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Summary

The genus Taxus (family Taxaceae) has during the last 30-40 years been the subject of
extensive scientific investigation due to the discovery of the anti-cancer drug paclitaxel
(Taxol®) originally isolated from the bark of the Pacific yew tree (T. brevifolia). Worldwide
demand for paclitaxel is high as it is currently being used to treat breast, ovarian and non-small
cell lung cancers as well as AIDS-related Kaposi’s sarcoma. This has led to problems with
sustainable supply from renewable sources and alternative means to production of paclitaxel
are still under extensive investigation. Major problems associated with paclitaxel production
include (i) the correct identification of the species within the genus Taxus in order to comply
with FDA licence agreements and (ii) production of sufficient biomass either in the form of

plant material or in vivo production of taxanes.

One of the main objectives in this research was to address the problem of correct identification
of Taxus species and cultivars and to evaluate the species delimitation within the genus.
Morphological characteristics such as needle and seed dimensions combined with classical
morphological characteristics (foliage colour and tree shape) were analysed from a large
population of Taxus species and cultivars. The analysis of needle and seed dimensions was
done using a computerised image analysis software-package called WinSEEDLE™. All
measurements complied with literature values and no single parameter was found that could

distinguish between one species and another.

Chemotaxonomic analysis of the same large Taxus population based on the analysis of four
major taxanes (10-deacetyl baccatin III (10-DAB III), 9-dihydro-13-acetyl baccatin IIT (9-
DHAB I1I), cephalomannine and paclitaxel) was carried out. The most abundant taxane was
found to be 10-DAB III. The variation present in taxane content between the species as well
as within each species analysed suggested that the value of taxanes as taxonomic markers was
limited. The taxane 9-DHAB III, specific for 7. canadensis, was included in the analysis;
however, not all samples identified by the botanical gardens as 7. canadensis contained this
taxane. In the present study phloroglucindimethylether was isolated and structurally identified
from 7. baccata and a high concentration of this constituent is being suggested as an indicator

of this Taxus species.

Cell cultures of Taxus baccata are used commercially as sources of taxanes. Suspension
cultures of Taxus baccata ‘Fastigiata’ were established in 1997 and previous work was done to

determine the growth kinetics and paclitaxel production of these cultures. In the present study



one of the objectives were to determine the profile of other taxane constituents of these cell
cultures, including 10-DAB 111, baccatin III and cephalomannine in addition to paclitaxel. Of
these taxanes 10-DAB III, baccatin III and cephalomannine were found to be most abundant,

whereas paclitaxel was absent or only produced in low concentrations.

Various cell culture techniques were used to enhance the taxane production of this suspension
culture. Change of carbon source from sucrose to inulin resulted in a reduced osmotic pressure
causing mechanical stress in the cell culture system. This led to reduction of biomass but had
a positive effect on taxane accumulation. However, inulin was not found suitable for sustained
growth. [In situ product removal using a liquid-solid culture system consisting of the aqueous
growth medium and Amberlite resin resulted in a significant increase in overall taxane
production in the suspension cultures. Elicitation using methyl jasmonate was found to
stimulate the synthesis and excretion of the taxanes 10-DAB III, baccatin III and
cephalomannine in the suspension cultures. However, the biosynthesis of paclitaxel itself was
not enhanced. Attempts of eliciting taxane production by addition of molybdenum and L-

arginine were un-successful.

The induction of an oxidative burst using tert-butyl hydroperoxide (tBH) in conjunction with
hematin resulted in 45% enhancement of 10-DAB III and baccatin III production in the cell
culture after 48 hours. An immediate burst of flavonoids observed indicated an induction of
the cells defence system by the oxidative burst. The activation of defence genes was an
upstream and immediate response to the treatment, whereas the accumulation of taxanes was a

downstream event of signal transduction resulting from the oxidative burst.

Taxus needles are known to contain flavonoids. Another objective was to investigate the
flavonoid profile of the cell culture. The major flavonoids were found to be catechin and epi-
catechin, established by HPLC and verified by isolation and structure elucidation. This is the
only report of the isolation of catechin and epi-catechin from cell suspension cultures of 7. b.
‘Fastigiata’. The presence of a procyanidin consisting of five units composed of catechin and
epi-catechin (ratio of 4:1) was also confirmed for the first time in cell cultures of Taxus. Other
flavonoids present in various concentrations were taxifolin, kaempferol, quercetin and

amentoflavone.

Needles and seeds of Taxus species are known to contain unusual AS-olefininc acids. No
previous work has examined for the presence of these in Taxus cell cultures initiated from
seeds. They were found absent in the cell cultures. The simpler fatty acid composition of the

cell culture could be due to the more protected environment created for the cells.
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Origin and Scope

Research into aspects of Taxus and related genera has been ongoing for a number of years in

the Department of Pharmacognosy, Trinity College Dublin. The following research projects

have been funded:

‘/

‘/

‘/

‘Isolation and characterisation of lectins from Taxus and Cephalotaxus species’ (1994)
‘European self-sufficiency in Taxus — for the isolation of the anti-cancer agent Taxol’
(1994-1997) (7-EEC-AIR Programme)

‘Yew (Taxus baccata) — optimisation of its field culture and establishment as a
plantation crop’ (1998-2000) (Forbairt-Industry Scheme)

British Council/Enterprise Ireland Research Visit Schemes: 1998-Bedgebury Pinetum;
2001- Royal Botanical Gardens, Edinburgh

‘Molecular systematics and chemical characterisation of Taxus (yews) and related
genera’ (1999-2002) (Enterprise Ireland Basic Research Grant, with Botany
Department, Trinity College Dublin)

A number of problems became apparent during the course of these projects especially (i) in the

area of identification/taxonomy of the Taxus species, (ii) the variability of Taxus species as a

source of paclitaxel and (iii) the potential of cell cultures as a source of taxanes. The present

research is a continuation of the projects listed above with the main objectives being the

elucidation of the problems previously encountered:

\4

\%

‘/

\//

‘/

To further investigate the use of morphological characteristics in the identification and
taxonomy of the different species and cultivars of the genus Taxus, using computerised
needle- and seed-dimension analysis in addition to classical morphological
characteristics on a large population of 7axus samples.

To determine if taxanes or other constituents are present in the same, large population
of Taxus samples, which would identify the species chemotaxonomically.

To evaluate the taxane profiles of Taxus baccata ‘Fastigiata’ cell cultures.

To enhance the production of taxanes in these cell suspension cultures by various cell
culture techniques.

To examine the effect of the induction of oxidative stress using various oxidative burst
inducers and elicitors on the production of taxanes by the cell suspension cultures.

To investigate the flavonoid profiles of the cell cultures and the influence of oxidative

burst induction and elicitation on these.

XX1V



General Introduction Chapter 1

1 General Introduction

1.1 Natural Products in Drug Discovery

1.1.1 Plants role in medicine - history

Traditional systems of medicine have been in existence for thousands of years and
plants have been the source of medical agents needed by humans as well as animals.
The poisonous or healing properties of plants were discovered by man in his search for
food by trial and error. The knowledge of these plants was passed on through the
generations and it became the task of the medicine man to maintain the knowledge and
pass it on to his/her successor (Samuelson 1999). The first records of plants used as
medicine were from Mesopotamia and date from about 2600 B.C. These were written
on clay tablets and documenting Cedrus species (cedar), Cupressus sempervirens
(cypress), Glycyrrhiza galabra (licorice), Commiphora species (myrrh) and Papaver
somniferum (poppy juice), all of which are still in use today for treatment of ailments
ranging from coughs and colds to infections and inflammations (Cragg and Newman

2005).

Plants are a valuable source of a wide range of both primary and secondary
metabolites. The primary metabolites (carbohydrates, nucleosides, amino acids and
the polymers derived from them) are compounds ubiquitous and essential for life. The
secondary metabolites (phenolics, terpenoids, steroids, and alkaloids) are of restricted
occurrence and were originally thought to be of no apparent utility to the plants (Mann
et al. 1994). In the middle of the 20" century, improvement of analytical techniques
such as chromatography allowed the recovery of more and more of these molecules,
and this was the basis for the establishment of the discipline of phytochemistry.
Thanks to the improvement of biochemical techniques and the rise of molecular
biology, it is now generally accepted that the secondary metabolites are important for
the survival of the plant in its ecosystem: their antimicrobial and anti-insect activities
deter potential predators, discourage competing plant species, attract pollinators or
symbionts, or further the interests of the plant in other ways (Bourgaud et al. 2001,
Dixon 2001). It was also found that secondary metabolites are far more complex than

primary metabolites. This is because secondary products are derived from the primary
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ones by complex metabolic pathways. An example of this is shown in Figure 1.1.1.1.
Due to the large biological activities, plant secondary metabolites have been used for
centuries in traditional medicine. Nowadays, they are used as pharmaceuticals,
agrochemicals, flavours, fragrances, colours, biopesticides and food additives

(Ramachandra Rao and Ravishankar 2002).
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Figure 1.1.1.1 Examples of metabolic pathways leading to secondary metabolites
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1.1.2 The changing role of natural products in the development of new drugs

Historically natural products have been a major source of new drugs, and many
successful drugs were originally synthesised to mimic the action of molecules found in
nature. Natural products are favourable as lead structures for drug discovery because
of their high chemical diversity, their biochemical specificity and other molecular
properties that differentiates them from synthetic and combinatorial compounds.
Several studies on the difference between natural products and synthetic sources of
drug leads reveal that natural products generally have more chiral centres, increased
steric complexity and a more ridged structure giving them a higher stereospecificity

(Feher and Schmidth 2003, Lee and Schneider 2001, Stahura et al. 2000).

The role of natural products in drug discovery experienced a decline in the last two
decades. The actual downstream effect of this decline is difficult to measure precisely,
because of the long product-development cycles found in the pharmaceutical industry.
It can take more than 10 years from initial discovery to subsequent market launch of a
new therapeutic agent. However, the worldwide pharmaceutical patent activity on
small-molecule natural products (Figure 1.1.2.1) gives a clear illustration of the
pattern from 1984-2003 (Koehn and Carter 2005). Through the 1980s there was an
increasing patent activity. A flattening or even slight decline is apparent from 1990-

1999, and then a rise in activity can be seen from 2000-2003.
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Figure 1.1.2.1 Worldwide natural products patents (Koehn and Carter 2005)
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A number of factors have been proposed for the decline in natural products as a basis
for drug discovery seen in the 1990s:

» Introduction of high-throughput screening (HTS) against defined molecular

targets. The primary role of HTS is to detect lead compounds and to supply
guidelines for their optimisation. It has been developed from bench-top
experiments by atomisation and design of robotic workstations, thereby
permitting performance of a large number of tests in a short time. This method
encouraged many pharmaceutical companies to move from natural products to
synthetic libraries.

