose induction of EV
and VmTPT2. 300 pL
samples collected every 3
hours. (Could not run
UPLC because pump not
working, carried out a
second experiment later
and ran them on UPLC-

No change in vincamine
levels in the media over
time for EV or VmTPT?2,
suggesting it is not being
taken up by cells.

MS on same day)
October 11, 2013 1 ug/mL vincadifformine  Vincadifformine levels
in 4 mL Tris buffer for hardly drop in the media,

10h time course after 12h
galactose induction of EV
and VmTPT?2 yeast. 300pl
samples collected at 1h,
4h, 7h, 10h.

but by the 4" timepoint,
they drop more in the
VmTPT2 media than in
EV media.

October 17, 2013

Second replicate of
vincamine, same as above.

No difference between EV
and VmTPT2 across all
time points.
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After what appeared to be so many issues with uptake, concentration of
vincadifformine was increased for future experiments.

November 7, 2013
- Due to issues with
uptake, tried higher
concentration of
substrate

2 pug/mL vincadifformine
in 3mL Tris as above.
300uL samples collected
in triplicate every 3 hours
for 9h time course.

Levels of vincadifformine
remain the same
throughout entire time
course for both EV and
VmTPT2 yeast, suggesting
that the alkaloid is not
diffusing into the cells in
the first place.

November 13, 2013

Same as above.

Same as above.

Whole pellet weighed initially to ensure pellets are same size to begin with. The
current calculation did not account for the fact that excess cells could actually result in
faster uptake. Larger volume of buffer used so that the samples taken at each time point
would not deplete the amount of culture remaining and there would still be a large
amount of culture left when last sample was taken.

November 18, 2013

2ug/ml vincadifformine in
5mL Tris. 300pL samples
collected in triplicate
every 3 hours for 9h time
course.

No difference between EV
and VmTPT2 and no
difference across time
points.

November 28, 2013
- EVonlyto ensure
accumulation of
vincadifformine

1 pg/mL in 3 mL Tris of
two biological replicates
of EV yeast. 1 sample
taken from each culture at
4h and 8h.

Levels in media very low
and remain low throughout
8h time course

December 16, 2013
- Test two different
concentrations and a
larger total volume,
using small glass
flasks

21g/mL compared to 4
pg/mL in 10 mL Tris with
EV only in an 8h time
course.

4pg/mL cultures show
drop in media after 8h, but
no difference in first 4 h.
After 8 hours, no change
in vincadifformine amount
in media for 2pug/mL
cultures, but drop in the
media after 8h incubation
with 4ug/ml
vincadifformine. Now
chose to proceed with
4ug/ml concentration for
further experiments.
(However very low values
in terms of ng/mg FW)

January 15, 2014

4 ug/mL in 10mL Tris for
8h time course.

VmTPT2-expressing yeast
accumulates more
vincadifformine than EV
yeast.
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January 20, 2014

- Considered that
expression of
VmTPT2 could
enhance
accumulation of
vincadifformine.
Attempted to
reproduce results
with an added time
point.

4 pg/mL in 10mL Tris; 2
biological replicates of EV
and VmTPT2 in 12h
assay.

VmTPT2-expressing yeast
accumulates more
vincadifformine than EV
yeast.

February 5, 2014

Same as above, but some
flasks spilled in shaker-
incubator so continued
with technical replicates of
one EV and one VMTPT2.

VmTPT2-expressing yeast
accumulates more
vincadifformine than EV
yeast, but hardly any
difference.

February 12, 2014

Same as above.

VmTPT2-expressing yeast
accumulates more
vincadifformine than EV
yeast after 12h. At 8h,
looks different than
previous experiments at 8h
timepoint.

February 19, 2014

4pg/mL tabersonine in
10mL with 2 biological
replicates, same protocol
as above.

Similar levels of
tabersonine accumulate in
all yeast cultures.

March 11, 2014

Washed pellet with water
before and after induction,
used 25ml flasks. 8h time
course since difference is
usually visible by 8h time
point. Otherwise same as
above.

Yeast do not seem to
accumulate alkaloid over
time as peaks remain
consistent through
duration of experiment.
Consider that changes
could occur earlier/at
shorter time intervals.

March 26, 2014
- Attempted to
reproduce CrTPT2
experiments as
positive control

3 biological replicates of
VmTPT2 and EV/CrTPT2
and EV under GAL. After
induction, 4pg/ml
vincadifformine added to
VmTPT2 and EV in 10mL
Tris; 4pug/mL
catharanthine added to
CrTPT2 and EV in 10 mL
Tris.