» The development of combinatorial chemistry. The principals of “rational” drug

design are used in the design of combinatorial libraries to speed up the
discovery of lead compounds with a desired biological activity. Simpler, more
drug-like screening libraries of wide chemical diversity are produced.

» Advances in molecular biology. cellular biology and genomics. This increased

the number of molecular targets and resulted in shorter drug discovery
timelines.

» A declining emphasis of major pharmaceutical companies on infectious disease
therapy, which was a traditional area of strength for natural products (Projan
2003).

In the early 1990s natural products drug discovery was still being done in the
traditional way where crude plant extracts were tested for activity towards a drug
target, and if there was a hit, the extracts were fractionated and the active compounds
were isolated and identified. The process was slow and inefficient. When the drug
discovery scene shifted towards high-throughput screening, automation, robotics and
computing pharmaceutical companies moved away from natural products and
concentrated their efforts on synthetic libraries. Combinatorial chemistry became the
principal way to create new lead compounds for drug development (Rouhi and
Washington 2003). However, in the early days of combinatorial chemistry the hit rate
of the lead compounds made was generally low. It soon became clear that relying only
on numbers and efficiency would not provided the needed leads for drug discovery
(Leach and Hann 2000). The generation of combinatorial libraries are somewhat
constrained by the availability of reagents and suitable reactions giving a reduced

diversity and low activity hit-rate. Natural products, however, are generated in the
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context of biological utility as a result of precursors and biosynthetic reactions (Feher
and Schmidt 2003).  Several techniques have been developed for combinatorial
chemistry that can be used to reintroduce natural products as an important source for
novel leads in the drug discovery process. The development of integrated methods and
technologies for isolating, purifying and characterising bioactive natural products can

accelerate drug discovery from natural resources.

1.1.3 Rediscovering natural products

According to Newman et al. from the National Cancer Institute (Newman et al. 2003)
61% of the 877 small-molecule new chemical entities introduced as drugs worldwide
during 1981-2002 was derived from natural products. These include natural products
themselves (6%), natural product derivatives (27%), synthetic compounds with natural
product-derived pharmacophores (5%) and synthetic compounds designed on the basis

of knowledge gained from natural products (23%).
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track candidate

Figure 1.1.3.1 Process for natural product discovery (Koehn and Carter 2005)

The typical process of discovering natural product hits and their progression towards

development can be seen in Figure 1.1.3.1. Historically there have been three major
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difficulties in this process: (i) the identification of known compounds in order to avoid
duplication. This problem has been facilitated by the development of directly coupled
HPLC-mass spectrometer (LC-MS) systems and the generation of natural products
databases.  (i1) De novo structure determination of compounds. This area has been
revolutionised by advances in spectroscopic techniques, particularly in high-resolution
NMR and mass spectroscopy technologies. Where the biological activity profile meets
the expected criteria for potency and selectivity, preliminary structure-activity
response (SAR) studies are conducted and the purification process is scaled up. (iii)
The major bottleneck that still affects natural product drug discovery is the isolation
and purification of active compounds from complex matrixes. Although advances in
separation technology, such as HPLC, supercritical fluid chromatography (SFC), and
capillary electrophoresis (CE) have had a major impact on the purification problem,
there are still major challenges: (1) the biological activity must be correlated with the
effective compound, and (2) the separation methods must provide sufficient quantities
of the compound in interest. Various innovative processes are being developed in

order to solve these problems.

An example of such a process is the creation of an ‘online-bioassay’ that utilizes
continuous-flow enzymatic reactions that are capable of providing real-time read outs
of inhibition of enzymatic activity (Schenk et al. 2003). The effluent from HPLC is
split in two streams, one to the enzyme assay and the other in parallel to a mass
spectrometer. Correlating peaks that are detected in the enzyme assay with the
corresponding mass spectra provides data that are characteristic of the bioactive
compound. This data can be sufficient to identify known compounds through database

searching, and will provide a linkage to activity for further studies.

Another solution of the problem could be the development of natural product libraries
using advanced integration of separation-, purification- and identification-technologies.
An example of this are the libraries made from the stem bark of Taxus brevifolia by
Eldridge and co-workers (Eldridge et al. 2002). The libraries were produced by
integrating automated flash chromatography, solid-phase extraction, filtration, and
high-throughput parallel four-channel preparative HPLC. The libraries obtained were
analyzed prior to biological screening by an advanced specialised mass spectrometer to

determine molecular weight, number and quantity of compounds in the fractions.



General Introduction Chapter 1

After the biological screening the active fractions were rapidly purified and the
individual compounds were re-screened for confirmation of activity. Finally the active
compounds could be structurally elucidated by NMR and mass spectrometry. By
combining high-throughput screening with conventional natural product techniques in
this way the cycle times for the discovery of natural product drug leads is shortened,

and can be compared with the efficiency of combinatorial chemistry.

The continuing development of the existing separation-, purification- and
identification-technologies suggests a positive trend in the forthcoming years for the
discovery and development of natural product-derived pharmaceuticals. In addition
there has been a positive movement in the experiments aimed at total synthesis of
many natural products. The actual crucial structure of the biological activity has been
defined, leading to potent and selective products derived with fewer synthetic steps,

resulting in lower cost (Lin et al. 2004, Nicolaou et al. 2003).

1.1.4 Natural sources for future drug discovery

The selection of natural sources used in the search for new leads in drug discovery has
traditionally followed two main paths: ethnopharmacology (medicinal herbs, substance
of abuse, ordeal poisons etc) and toxicology (poisonous plants, venomous animals,

arrow and fish poisons etc) (Tulp and Bohlin 2004).

The plant kingdom

Most of the active components of medicinal products from natural sources are derived
from plants. Although plants have been used in screening programmes in the search
for biologically active molecules for a long time, probably only 5-15% of the ~250,000
plant species in the world have been tested for some type of biological activity (Pieters
and Vlietinck 2005, Verpoorte 1998).

Prominent plant-based medicines include:
~ Quinine, the anti-malarial drug, from the bark of Cinchona species.

#~ Morphine, the analgesic, from the opium poppy (Papaver somniferum).

~ Digoxin, for heart disorders, from Digitalis lanata.
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» Reserpine, the anti-hypertensive agent, from Rauwolfia serpentina,
traditionally used for snakebites and other ailments.

» Ephedrine, an anti-asthma agent, from Ephredra sinica.

» Tubocurarine, the muscle relaxant, from Chondrodendron and Curarea
species, used in the Amazon as the basis for the arrow poison curare.

» Podophyllotoxin, the anti-cancer agent, from the American mayapple
(Podophyllum peltatum).

» Vinblastine and vincristine, the anti-cancer agents, were isolated from the
Madagascar periwinkle, Catharanthus rosesus.

» Taxol®, the anti-cancer agent, was initially isolated from the bark of the

Pacific yew, Taxus brevifolia.

The path traditionally used for the selection of plants screened for biological activity
(ethnopharmacology and toxicology) have led to the neglect of a wide structural
diversity found in e.g. plants commonly seen in gardens, fruits and vegetables. Grapes
(Vitis vinifera) and cranberries (Vaccinium macrocarpum) have been found to have
antibiotic activity due to their proanthocyanidin content (Howell and Nicholi 1999).
Extracts of orange peel has an antitumour activity, attributed to the poly-methoxy
flavonoids it contains (Ghai and Rosen 2001). Common vegetables have been found
to be a source of pharmacologically active molecules. Broccoli was found to contain
high amounts of sulphoraphane, a compound in broccoli and its botanical kin that
inhibits the development of cancer (Fahey et al. 1997). The prevention of stomach-
and lung-cancer by extracts from winter rape, mustard, radish, and purslane
(Cruciferae and Scrophulariaceae families) was shown by Zheng (Zheng 1999), and
tumour reduction by an extract of beetroot (Beta vulgaris) was observed by Kapadia
(Kapadia 2000).

There are various problems in using plants as sources for new drugs. More than 12.5%
of the world’s vascular flora is threatened by extinction due to over-harvesting,
deforestation etc. Accessibility, seasonal changes, plant disease, slow growth and
taxonomic difficulties are other disadvantages. The solution to many of these
problems has been to use plant cell cultures instead of whole plants. There has been

more than 85% success rate with cryobanking of cultured plant cells, greatly increasing
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the accessibility compared to traditional methods. Furthermore, the culturing of seeds
enables the investigation of rare and endangered species and variability caused by
seasonality and lifecycle is reduced (Lawrence 1999). There are a multitude of
manipulations possible in a plant cell culture environment, such as genetic, epigenetic,
elicitation/induction, addition of hormones and enzymes making the use of cell
cultures a platform for combinatorial biology approaches. This would not be possible
to the same extent with whole plants because only one environment can be applied at

one time.

Microorganisms
Microorganisms have been a rich source of drugs, including antibiotics,

immunosuppressants and lipid-lowering statins.

Well-known medicines from microbial origin (Cragg and Newman 2005) include:

» Anti-bacterial agents from Penicillium species;

» Immunosuppressants, such as the cyclosporins and rapamycin, from
Streptomyces species.

» Cholesterol lowering agents, such as mevastatin and lovastatin, from
Penicillium species.

» Anthelmintics and antiparasitic drugs, such as the ivermectins, from

Streptomyces species.

\/

A potential new antidiabetic agent from a Pseudomassaria fungal species

found in the Congolese rainforest.

These drugs have been produced from a very small range of the world’s microbial
diversity. How many species of microorganisms there might exist is not known, but so
far only approximately 6000 bacterial species have been named (Harvey 2000).
Microorganisms are being found in extreme environments, such as polar ice (Priscu et
al. 1998), geothermal vents (Deckert et al. 1998), dark caves (Harvey 2000) and deep-
sea sites (Takami et al. 1999). The recent development in molecular microbial ecology
has shown that the microbial diversity in nature is not reflected in the strains cultured
in the laboratory, since only a very small fraction of microorganisms can be cultured

under standard laboratory conditions (Courtois et al. 2003).
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Many potential biomolecules from microbial fermentation are produced as a result of
encountering other organisms, producing metabolites that either kill or harm other
organisms, or are signalling compounds involved in inter-relationships between the
organisms. So in order to get microorganisms to produce such metabolites they need

to be grown in nutrient-manipulated media (Lawrence 1999).

Marine organisms

The sea covers 70% of the earth’s surface and is home to an estimated 1-2 million
marine species ranging from microorganisms to large animals and plants. The
majority of this species diversity is found in the land-sea interface. The high
concentration of species living in this relatively limited habitat makes them highly
competitive and complex. As a result of this high level of competition, a large
percentage of the marine organisms have developed chemical means; in the form of
secondary metabolites, in order to defend against predation, defend against overgrowth
by competing species, or in order to subdue motile prey species for ingestion. Unique
to the secondary metabolites from the marine organisms is the high presence of
covalently bound halogen atoms, mainly chlorine and bromine. This is presumably

due to their ready availability in seawater (Simmons et al. 2005).

Examples of medicines from marine origin (Kijjoa and Sawangwong 2004) include:
» The pseudopterosins, with significant analgesic and anti-inflammatory
properties, from the Caribbean gorgonian Pseudopterogorgia elisabethae
» Manoalide, an anti-inflammatory agent, from the sponge Luffarriella variabilis
» Ziconotide and other new pain killers derived from peptides from the cone snail

venom (Cragg and Newman 2005)

A range of anticancer drugs from marine organisms are currently in clinical and pre-
clinical trials. Specialist companies and institutes such as PharmaMar (Madrid, Spain),
The Australian Institute for Marine Species (Townsville, Queensland, Australia) and
The National Cancer Institute (USA) are currently screening large collections of
marine samples for drug discovery. Some examples of anti-cancer drugs in clinical
and pre-clinical trials are shown in Table 1.1.4.1 (Newman and Cragg 2004, Simmons
et al. 2005).
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Table 1.1.4.1 Examples of anticancer drugs from marine sources in clinical trials

. : Molecular Current
Compound Source Organism Chemical Class Target Shstus
Ecteinascidin 743 | Ecteinascidia turbinate izggﬁ};(li;i;: Tubulin Phase
(Yondelis®) (tunicate) alkoloid I
Dolabella auricularia/
Dolastatin 10 Symploca sp. Linear peptide Tubulin Phase II
(mollusc/cyanobacterium)
Bryostatin 1 HERE ek s Tubulin Phase II
(bryozoan) lactone
Dolabella auricularia/ PKC
Synthadotin Symploca sp. (synthetic Linear peptide . Phase I
Tubulin
analogue)
Elysia rufescens / iy |
Kahalalide Bryopsis sp. (mollusc / Cyclic peptide e - Phase II
green alga)
: A . : Phosopholipid
Squalamine Squalus acanthias (Shark) Aminosteroid bilaser Phase II
: . Trididenmnum solidum A
Dehydmf:hfiemnm (tunicate, synthetic / Cyclic peptide CHithing Phase II
B (Aplidine®) s . decarboxylase
possible cyanobacterium)
Dolabella auricularia/
Soblidotin Symploca sp. (synthetic Linear peptide Tubulin Phase I
analogue)
E7389 Halichondria okadi Macrocyclic Tubulin PhaseT
(sponge) polyether
Psammaplysilla sp. Indolic cinnamyl
NVP-LAQ824 HDAC/DNMT | Phase I
(sponge) hydroxamate
KRN-7000 Agelas mauritianus o- ' Va4 + NKT Phase I
(sponge) Galacosylceramide | cell activation
Curacin A Lynglys majuscuia Thiazole lipid Tubulin Fe-
(cyanobacterium) clinical
Salinosporamide Salinospora sp. Bicyclic y-lactam- 208 Pre-
A (bacterium) {3 lactone proteasome clinical
Laulimalide i Macrolide Tubulin ol
mycofijiensis (sponge) clinical

1.1.5 Plant metabolomics — natural products in the post-genomics era

As mentioned in section 1.1.4 the biotechnological production of important secondary

metabolites in plant cell and organ cultures is an attractive alternative to the extraction

of whole plant material. However, cell and organ cultures have been found to produce

insufficient amounts of the required metabolites, and despite treatment with elicitors,

selection of high-yielding species and media manipulations only a few examples of

have led to commercial success.

One of the explanations for this is the lack of

understanding of how the secondary metabolites are synthesised or how the synthesis
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is regulated. In order to engineer the secondary metabolic pathways that knowledge is

necessary (Oksman-Caldentey and Inzé 2004).

The recent completion and publication of the first complete genome sequence of a
flowering plant, the brassica Arabidopsis thaliana, represents a giant step forward not
only for plant biotechnology, but also for drug discovery (The Arabidopsis Genome
Initiative 2000).  The Arabidopsis thaliana genome 1is dispersed over five
chromosomes and documents a complete set of genes controlling development,
growth, responses to environmental variation, disease resistance and primary and
secondary metabolism. This full genomic sequence provides the means for analysing
gene function that is also important for other plant species, including commercial and

agricultural crops (Oksman-Caldentey and Barz 2002).

The post-genomic era has opened up the world of “omics”. Plant functional genomics
1s a rapidly developing technology that allows the identification of large sets of genes
that influence a particular biological process (Fiehn et al. 2000). It includes
transcriptomics; quantification of the total gene expression in a given system (Holtorf
et al. 2002), proteonomics; mapping of all the proteins present (Blackstock and Weir
1999) and metabolomics; describing all metabolites and their fluxes (Fiehn et al.
2000).

A possible functional genetics approach to enhancement of secondary metabolite
production was proposed by Oksman-Caldentey and Inzé (Oksman-Caldentey and Inzé
2004), shown in Figure 1.1.5.1. This approach was based on the assumption that the
elicitor treatment not only changes the production of the desired metabolites but also
activates the genes involved in their biosynthesis. One important aspect of using this
method is that theoretically it is applicable to any plant or cell culture without any pre-
existing gene-sequence knowledge. Many interesting secondary metabolites are
produced by rare and exotic plant species and genome knowledge might not be

available.

This approach was used in a study where the nicotine biosynthesis in tobacco cells was
investigated (Goossens et al. 2003).  Targeted secondary metabolite analysis was

combined with cDNA-amplified fragment length polymorphism (cDNA-AFLP)

12
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transcript profiling (Breyne and Zabeau 2001) following elicitation with methyl
jasmonate. By using this method 591 out of 20,000 visualised genes were identified to

be induced by the elicitor.

. Metabolite
Flant of interest Elicitation profiling
Selection of Chemical analysis
= |suitable conditions| =—— e.g.GC-MS,
with e.g. MeJA, LC-MS, NMR
SA, heavy metals etc.
Establishment of cell Gene discovery
OF AN culises Functional analysis Selectionof Identification of
Upscaling the T candidate differentially
oduction i ; « expressed genes
production in with selected it «cDNA-AFLP
bioreactors enes alone o = >
& : *SAGE
in combination emicroarrays
Enhanced production
Y of desired compounds Combinatorial
Down-stream biochemistry Selection of
processing R P candidate genes
related or other
L plant species
A
Product

Discovery of novel
compounds

Abbreviations: AFLP, amplified fragment length polymorphism; GC-MS, gas chromatography-mass spectrometry; LC-MS,
liquid chromatography-mass spectrometry; MeJA, methyl jasmonate; NMR, nuclear magnetic resonance; SA, salicylic acid;
SAGE, serial analysis of gene expression.

Figure 1.1.5.1 Enhancement of novel and known secondary metabolites by functional

genomics (Oksman-Caldentey and Inzé 2004)

1.2 Taxol® (paclitaxel) — an anticancer drug from the yew tree

(Taxus)

1.2.1 The history of paclitaxel — from discovery to clinical use

The search for anticancer agents from plant sources started after the Second World
War with Goodman’s discovery of nitrogen mustards, of value in the treatment of
leukaemia (1946), Faber’s discovery of aminopterin for use in childhood leukaemia
(1948) and Burchenal’s discovery of 6-mercaptopurine for treating leukaemia (1953)
(Itokawa 2003). As a result of these findings, the United States National Cancer

Institute (NCI) initiated an extensive plant collecting program in 1960, focused mainly

13
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on the temperate regions. The plant collection program started with plants native to
the US. Rather than being directed by ethnobotanical knowledge, the collection of
plant material was based on the belief that diversity of morphological characteristics
could possibly be mirrored by diversity in secondary metabolite production by the
plants (Suffness and Wall 1995). Two samples were collected from the Pacific yew
tree, Taxus brevifolia: PR-4959 (stems and fruit) and PR4960 (stem and bark) in 1962
by Arthur Barclay from the US Department of Agriculture (USDA). Upon screening
the stem and bark sample demonstrated cytotoxic activity against KB cells, leading to
fractionation studies on the 7. brevifolia bark. The isolation of 0.5 g of pure paclitaxel
from the T. brevifolia bark took about two years, and the first pure sample was isolated
in 1966 by Wall and his team (Itokawa 2003). The elucidated structure of paclitaxel
was published in 1971 (Wani et al. 1971). The further chronology from the
publication of its structure to its current clinical use is as follows (Itokawa 2003,

Suffness and Wall 1995):

1971 Structure of paclitaxel published for the first time (Wani et al. 1971)

1971 Paclitaxel was found in other Taxus species (e.g. T. baccata and T. cuspidata)

1974-75 Paclitaxel was found have B16 melanoma activity, meets development criteria

1978 Paclitaxel shows activity against human cancer cell lines — MX-1 breast xenograft
1979 Paclitaxel mode of action published, promoter of microtubule assembly

1980 Formulation studies completed and toxicology studies begins

1983 Investigational New Drug Application filed

1984 Investigational New Drug Application approved, Phase I clinical trials begins

1987 NCI contract for the collection of 60,000 lbs of T. brevifolia bark

1989 Phase II clinical trials show 30% improvement in refractory ovarian cancer, NCI

contract for the coilection of another 60,000 Ibs of bark
1990 Presence of paclitaxel in the needles and other pant parts of 7. brevifolia confirmed
1991 Phase II clinical trials show 48% shrinkage in metastatic breast cancer, Bristol-Myers
Squibb is selected as a Co-operative Research and Development Agreement partner
1992 Phase III clinical trials begins
The Pacific Yew Act becomes law
FDA approves paclitaxel isolated from the bark of T. brevifolia for treatment of
refractory ovarian cancer
Taxol becomes a trade mark (Bristol-Myers Squibb); generic name: paclitaxel
1993 Supplemental New Drug Application filed by Bristol-Myers Squibb to allow needle
derived paclitaxel to be used clinically
Paclitaxel was approved as second line treatment for ovarian cancer

1994 FDA approval for the use of Taxol for treatment of metastatic breast cancer

14
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Total synthesis of paclitaxel achieved (Nicolaou et al. 1994) (not commercially viable)
1995 F. H. Faulding & Co., Australia's largest pharmaceutical company, launches NaPro

paclitaxel in Australia under the name Anzatax.