Very inconclusive. No
pattern observed and
biological replicates very
different from each other.
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Table 2. Yeast cell viability assay in different media at specified time points.

Mean percentage of viable cells?®

DRGAL- DRGAL-
Medium and time point PDRGAL-EV? meTPTZ pCrTPT2
24h SD¢ 99.3 96.7 93.5
12h SGY 98.4 97.8 98.2
Oh Tris + vincadifformine® 935 95.5 -
Oh Tris 91.0 92.3 91.0
2h Tris + vincadifformine 96.1 95.3 -
2h Tris 90.7 91.0 92.1
4h Tris + vincadifformine 90.5 94.5 -
4h Tris 89.1 93.6 90.1
6h Tris + vincadifformine 91.6 94.5 -
6h Tris 87.6 90.9 91.9
8h Tris + vincadifformine 93.3 92.9 -
10h Tris + vincadifformine 94.3 94.5 -
10h Tris 89.8 89.7 87.5

a — cells/mL concentration calculated, means are presented as n = 2 technical replicates.
Single factor ANOVA (0=0.05) determined no significant difference was present in
total cell counts, live cell counts, or live:total cell count ratios between EV and
VmTPT2 in Tris across all time points (n = 20, df = 19, respective P-values = 0.1473,
0.0973, 0.2514); between EV and CrTPT2 in Tris (n = 20, df = 19, respective P-
values = 0.2234, 0.1444, 0.6209); between EV and VmTPT2 in Tris with
vincadifformine (n = 24, df = 23, respective P-values = 0.1433, 0.1115, 0.2781).

b — pDR196-EV represents yeast transformed with the empty vector control

¢ — synthetic dropout medium (-uracil), with glucose as a carbon source

d — synthetic dropout medium (-uracil), with galactose as carbon source for induction

e — 4pg/mL vincadifformine dissolved in 10 mM Tris, pH 6.5 as transport assay medium

Table S3. Yeast cell viability at observed inhibitory concentration of tabersonine.

Yeast transformant Mean percent cell viability Mean percent cell viability on
on control plate*® tabersonine plate®®
pDR196-EV 89.5 82.7
pDR196-CrTPT2 74.4 45.6
pDR196-VmTPT?2 68.6 18.3

a — cells/mL concentration calculated, means are presented as n = 2 technical replicates.
Paired t-tests for means (a=0.05) determined that no significant difference was
present for live:total EV cell ratios between DMSO and tabersonine (df = 1, P-value =
0.0958). Significant differences were noted between tabersonine and control plates
for CrTPT2 (df = 1, P-value =0.0020) and VmTPT2 (df = 1, P-value = 0.0270)
live:total cell count ratios.

b — SD (-uracil) agar plates containing 1% DMSO

¢ — SD (-uracil) agar plates containing 80 pg/mL tabersonine
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Appendix Il : Supplementary figures
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Figure S1.Multiple sequence alignment between two TPT-type proteins from
Catharanthus roseusnd two from Vinca minor
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Figure S2.Amino acid sequence alignment between Vinca minorTPT2 and TPT5.
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Figure S3.Amino acid sequence alignment between TPT5 from Vinca minorand
Catharanthus roseus
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Figure S4.Amino acid sequence alignment between Catharanthus roseusPT2 and

TPTS.
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Medium &
time point

pDRGAL-EV

pPDRGAL-VmTPT2

pPDRGAL-CrTPT2

24h SD
(-uracil)

12h SG
(-uracil)

0Oh Tris +
vinca-
difformine

Oh Tris

2h Tris +
vinca-
difformine

2h Tris
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Medium & pDRGAL-EV pDRGAL-VmTPT2 pDRGAL-CrTPT2
time point

4h Tris +
vinca-
difformine

4h Tris

6h Tris +
vinca-
difformine

6h Tris

8h Tris +
vinca-
difformine

10h Tris +
vinca-
difformine

10h Tris

Figure S5.Microscopy images of yeast cells in different media at specified time
points. BC are examples of budding cells and SC are swollen cells. Images are of cells
from samples used for viability counts displayed in Table S2.
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Growth
medium

pDR196-EV

pDR196-VmTPT2

pDR196-CrTPT2

SD (-uracil)
1% DMSO
(control)

SD(-uracil)
80pg/mL
tabersonine

[

Figure S6.Microscopy images of yeast cells grown on control plates or in the presence
of tabersonine. Images are of cells from samples used for viability counts displayed in

Table S3.
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