1996 Paclitaxel approved for first line treatment of ovarian cancer
1997 Approval of Taxol for the second-line treatment of AIDS-related Kaposi's sarcoma
1997 Ivax submits a New Drug Application to FDA seeking clearance to market Paxene in

the U.S. for the treatment of Kaposi's sarcoma. NaPro is their paclitaxel supplier

1997 Bristol-Myers Squibb is issued U.S. Patent and Trademark Office Patent Number
5,641,803, a use patent on the infusion of Taxol.

1998 Paclitaxel licensed for the treatment of non-small cell lung cancer

1998 Bristol-Myers Squibb and Phyton Inc. sign an agreement to commercialize Phyton's

proprietary plant cell fermentation technology.

2000 IVAX Corporation received approval to market Paxene® (paclitaxel), in Canada for
the treatment of AIDS-related Kaposi's sarcoma

2001 Bristol-Myers Squibb is sued over anticompetitive practicing concerning Taxol

2002 Taxol is being produced solely from the cell-culture method by Bristol-Myers Squibb,
using plant cell cultures of 7. chinensis

2004 Boston Scientific Corporation received approval from FDA to market its Taxus®
Express2™ paclitaxel-eluting coronary stent system

2005 FDA approval of Abraxane® for clinical trials. In this preparation, paclitaxel is

bonded to albumin as the delivery agent as an alternative to solvent delivery

1.2.2 Taxane biosynthesis

The structure of paclitaxel is quite complex, with an unusual diterpene carbon
skeleton, eight oxy-functional groups, and various acyl side chains. It has a total of 11
chiral centres (Wani et al. 1971). Total synthesis of paclitaxel has been achieved
(Danishefsky et al. 1996, Nicolaou et al. 1994), but the approach is not commercially
viable. The supply of the drug is therefore still relying on either semisynthesis, using
10-deacetylbaccatin III (10-DAB III) or baccatin III from renewable sources (foliage)
or from plant cell cultures of Taxus species producing taxanes. It is therefore
important to understand the complex biosynthetic pathway leading to the production of
these secondary metabolites. The paclitaxel biosynthetic pathway is considered to
require 19 enzymatic steps from the universal diterpenoid precursor geranylgeranyl
diphosphate (GGPP) which is cyclized to taxa-4(5),11(12)-diene (Long and Croteau
2005). The total biosynthetic pathway is still not fully determined, in particular the

elucidation of the assembly of the C13-side chain is still under investigation.
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HQ e

10-deacetyl baccatin III
(10-DAB III) (2)

AcO \OH OH

OH

OBz
Cephalomannine (4) Baccatin III (5)

Figure 1.2.2.1 Important taxanes found in Taxus

1.2.2.1 The mevalonate pathway

Terpenoids, also called terpenes or isoprenoids, are a diverse, numerous and
widespread group of natural products derived from head-to-tail linkage of Cs isoprene
units synthesised via the mevalonate pathway (Dewick 1997, Mann et al. 1994).
Mevalonic acid is derived from three molecules of acetyl-CoA (Figure 1.2.2.2), and
further transformed into the two different Cs isoprene units, isopentyl pyrophosphate
units (IPP) and its isomer dimethylallyl pyrophosphate (DMAPP) in a series of
phosphorylation, condensation, reduction and decarboxylation steps (Figure 1.2.2.3)
(Dewick 1997). Successive condensations of IPP and DMAPP extend the carbon

chain length providing the precursors of terpenoids and steroids found in nature.

+
Ciatagn Stereospecific
/[k SCoA Fehain '> a/do/ reaction :OH 0
( M HOQC\>\/1J\ + Enz
& sC SCoA SCoA
\”/ sl ( HMG-CoA

EnzSH
(0] 1
/U\SCOA T et i l NADPH
reductase
acetyl-CoA
OH OH OH OH
HO,C\>;\/\ ————— HO,C\>:\/\ M
- OH - O SCoA
Mevalonic acid Mevaldic acid Mevaldic ac1d

hemithioacetal

Figure 1.2.2.2 Biosynthesis of mevalonic acid
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HO, OPP
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mevalonic acid ) ) geranyl pyrphosphate
isopentenyl dimethylallyl (GPP)

pyrphosphate (IPP) pyrphosphate (DMAPP)

Monoterpenes (C10)
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OPP OPP OPP
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farnesyl pyrphosphate geranylgeranyl geranylfarnesyl
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|
X2 Sesquiterpenes (C15) 9 Diterpenes (C20) Sesterterpenes (C25)

(including paclitaxel)

Triterpenoids (C30) L ——Tetraterpenes (C40)

Steroids (C18-C30)

Figure 1.2.2.3 The mevalonate pathway (Dewick 1997, Mann et al. 1994)

1.2.2.2 Taxane biosynthesis

Early studies on the biosynthesis of paclitaxel involved in vivo feeding experiments
with radiolabeled precursors.  These indicated that acetate, mevalonate and
phenylalanine were building blocks for paclitaxel (Hezari and Croteau 1997).
However, Zenk and his associates (Eisenreich et al. 1996) showed conclusively that
mevalonate is not the precursor to IPP in the taxane biosynthesis, that in this case the
key intermediate IPP originates through a pyruvate / glyceraldehyde-3-phosphate
(GAP) non-mevalonate pathway first described by Schwender et al (Schwender et al.
1996) (Figure 1.2.2.4).

OCH,
COOH €0, OCH, OCH,
2 3 0
I’—() _L' HO-_H"\-' \(_y H* —_— H—/O\ OH HO
OCH, L E - G 1ee |—on i okl
vate TPP
pyru oty o} OoP ol—op
= GAP 1-deoxyxylulose-5-P
TPP
OCH,
Og H*
T O CH, OH
H—O o
A — H0—1—J—\o = )\/Q
OH i OPP
CHO opP
ol—or
1-deoxyxylulose-5-P IPP

Figure 1.2.2.4 Biosynthesis of IPP from pyruvate and glyceraldehyde-3-phosphate
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First step in taxane biosynthesis: taxadiene formation

The first committed step in the biosynthesis of paclitaxel and related taxanes is the
cyclization of the universal diterpenoid precursor geranylgeranyl pyrophosphate
(GGPP) to taxa-4(5),11(12)-diene. This cyclization is catalysed by the plastidial
enzyme taxadiene synthase (Walker and Croteau 2001) (Figure 1.2.2.5).

Second step in taxane biosynthesis: taxadienol formation

Hydroxylation of the taxa-4(5),11(12)-diene at C-5 with migration of the double bond
is the next step in the taxane biosynthesis yielding taxa-4(5),11(12)-diene-5o-ol. The
responsible enzyme for this step is the cytochrome P450 associated NADPH-
dependent taxa-4(5),11(12)-diene-5a-hydroxylase enzyme (Walker and Croteau 2001)
(Figure 1.2.2.5).

taxadiene
synthase

taxa-4(5),11(12)-
diene-5a-
hydroxylase

" OH

taxa-4(5),11(12)-dien-50-ol taxa-4(5),11(12)-diene

Figure 1.2.2.5 First and second step in the biosynthesis of taxanes

Third step in taxane biosynthesis: acetylation of taxadienol

Acetylation of taxa-4(5),11(12)-diene-5Sa-ol in the C-5 position is the next step,
catalysed by taxadien-5o-ol-O-acetyltransferase, a cytochrome P450 aetyl-CoA-
dependent acetyltransferase (Walker and Croteau 2001). The resulting 4(20)-50-
acetate functional group plays a further role in the construction of the oxetane ring in

paclitaxel and related taxanes (Figure 1.2.2.6) (Hezari and Croteau 1997).
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Figure 1.2.2.6 Stereospecific oxetane ring formation in taxane biosynthesis

Subsequent oxygenation steps
The subsequent oxygenation of the taxane nucleus has been suggested to follow the

order of C-10, C-2, C-9 and finally C-13. Oxygenation also occurs at C-7 and C-1, but
is thought to occur late in the biosynthetic pathway (Walker and Croteau 2001). The
further functionalisation of the taxane ring system is still not fully determined,
although the enzyme 10-DAB III-10B-O-acetyltransferase have been found to catalyse
the formation of baccatin III from 10-DAB III (Menhard and Zenk 1999) (Figure
1.2.2.7).

10-DAB II-10-0-
acetyltransferase
e

ACO“"
= (0] > O
: Ko i AcO
= C! = >
OH  Ggz OH  Ggy
2-debenzoyltaxane 10-DAB III baccatin I1I

Figure 1.2.2.7 Formation of baccatin III from 10-DAB III

Formation of C-13 side chain

In vivo studies with Taxus, where labelled amino acids were used to elucidate the
mode of assembly of the C-13 side chain, showed that the intact side chain (3-
dimethylamino-3-phenyl-propanoic acid) was not incorporated directly into paclitaxel,
however, B-phenylalanine (derived by mutation from «-phenylalanine), in its free
amine form, is attached to baccatin III, and it is then hydroxylated and N-benzoylated
to form paclitaxel (Figure 1.2.2.8). The enzyme catalysing the formation of f3-
phenylalanine from «o-phenylalanine is phenylalanine aminomutase. =~ Amino-

phenylpropanoyl ligase catalyses the formation of B-phenylalanoyl CoA, which
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together with baccatin III (catalysed by amino phenylpropanoyl-13-O-transferase)
yields N-(3’R)-debenzoyl-2’-deoxypaclitxel. The final two steps in the paclitaxel
biosynthesis are catalysed by side chain-2’hydroxylase and benzoyl-N-transferase. The
immediate precursor of paclitaxel, N-debenzoyl paclitaxel, is also converted by N-

tigloyl transfer to form cephalomannine (Long and Croteau 2005).

phenylalanine HZN H O
ammomutase ATP CoA
OH “amino
phenylpropanoyl
H N H CoA ligase

2S-a-phenylalanine 3R-B-phenylalanine B-phenylalanoyl CoA

amino
phenylpropanyl-
13-O-transferase
We———

(o) AcOm

OH .i. ACd
N-(3'R)-debenzoyl-2'-deoxypaclitaxel OBz

side chain-2 'h_vdm.\_vlase‘

benzoyl-
N-transferase <
e
) benzoyl CoA
b O
= AcO
Sl OBz

N-tigloyl
transfer

N-(3'R)-debenzoyl paclitaxel

cephalomannine

Figure 1.2.2.8 Assembly of the C-13 side chain and final formation of paclitaxel and

cephalomannine

The actual regulation of the biosynthesis of either paclitaxel or cephalomannine in the
cell is still under investigation, but Wang and co-workers found that salicylic acid
promoted the biosynthesis of cephalomannine, whereas it had no influence on
paclitaxel biosynthesis in cell cultures of 7. chinensis (Wang et al. 2004). In the same
study they reported that methyl jasmonate induced biosynthesis of paclitaxel, but had

no effect on cephalomannine production.
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1.2.3 Paclitaxel mode of action

The cytotoxic properties of paclitaxel were initially thought to be due to its ability to
inhibit microtubule formation or to destabilise microtubules. It was thought to be just
another of a series of naturally occurring ‘spindle poisons’ (compounds interfering
with the tubulin-microtubule equilibration), such as vincristine, vinblastine,
colchicines, podophyllotoxin and others (Suffness and Wall 1995). However, in 1979
Horwitz and associates found that paclitaxel induces the assembly of tubulin into
microtubules, and more importantly, that the drug actually stabilises them to the extent

that mitosis is disrupted (Horwitz et al. 1979).

Tubulin is a dimeric cellular protein (made up of an o-and a B-unit) that polymerizes
into long chains or filaments forming microtubules in eukaryotic cells (Figure
1.2.3.1). Microtubules are hollow filaments which serve as cytoskeletal elements for
living cells, are vital for intracellular transport and are required for the formation of the

mitotic spindle in cell division in all eukaryotes (Nogales et al. 1998).

protofilament

regulated
assembly

-
O = O(-unit

B-unit

(Carpette 2005)

Figure 1.2.3.1 The organization of tubulin subunits in a microtubule

Because of the dimeric character of tubulin and the alternation of alpha and beta, one
end of the protofilament is terminated by an alpha subunit and at the opposite one by a
beta subunit. This provides the protofilament with a type of polarity (Figure 1.2.3.2).
Within the microtubule, the protofilaments are associated laterally with the same

polarity. Therefore, the microtubule also appears as a polar structure with a plus and a
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minus end. Polarity is a very important feature for microtubule functioning. It is the
basic property for direction-dependent cellular events, e.g. vesicle transport (Lodish et
al. 2000).

Paclitaxel binds specifically to one site on the B-subunit of tubulin (Figure 1.2.3.2,
circled with black in figure), and it binds preferentially to formed microtubules rather
than specifically to B-tubulin alone or tubulin dimers (Nogales et al. 1998).
Microtubule assembly normally requires GTP (guanosine triphosphate), microtubule-
associated proteins (MAPs) and physiological temperatures (37°C). By addition of
Ca®* or reduction of the temperature (to ~ 8°C) depolarization occurs. Paclitaxel has
the ability to induce microtubule assembly in the complete absence of GTP or MAPs.
In addition paclitaxel-polymerised microtubules are stable to both Ca®* and

temperature reduction (Orr and Horwitz 1997).

(Nogales et al. 1998)

Labels for strands (in the a-subumit) and helices (in the B-subunit) are included. The arrow indicates the direction of the
protofilament and microtubule axis.

Figure 1.2.3.2 Ribbon diagram of the tubulin dimer showing o-tubulin with bound

GTP (top), and B-tubulin containing GDP (guanosine diphosphate) and taxol (bottom)
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The activity of the compounds that interfere with tubulin-microtubule equilibrium can
be detected using a unique anti-tubulin assay (Lastaste et al. 1984, Shelanski et al.
1973). In this assay tubulin is isolated from bovine or porcine brain. It is then purified
by a series of homogenisation and centrifugation steps and further pre-treated to inhibit
spontaneous microtubule formation. On addition of anti-mitotic agent, such as
paclitaxel or similar compounds (e.g. docetaxel), the temperature dependent in vitro
assembly (37°C) or disassembly (4°C) can be monitored by observing the
turbidimetric response at 360 nm (Chauviére et al. 1981, Lastaste et al. 1984). In the
absence of polymer formation, turbidity is low and the observed degree of light scatter
is reduced. Paclitaxel actively promote polymerisation causing sustained increase in
optical density in the assay (Figure 1.2.3.3).

Tubulin

(ot~ and Microtubule di Micr(l))tlub[ulef
. 1sassem O lorm
A B- units) assembly lubulyin
5 | OB— @ D
Z g
S8
— N 1ihi .
3 ™ 3700 4°C Inhibitors (.)f.
=3 depolymerising
© A4 e.g. paclitaxel and
similar compounds
| >
1 min Time

Figure 1.2.3.3 The anti-tubulin assay (Chauviere et al. 1981)

In addition to being a tool for testing the potential anti-cancer activity of novel taxanes
isolated or synthesised, the anti-tubulin assay is also being used in order to elucidate
the bioactive conformation of taxanes, i.e. the conformation they take when they are
bound to microtubules. E.g. in the synthesis of novel C2-C3’N-linked docetaxel
analogues Querolle and co-workers found that para-substituted derivatives were unable
to stabilize microtubules, whereas the ortho- and meta-substituted compounds showed

significant ability to inhibit depolymerisation of microtubules (Querolle et al. 2004).
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2 Introduction

2.1 The Yew Tree (Taxus) — A Historical Overview

Several books have appeared in recent years giving the historical importance of yews
(Bevan-Jones 2002, Itokawa and Lee 2003, Suffness 1995). The following is a very
brief overview: The name Taxus comes from Greek ‘foxos’, which is similar to their
word for bow (toxon) and toxocon meaning poison or toxin (Hartzell 1995). Yew has
been associated with death since the Western man began to write things down. It was
described as “the tree of death” because the ancients were familiar with its poisonous
nature, which is already documented in the Latin and Greek literature (Brosse 1989,
Riogoni-Stern 1991). Julius Caesar mentioned in his “Gallic Wars” that Catulvolcus,
the old chief of the Celtic tribe of Eburones, committed suicide by consuming extracts

from the yew tree rather than surrendering to the Romans (Cragg et al. 1994).

Figure 2.1.1.1 Irish yew, Taxus baccata ‘Fastigiata’, from graveyard on Monastery
site of Glendalough, Co. Wicklow, Ireland

The yew tree was also a sacred tree in Celtic tradition, where religious objects, such as

the druidic staff, were made of yew. The Irish yew was considered a focal point for
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tribal meetings in early Ireland, because it was thought to possess memory and to have
the power of witness (Bevan-Jones 2002). Yew was called Ibor in Celtic and this root
has remained in the name for yew in many European languages, such as German
(eibe), English (yew), French (if) and Spanish (iva) (Appendino 1992). Despite its
sacred and magical associations yew wood was also used in weapon making and
making of household tools. The yew long-bow was a revolution of its time, and led to
the initial success of the English yeomen in the Hundred Years” War. Archaeological
findings dating back over 50, 000 years throughout Europe suggest that arms from yew
wood were used by the Egyptians, Greeks, Romans and Celts (Hartzell 1995). One
very important finding was that of “Otzi the Iceman”, a well-preserved natural mummy
of a man from about 3300 BC, found in 1991 in a glacier of the Otztaler Alps.
Amongst the items found with the Iceman were a copper axe with a yew handle and an

unfinished yew longbow that was taller than he was (Suffness 1995).

Figure 2.1.1.2 Taxus baccata ‘Fastigiata’ from Glendalough
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The extensive use of yew led to its near extinction in Europe, and in Austria and

Poland the felling of it was forbidden even before 1600 (Appendino 1992).

2.1.1 Conservation of Taxus

The discovery of the anticancer agent paclitaxel (Taxol®) from bark of the Pacific yew
tree (Taxus brevifolia) has threatened the continued existence of Taxus (Wani et al.
1971). As an example, a 100 year old yew tree yielding about 3 kg of bark containing
only 300 mg of paclitaxel is needed to produce approximately a single dose needed for
cancer chemotherapy (Jaziri and Vanhaelen 2001). Uncontrolled and unregulated
harvesting would result in serious overharvesting of wild populations of most yew
species worldwide, including the pacific yew (7. brevifolia), the native European yew
(T. baccata) and yew species throughout Asia. The awareness of biodiversity and
regulation of bio-prospecting worldwide has led to strict regulation of the harvesting of
yew trees. When Bristol-Myers Squibb was given exclusive rights to provide Taxol®
from the bark of 7. brevifolia from federal lands of California, Idaho, Montana,
Oregon and Washington (under a cooperative research and development agreement
with the US government) in 1991 the public and concerned conservation groups

objected, leading to the Pacific Yew Act of 1992. This act required the appropriate

Federal agencies (US Department of Agriculture, Forest Service etc) to improve the
management of Pacific yew trees on Federal lands in order to ensure continuing
supplies of Taxol®, but also to assist in research on the ecology of yew, development
of alternative methods of obtaining Taxol®, and the cultivation of yew in commercial

settings (Goodman and Walsh 2001).

An alternative to obtaining Taxol® from the bark of harvested Pacific yew trees was
found by Bristol-Myers Squibb in 1994, when they started to semi-synthetically
produce Taxol® from 10-deacetyl baccatin III obtained from renewable foliage from
commercially grown European Yew (7. baccata) (Goodman and Walsh 2001). The
fact that renewable foliage could replace the usage of bark as a source for paclitaxel
stopped the overharvesting of the Pacific yew, but it led to the over-exploitation of
Asian yew trees, and particularly the Himalayan yew (Taxus wallichiana), thought to

be similar to the European yew. Few data are available but it is estimated that 5,500
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tonnes of leaves were exported from India in 1994 (Beherens et al. 2000). Wild trees
were cut by local people and sold to traders with very little monitoring and few
programmes in place to regenerate or cultivate the species. As a result of this over-
exploitation 7. wallichiana in China is considered to be endangered according to the
United Nations Environment Programme World Conservation Monitoring Centre
(UNEP-WCMC) threat categories, and in northern India the species has been listed as
critically endangered (UNEP-WCMC 2005). All native species of Taxus in China are
listed as “Class I"” in the Convention on International Trade in Endangered Species
(CITES) in 2001, prohibiting the collection without authorization of the Chinese
Government. There are, however, reports of illegal harvests (CITES 2001). The ban
on export of 7. wallichiana from India in 1995, caused the overharvesting of this
species in Nepal, despite the fact that Nepal had banned the export of 7. wallichiana
leaves since 1993 (Beherens et al. 2000). Another problem has arisen because it is
difficult to identify Taxus species, and the plant material being exported from Asia is
often misidentified and therefore not compliant with FDA regulation (Beherens et al.
2000). A large number of synonyms for the Himalayan yew exists in Asia (7.
wallichiana, according to the authority Farjon (1998)): T. baccata ‘Wallichiana’, T.
nucifera, T. contorta, T. orientalis, T. yunnanensis, T. wallichiana ‘Yunnanensis’ and
T. chinensis “Yunnanensis'. Since the ban on export does not include these synonyms,
yew trees classified as e.g. T. yunnanensis are continuing to be exploited (CITES
2001).

The importance of correct identification is vital for the conservation of Taxus species
for the continued protection of biodiversity in the world and in order to sustain the
continued production of the anticancer agent Taxol® from natural sources. Correct
identification is also needed to comply with FDA regulation. Although Bristol-Myers
Squibb is currently producing Taxol® using plant cell cultures in cooperation with
Phyton Catalytic, the production by other manufacturers largely relies on extraction
from plant material, e.g. InB:Paxis Pharmaceuticals, Inc manufactures paclitaxel from
T. canadensis needles, PAXETOL™ is manufactured by Xechem International, Inc
from the bark and needles of 7. brevifolia and other Taxus species and IVAX

Corporation manufactures ONXOL™ from 7. brevifolia or T. yunnanensis. The
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continuing search for high-yielding Taxus species and the correct taxonomic species

identification is therefore important from both a commercial and a botanical viewpoint.

2.1.2 Taxonomy of the Family Taxaceae (Linnaeus)

Taxonomy comes from Greek (taxinomia) from the words for order (faxis) and law
(nomos). It refers to the classification of all living things and the principles and

relationships underlying this classification (Encyclopadia Britannica 2005).

According to Aljos Farjon, the conifer specialist at Kew Royal Botanical Gardens and
considered a conifer authority, 7axus (Linnaeus) is the type genus of the family
Taxaceae, and it is the largest genus in the family (Figure 2.1.2.4). Amentotaxus
(Pilger), Austrotaxus (Compton), Pseudotaxus (Cheng) and Torreya (Arnott) are other
members of this family (Farjon 1998). All species are slow growing, small to medium
sized trees adapted to an existence in the understorey of coniferous, angiosperm or
mixed forest (Farjon 1998). Since the discovery of Taxol® (syn. paclitaxel) most

members of the Taxaceae have been evaluated for taxane like compounds.

Members of the Taxaceae are distributed predominately in the Northern Hemisphere,
crossing the equator to Malaysia and as far as New Caledonia. The yews are amongst
the oldest living trees having originated 200 million years ago during the Jurassic
period. One can suggest that their Northern Hemisphere distribution resulted from
their location on the Laurasian land mass formed from the break up of the single

Permian land Pangaea.

Austrotaxus
Austrotaxus is monospecific and it is endemic to the central and northern parts of New

Caledonia. It is growing in the understorey of tropical montane rainforest (Farjon
1998).

Amentotaxus
Amentotaxus consist of five species and one variety, growing in China, Taiwan, North-

east India and Vietnam. They occur as understorey trees in montane deciduous or
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evergreen forest (Farjon 1998). No taxane like compounds have been reported from

this family (Croom 1995).

Figure 2.1.2.1 Amentotaxus foliage (Walker 2004)

Pseudotaxus
Pseudotaxus is also a monospecific genus endemic to the Zhejiang province in eastern
China (Cope 1998). It is a rare genus and grows as an understorey shrub in cool, moist

temperate montane forest dominated by evergreen or deciduous angiosperm trees
(Farjon 1998).

Figure 2.1.2.2 Pseudotaxus cheinii foliage (Walker 2004)
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Torreya
Torreya consist of five species and three varieties, distributed in North America

(California (7. californica) and North-western Florida (7. taxifolia)), China (7. jackii,
T. grandis) and Japan (7. nucifera) (Cope 1998, Farjon 1998). The genus occurs as
rare and scattered understorey trees in mixed conifer and conifer-angiosperm forest
from lowland to montane sites. It grows in moist, warm and cool climate (Farjon

1998).

Figure 2.1.2.3 Torreya nucifera foliage (Atha et al. 2005)

Taxus

“I am uncertain as to its species, but think that it is identical with the Taxus baccata of
Europe” -H.B. Croom 1834 (Croom 1995). Hardy Bryan Croom’s taxonomic
dilemma of whether his original discovery of Taxus in Florida was a subspecies of the
European T. baccata or if it deserved to be designated as a separate species illustrates
the continuing debate by modern authorities on the number of species in the genus
Taxus. According to the most recent publication on the matter by Farjon, the genus
Taxus consists of 10 species and two hybrids, and Cope lists 190 cultivars (Cope 1998,
Farjon 1998). Spjut, however, included 24 species and 55 varieties in his publication
of a taxonomic key for Taxus (Spjut 2003). The species of Taxus is distributed mainly
in the Northern Hemisphere, and occurs in distinct geographical regions of the world,
with four species in North America (7. brevifolia, T. canadensis, T. floridana and T.
globosa), one in Europe (7. baccata) and the remaining in Southeast Asia (7.

chinensis, T. fuana, T. cuspidata, T. wallichiana, T. sumatrana).
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Genus

Amentotaxus

Austrotaxus

Peudotaxus

Taxus

Torreya

Species
—— A.sargotaenia
—— A. assamica

—— A. formanosa

t+—— A. poilanei

—— A. yunnanensis

A. spicata

P. cheinii

— T. baccata
—— T. brevifolia
—— T. canadensis
— T. chinensis
— T. cuspidata
T. floridana

— T. fuana

— T. globosa
— T. sumatrana
— T. wallichiana

— T. x media

— T. X hunnewelliana

— T. californica
—— 7. grandis
— T. jackii

— T. nucifera

— T. taxifolia

Authority

(Pilg.) Hance

D.K. Ferguson

HI. 1a

(Ferre & Rouane) D.K. Ferguson
H.I. Li

R.H. Compton

W.C. Cheng

Linn.

Nutt.

Marshall

(Pilg.) Rehd.
Siebold & Zucc.
Nutt. ExChapman
Nan Li & R.R.Mill
Schidtl.

(Miq.) de Laub
Zucc.

Dallimore & Jackson

Dallimore & Jackson

Torr.

Fortune ex Lindl
Chun

(L.) Siebold & Zucc.
Arn.

Figure 2.1.2.4 The family Taxaceae according to Farjon (Farjon 1998)

Morphologically, all species of Taxus are very similar and intraspecific variation is

often more apparent than differences between species. The genus has been considered

to consist of a number of geographical varieties of a single species (Elwes and Henry

1906), descended from Paleotaxus rediviva- a fossil angiosperm common in the
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Triassic period (Hartzell 1995). This theory has been challenged by many (Chadwick
and Keen 1976, Cope 1998, Dallimore and Jackson 1924, Farjon 1998, Strobel and
Hess 1996, Vidakovic 1991). Their work was based mainly on macroscopical
characteristics such as dimensions and shapes of needles and seeds and actual
characteristics of the trees themselves.  Another the classification relied on

microscopical characteristics, such as stomatal rows and shape of epidermal cells.

2.1.3 Chemotaxonomy of the Genus Taxus

Chemotaxonomy is a classification system based on similarities in the structure of
certain compounds among the organisms being classified (Encyclopadia Britannica

2005).

The chemical constituents of Taxus species have been extensively studied and
important review papers have been published in recent years as a result of the
occurrence of the antitumour constituents, such as paclitaxel, but also because of other
biologically active constituents (Appendino 1995, Das and Anjani 1998, Olsen et al.
1998, Parmar et al. 1999). This search for novel constituents in Taxus species is still
ongoing, with 11 new compounds having been isolated and characterised from various
Taxus species so far in 2005 (Li et al. 2005, Shen et al. 2005a, Shen et al. 2005b, Xia
et al. 2005). The cyclic diterpenoids, taxanes, are found in most yews, but the content
is very variable. The most commercially important taxane is paclitaxel, but other
related taxanes such as 10-DAB III, baccatin III and cephalomannine (see Figure
1.2.2.1, section 1.2.2) are also commercially important. An extensive
chemotaxonomic review of the genus Taxus linking taxanes and morphological
characters was published in 1999 (van Rozendaal et al. 1999). By principal component
analysis the genus was divided into three groups based on chemical constituents: a
North-American group (7. canadensis, T. floridana and T. globosa), a Eurasaian group
(T. baccata, T. celebica, T. cuspidata, T. x hunnewelliana and T. x media) and a
monospecific group containing only 7. brevifolia. When these three groups were
linked with groupings resulting from classical morphological analyses no correlation

was found.
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Brevifoliol was thought to be a species-specific taxane to 7. brevifolia when it was
first isolated (Balza et al. 1991). However it was later isolated from the needles of T.
wallichiana (Georg et al. 1993), the needles and seeds of 7. baccata (Appendino 1995,
Guo et al. 1995) and the needles of 7. x media (Rao et al. 1996). Although brevifoliol
is present in other Taxus species, it is still present in a higher concentration in T.

brevifolia making it a “marker compound” for this species.

OAc OAc

BzO

“OH
HO

OH

Figure 2.1.3.1 Molecular formula of brevifoliol

Another species-specific taxane is 9-dihydro-13-acetyl baccatin III, first isolated in
1992 from the needles of T. canadensis (Gunawardana et al. 1992, Zamir et al. 1992).
This taxane is the major taxane in 7. canadensis needles, often found at 5-7 times the

concentration of paclitaxel (Shi et al. 2002).

Aco,  OH OH

AcO 1 S
: Acd
OH OB:

Figure 2.1.3.2 Molecular formula of 9-dihydro-13-acetyl baccatin I11

Another important group of compounds isolated from Taxus is the taxines (Figure
2.1.3.3). These are the main alkaloids in Taxus, they are present in all parts of the tree
except the arils and the toxicity of the yew is ascribed to taxines. It has been reported
that taxines are relatively abundant in 7. baccata and T. cuspidata, yet only minimal
amounts are found in 7. brevifolia (Suffness 1995). Taxine B has also been used as a
starting material in the semi-synthesis of taxane derivatives, such as 7-deoxobaccatin

III (Payré et al. 2000).
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Taxine A R=Ac
Taxine C R=H

Taxine B

Figure 2.1.3.3 Molecular formula of taxine A, B and C

In addition to the taxanes a wide variety of chemical constituents, such as non-taxane
diterpenes, isoprenoids, lignans, flavonoids, glycosides, phytosteroids and simple
phenolic compounds have been isolated from Taxus species (Parmar et al. 1999). No

attempt has been made to examine the chemotaxonomic value of these constituents.

2.1.4 Phylogenetics as a Tool in Plant Classification

Phylogenetics (Greek: phylon meaning race and genetic meaning birth) is the
taxonomic classification of organisms based on how closely they are related in terms
of evolutionary differences. Phylogeny (or phylogenesis) is the origin and evolution of
a set of organisms, usually of a species. A major task of systematics is to determine
the ancestral relationships among both living and extinct known species

(Encyclopadia Britannica 2005).

Studies have been conducted in order to establish the phylogenetic relationship among
the various genera in the Taxaceae (Cheng et al. 2000, Price and Quinn 2003). Cheng
et al (2000) analysed maturase K (matK) genes from the chloroplast and the results
strongly indicated that the five taxad genera (Amentotaxus, Austrotaxus, Taxus,
Pseudotaxus and Torreya) together with Cephalotaxus share a common ancestor,

although strong evidence suggests that Cephalotaxus should remain as a separate
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family. Chen et al (2000) also analysed the internal transcribed spacer (ITS = a
sequence of RNA in a primary transcript that lies between precursor ribosomal
subunits) and the results supported the suggestion that Cephalotaxus should remain
separate to Taxaceae. The results also suggested that Amentotaxus and Austrotaxus
should be excluded from Taxaceae. In contrast Price and Quinn (2003) analysed marK
genes from the genera in Taxaceae and Cephalotaxus and from their results suggested

that Cephalotaxus should be included in the Taxaceae family.

The degree of genotypic distinctiveness that might exist among various Taxus species
has been studied (Collins et al. 2003, Li et al. 2001, Zhou et al. 1998) , but this attempt
at clarifying the Taxus classification remains largely unresolved. When 12 different
populations of four Taxus species (T. cuspidata, T. yunnanensis, T. chinensis and T.
chinensis ‘Mairei’) were studied by allozyme analysis (Def: allozymes represent
different alleles of the same gene), the authors proposed that the four species should be
treated as geographical variations of the same species (Zhou et al. 1998). Collins et al
(2003) DNA-fingerprinted 19 samples from three species (7. baccata, T. canadensis,
T. cuspidata) and 31 putative hybrids (7. x hunnewelliana (T. cuspidata x T.
canadensis), T. x media (T. baccata x T. cuspidata)) using RAPDs (random
amplification of polymorphic DNA). They were also characterised for their respective
chloroplast genotype using restriction digestions of polymerase chain reaction- (PCR)
amplified #rnL-F fragments. Analysis of the results using these methods suggested
that the three species were clearly separate species, and the relationship between the
hybrids and the parent plants could be determined. Using sequences of the nuclear
ribosomal DNA ITS region Li et al found a close relationship between T. brevifolia, T.
floridana and T. globosa (Li et al. 2001). They also found that 7. canadensis was
more closely related to the Asian Taxus species, such as 7. chinensis, T. mairei and T.

cuspidata.

Although some results have been presented regarding the molecular relationship and
genotypic distinctiveness between the various Taxus species, no comprehensive study
has yet analysed the whole genus, and the dilemma of species delimitation for the

genus Taxus still persists.
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3 Materials & Methods

3.1 Plant Material

3.1.1 Needles

Twigs (ca. 20 cm long) of 57 Taxus species and varieties were collected in July and
September 2001, and in May, June and July 2002. The same sampling protocol
devised and validated in previous studies was used (Hook et al. 1999). Twigs from
trees were taken from four sides and two height levels (ca. Im and 3 m). The eight
twigs were then pooled and dried intact in a Memmert"™ fan assisted oven at <30°C for
approximately 72 hours until completely dry. Once dried the material was separated
into woody stems and needles. Samples were stored whole in sealed plastic bags at
room temperature in the absence of light. To determine morphological differences in
needles taken from the eight locations of the tree, the twigs were kept separate. For the

morphological analysis using the WinSEEDLE™

package the needles were measured
fresh (see section 3.2.1), so for this analysis the fresh plant material were stored at

-20°C until time of analysis.

The twigs were collected from “‘authenticated” Taxus species and cultivars growing at
four different Irish locations:

» National Botanical Gardens, Glasnevin, Co. Dublin.

» Powerscourt Estate and Gardens, Co. Wicklow.

» Mount Usher Gardens, Ashford, Co. Wicklow.

» The J. F. Kennedy Park Arboretum, New Ross, Co. Wexford.

Taxus species and cultivars were also supplied from:

» The Royal Botanical Gardens Edinburgh, Edinburgh, Scotland.

» Niedersichsische Forstliche Versuchsanstalt, Staufenberg, Germany.
Polska Akademia Nauk, Kornik, Poland.
Natural Resources Canada, Fredericton, New Brunswick, Canada.

Herstmonceaux Church, East Sussex, U.K.

Y ¥V Y VY

Bedgebury National Pinetum, Kent, U.K.
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Table 3.1.1.1 Taxus species and cultivars collected for needle analysis

Genus | Species Cultivar Origin Date

Taxus baccata New Ross, Ireland 10/05/02
Taxus baccata Mount Usher, Ireland 24/04/02
Taxus baccata Mount Usher, Ireland 24/04/02
Taxus baccata Powerscourt, Ireland 10/05/02
Taxus baccata Powerscourt, Ireland 10/05/02
Taxus | baccata Herstmonceaux, England | 21/07/02
Taxus | baccata ‘Adpressa’ Edinburgh, Scotland 29/09/01
Taxus | baccata ‘Adpressa’ Powerscourt, Ireland 10/05/02
Taxus | baccata ‘Adpressa’ Kronik, Poland 15/07/01
Taxus | baccata ‘Adpressa Aurea’ Edinburgh, Scotland 29/09/01
Taxus baccata ‘Aurea’ Kronik, Poland 15/07/01
Taxus baccata ‘Aurea’ Powerscourt, Ireland 10/05/02
Taxus baccata ‘Aureahoseri’ Kronik, Poland 15/07/01
Taxus baccata ‘Densifolia’ Glasnevin, Ireland 01/05/02
Taxus | baccata ‘Dovastonia’ Powerscourt, Ireland 10/05/02
Taxus baccata ‘Dovastonia’ Mount Usher, Ireland 24/04/02
Taxus baccata ‘Dovastonia Aurea’ New Ross, Ireland 10/05/02
Taxus baccata ‘Erecta’ Kronik, Poland 15/07/01
Taxus | baccata ‘Fastigiata’ New Ross, Ireland 17/12/04
Taxus | baccata ‘Fastigiata’ New Ross, Ireland 17/12/04
Taxus | baccata ‘Fastigiata’ New Ross, Ireland 17/12/04
Taxus | baccata ‘Fastigiata’ Kronik, Poland 15/07/01
Taxus baccata ‘Green Mountain’ Kronik, Poland 15/07/01
Taxus | baccata ‘Imperialis’ Kronik, Poland 15/07/01
Taxus | baccata ‘Jacksonii’ Edinburgh, Scotland 29/09/01
Taxus baccata ‘Lutea’ Powerscourt, Ireland 10/05/02
Taxus baccata ‘Lutea’ Mount Usher, Ireland 24/04/02
Taxus baccata ‘Neidpathensis’ Glasnevin, Ireland 01/05/02
Taxus baccata ‘Pyramidalis’ Glasnevin, Ireland 01/05/02
Taxus | baccata | ‘Repandens Aurea’ Edinburgh, Scotland 29/09/01
Taxus baccata ‘Semperaurea’ Kronik, Poland 15/07/01
Taxus | baccata ‘Standishii’ Edinburgh, Scotland 29/09/01
Taxus baccata ‘Standishii’ Kronik, Poland 15/07/01
Taxus | baccata ‘Washingtonii’ Edinburgh, Scotland 29/09/01
Taxus | brevifolia New Ross, Ireland 10/05/02
Taxus | brevifolia New Ross, Ireland 17/12/04
Taxus | brevifolia New Ross, Ireland 17/12/04
Taxus | brevifolia Glasnevin, Ireland 01/05/02
Taxus | brevifolia Kronik, Poland 15/07/01
Taxus | canadensis New Ross, Ireland 10/05/02
Taxus | canadensis New Ross, Ireland 17/12/04
Taxus | canadensis Glasnevin, Ireland 01/05/02
Taxus | canadensis Edinburgh, Scotland 29/09/01
Taxus | canadensis New Brunswick, Canada | 07/05/02
Taxus | canadensis Kent, U.K. July 1997
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Table 3.1.1.1-continued Taxus species and cultivars collected for needle analysis.

Genus | Species Cultivar Origin Date

Taxus | canadensis ‘Aurea’ (1) Glasnevin, Ireland | 01/05/02
Taxus | canadensis ‘Aurea’ (2) Glasnevin, Ireland | 01/05/02
Taxus | chinensis Edinburgh, Scotland | 29/09/01
Taxus | cuspidata New Ross, Ireland | 10/05/02
Taxus | cuspidata New Ross, Ireland | 17/12/04
Taxus | cuspidata New Ross, Ireland | 17/12/04
Taxus | cuspidata Glasnevin, Ireland | 01/05/02
Taxus | cuspidata Kronik, Poland 15/07/01
Taxus | cuspidata | ‘Luteo Baccata’ | Glasnevin, Ireland | 01/05/02
Taxus | cuspidata ‘Nana’ Kronik, Poland 15/07/01
Taxus | cuspidata ‘Thayerae’ Glasnevin, Ireland | 01/05/02
Taxus | floridana New Ross, Ireland | 10/05/02
Taxus | sumatrana New Ross, Ireland | 10/05/02
Taxus | wallichiana Edinburgh, Scotland | 29/09/01
Taxus | X media New Ross, Ireland | 10/05/02
Taxus X media Kronik, Poland 15/07/01
Taxus | X media ‘Hicksii’ Glasnevin, Ireland | 01/05/02
Taxus | X media ‘Hicksii’ Kronik, Poland 15/07/01
Taxus | X media ‘Rozon’ Kronik, Poland 15/07/01
Taxus | X media ‘Stricta’ Kronik, Poland 15/07/01
Taxus | X media ‘Wojtek’ Kronik, Poland 15/07/01

3.1.2 Seeds

Seeds were collected over a period of time. Some were purchased from international

seed merchants:

» Sandeman Seeds, West Sussex, U.K.
» F.W. Schumacher Co. Inc, Massachusetts, U.S.A.
» Eichenberg & Co., Miltenberg/Main, Germany.

Seeds were also supplied/collected from:

» The J. F. Kennedy Arboretum, New Ross, Co. Wexford, Ireland.

» The National Botanical Gardens, Glasnevin, Ireland.

» Powerscourt Estate and Gardens, Co. Wicklow, Ireland.

» Polska Akademia Nauk, Kornik, Poland.

For the seeds collected locally, the preparation, i.e. removal of the arils of the

“berries”, was carried out using the method suggested by Rudolf (Rudolf 1974). The

38



PART I: Materials and Methods Chapter 3

seeds were extracted by macerating the fleshy berries in warm water and floating off
the pulp and seed. The seeds were then dried for about 5-7 days in a Memmert' ™ fan

assisted oven at <30°C until dryness (+ 0.05g).

Table 3.1.2.1 Taxus species and cultivars collected and provided for seed analysis

Genus | Species Cultivar Origin Year
Taxus | baccata F.W. Schumacher Co. | 1996
Taxus | baccata Eichenberg & Co 1996
Taxus baccata Sandeman Seeds 2001
Taxus | baccata New Ross, Ireland 1995
Taxus baccata Powerscourt, Ireland 2002
Taxus baccata Kronik, Poland 2002
Taxus | baccata ‘Adpressa’ Powerscourt, Ireland | 2002
Taxus baccata ‘Aurea’ Kronik, Poland 2002
Taxus baccata ‘Aureahoseri’ Kronik, Poland 2002
Taxus baccata ‘Dovastonia’ New Ross, Ireland 1995
Taxus baccata ‘Erecta’ New Ross, Ireland 1995
Taxus | baccata ‘Fastigiata’ Sandeman Seeds 1996
Taxus | baccata ‘Fastigiata’ Eichenberg & Co 1995
Taxus | baccata ‘Fastigiata’ Mount Annville, Irish | 1995
Taxus | baccata ‘Fastigiata’ New Ross, Ireland 1995
Taxus | baccata ‘Fastigiata’ Powerscourt, Ireland | 2002
Taxus baccata ‘Fructo Lutea’ Powerscourt, Ireland 2002
Taxus baccata ‘Lutea’ New Ross, Ireland 1996
Taxus baccata ‘Standishii’ Kronik, Poland 2002
Taxus | baccata | ‘Pyramidalis’ | F.W. Schumacher Co. | 1993
Taxus | brevifolia Sandeman Seeds 1995
Taxus | brevifolia New Ross, Ireland 1995
Taxus | brevifolia Glasnevin, Ireland 2002
Taxus | canadensis New Brunxwick, Canada | 2002
Taxus | canadensis | Glasnevin, Ireland 2002
Taxus | canadensis ‘Aurea’ Glasnevin, Ireland 2002
Taxus | chinensis F.W. Schumacher Co. | 1993
Taxus | chinensis Sandeman Seeds 1995
Taxus | chinensis ‘Mairei’ Sandeman Seeds 2001
Taxus | chinensis ‘Mairei’ Sandeman Seeds 1995
Taxus | cuspidata Sandeman Seeds 1995
Taxus | cuspidata Kronik, Poland 2002
Taxus | cuspidata ‘Capita’ F.W. Schumacher Co. | 1993
Taxus | cuspidata ‘Thayerae’ Glasnevin, Ireland 2002
Taxus | X media Sandeman Seeds 2001
Taxus | X media ‘Hicksii’ New Ross, Ireland 1995
Taxus | X media ‘Hicksii’ Kronik, Poland 2002
Taxus | X media ‘Hicksii’ Glasnevin, Ireland 2002
Taxus | X media ‘Rozon’ Kronik, Poland 2002
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3.2 Morphological Examination

3.2.1 Macroscopical Features

Needle dimensions (area, length and width) were measured for all the different Taxus
samples (see Table 3.1.1.1). Seed dimensions (area, length, width and width/length

ratio) were measured for some of the Taxus samples (see Table 3.1.1.2).

The needles (n=100) were collected sequentially from the left side of the twigs of the
fresh plant material. Needles were taken from the bottom of the twig through to the
top of the twig, in order to get a representative range of the needle dimensions. In the
case of the Polish and the Canadian samples the needles were collected from pressed

and dried samples.

The relatively flat needles were placed without overlap onto an optical scanner bed
(ScanMaker 4700, Microtek™) and area, length, width were determined using the
image analysis software WinSEEDLE™ (Regent Instruments, Inc., Quebec, Canada;

http://www.regent.qc.ca/). To digitize needles or seeds, WinSEEDLE™ uses an

optical scanner instead of a camera. Scanners produce high resolution images free of
illumination problems. It automatically detects and analyzes needles much more
precisely than conventional area meters (conveyor or camera-based type). The
following parameters are obtained using WinSEEDLE™:

» Total projected area, individual and average projected area

Y

Individual and average straight length, individual and average curved length
Individual and average maximum width

Individual and average curvature

Y Y VY

Individual and average surface area

Additional features are:
» Measurement of straight or curved needles/seeds
» Automatic filtering of defects and debris
» Interactive image edition and the data is saved in ASCII format for easy
transfer to data analysis or data visualization software
» Histogram of needle/seed length, width or area displayed on screen during

measurement
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The same procedure was applied to the analysis of the seeds. In addition to

determining area, length and width, the width/length ratio was also measured.

The samples analysed previously (Dempsey and Hook 2000) from Bedgebury National
Pinetum, U.K., were pressed and dried before analysis. The samples were then
measured manually using a Vernier calipers. The needle area was assumed to be

rectangular and therefore calculated by multiplying length by width (Dempsey 2000).

3.2.2 Microscopical Examination of Taxus canadensis

Microscopical analysis was carried out for all the seven different 7. canadensis
samples. Ten randomly chosen dried needles from each sample were analysed. Prior
to analysis the needles were cleared by boiling in Chloral Hydrate solution BP. The
microscopical determinations were made using an Olympus'™ BH light microscope

attached to a video recorder and a visual display unit (VDU).

The stomata in Taxus needles are covered or surrounded by a subsidiary cell
arrangement called the Florin’s ring, so for the purpose of this experiment the Florin’s
rings were counted as the stomatal pore. The stomata were counted in an area of
Imm®. The rows of stomata along the main vein were also counted. The stomata were

counted on two fields of view on either side of the main vein of 10 needles per sample.

3.3 General Analytical Procedures

3.3.1 Chemicals and solvents

Solvents used for High Performance Liquid Chromatography (HPLC) and
phytochemical extraction and isolation were Analar grade; all other solvents were

laboratory grade.
Solvents used for Nuclear Magnetic Resonance (NMR) analysis were:

Dimethylsulphoxide-dg, 99.8 atom % (Sigma-Aldrich Chemical Co., UK)
Chloroform-d 99.9 atom %, 0.01% TMS (Sigma-Aldrich Chemical Co., UK)
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Reference compounds used for comparative Thin Layer Chromatography (TLC), and

High Performance Liquid Chromatography (HPLC) were:

Paclitaxel (> 95% purity, Sigma-Aldrich Chemical Co., UK)
10-deacetylbaccatin II1 (> 95% purity, Sigma-Aldrich Chemical Co., UK)
9-dihydro-13-acetylbaccatin III (> 95% purity, Sigma-Aldrich Chemical Co., UK)
Baccatin III (> 95% purity, Sigma-Aldrich Chemical Co., UK)
Cephalomannine (National Cancer Institute, USA)

Catechin (> 95% purity, Sigma-Aldrich Chemical Co., UK)
Epi-catechin (> 95% purity, Sigma-Aldrich Chemical Co., UK)
Quercetin (>95% purity, Sigma-Aldrich Chemical Co., UK)

Brevifoliol was kindly provided by Dr. Teris A. van Beek, Dept. of Organic
Chemistry, Phytochemical section, Wageningen Agricultural University, The

Netherlands (The brevifoliol was isolated in his laboratory).

Other chemicals used were:

Anhydrous sodium sulphate (Na,SO4) (Scharlau Chemie S.A., Spain)
Vanillin (AnalR, BDH Chemicals Co., UK)
Hydrochloric acid (HCI) (Reidel-de Haén®, Germany)

Acetic acid (Reidel-de Haén®, Germany)
Sulphuric acid (H,SO,) (Reidel-de Haén®, Germany)

Formic acid (Merck KGaA, Darmstadt, Germany)

3.3.2 Extraction procedure

The dried needles were powdered immediately prior to extraction using a Krups®
Coffee grinder. The powdered material (3g) was extracted by refluxing with 50ml
methanol (MeOH) for two and a half hours. The crude extract was then cooled down,
filtered, and evaporated to dryness in vacuo using a rotary evaporator. The resulting
residue was partitioned between 20ml of ethyl acetate (EtOAc) and 20ml of distilled
water. The aqueous phase was separated and washed 2-3 times with ethyl acetate. The
ethyl acetate fractions were combined, dried over anhydrous sodium sulphate (Na>SOx)
and finally evaporated to dryness in vacuo, yielding a green/brown residue. Two

replications of each needle sample was further analysed.
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3.3.3 Analysis by thin layer chromatography (TLC)

Thin layer chromatography was carried out on plastic-backed or aluminium-backed
pre-coated silica gel 60 Fas4 plates (Merck KGaA, Darmstadt). Samples were re-
dissolved in appropriate solvent, applied as spots (10ul) and run against appropriate
standards. The plates were developed over 10 cm, unless otherwise stated. Solvent
systems used were (Stahl 1969, Wagner and Bladt 1996):

L Chloroform-methanol (CHCl3; — MeOH) (10:1)

2. Chloroform-methanol (CHCl; — MeOH) (30:2)

3. Chloroform-methanol-water (CHCl; — MeOH - H,0) (75:23:2)

Taxus species were analysed by TLC (mobile phase 1)) for the identification of the

following taxane compounds:

paclitaxel Ry=0.61 £0.05
cephalomannine Ry=0.59 £0.04
baccatin 111 Rr=0.46 £ 0.06
10-deacetylbaccatin III R¢=0.10 £0.03

Taxus species were analysed by TLC (mobile phase 2)) for the identification of the

following non-taxane phenolic compounds:

quercetin Ry =0.60 £ 0.08
epicatechin Rf=0.40 £0.09
catechin R¢=0.39 £ 0.08

Visualisation was achieved using UVas4 or spraying with 1% vanillin-sulphuric acid

solution followed by heating at 110°C for 10 minutes.

3.3.4 Analysis by high performance liquid chromatography (HPLC)

For the quantification of taxanes analysis by high performance liquid chromatography
(HPLC) was employed. The residue was re-dissolved in 2.5 ml of HPLC grade

methanol and filtered immediately prior to analysis.
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3.3.4.1 Instrumentation

Analysis by HPLC was carried out using a Waters'™ Multisolvent Delivery System
consisting of a 600 Gradient Controller, a 2487 Dual A Absorbance Detector, and a

746 Data Module Integrator.

3.3.4.2 Columns and chromatographic conditions

The analytical column used for the identification of taxanes from the cell and the
medium was the taxane specific Phenomenex Curosil® pentafluorophenyl (PFP) (Sum,
250 x 4.6mm) column with the appropriate Phenomenex Curosil® PFP (Sum, 3.9<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>