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Preface to the series

There is increasing interest in industry, academia and the health sciences in medicinal and
aromatic plants. In passing from plant production to the eventual product used by the public,
many sciences are involved. This series brings together information which is currently scattered
through an ever increasing number of journals. Each volume gives an in-depth look at one plant
genus, about which an area specialist has assembled information ranging from the production of
the plant to market trends and quality control.

Many industries are involved such as forestry, agriculture, chemical, food, flavour, beverage,
pharmaceutical, cosmetic and fragrance. The plant raw materials are roots, rhizomes, bulbs,
leaves, stems, barks, wood, flowers, fruits and seeds. These yield gums, resins, essential (volatile)
oils, fixed oils, waxes, juices, extracts and spices for medicinal and aromatic purposes. All these
commodities are traded worldwide. A dealer’s market report for an item may say ‘Drought in the
country of origin has forced up prices’.

Natural products do not mean safe products and account of this has to be taken by the above
industries, which are subject to regulation. For example, a number of plants which are approved
for use in medicine must not be used in cosmetic products.

The assessment of safe to use starts with the harvested plant material which has to comply
with an official monograph. This may require absence of, or prescribed limits of, radioactive
material, heavy metals, aflatoxin, pesticide residue, as well as the required level of active principle.
This analytical control is costly and tends to exclude small batches of plant material. Large-scale
contracted mechanised cultivation with designated seed or plantlets is now preferable.

Today, plant selection is not only for the yield of active principle, but for the plant’s ability to
overcome disease, climatic stress and the hazards caused by mankind. Such methods as in vizro
fertilization, meristem cultures and somatic embryogenesis are used. The transfer of sections of
DNA is giving rise to controversy in the case of some end-uses of the plant material.

Some suppliers of plant raw material are now able to certify that they are supplying organically-
farmed medicinal plants, herbs and spices. The Economic Union directive (CVO/EU No
2029/91) details the specifications for the obligatory quality controls to be carried out at all stages
of production and processing of organic products.

Fascinating plant folklore and ethnopharmacology leads to medicinal potential. Examples are
the muscle relaxants based on the arrow poison, curare, from species of Chondrodendron, and the
anti-malarials derived from species of Cinchona and Artemisia. The methods of detection of phar-
macological activity have become increasingly reliable and specific, frequently involving
enzymes in bioassays and avoiding the use of laboratory animals. By using bioassay linked frac-
tionation of crude plant juices or extracts, compounds can be specifically targeted which, for
example, inhibit blood platelet aggregation, or have anti-tumour, or anti-viral, or any other
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required activity. With the assistance of robotic devices, all the members of a genus may be
readily screened. However, the plant material must be f#//y authenticated by a specialist.

The medicinal traditions of ancient civilisations such as those of China and India have a large
armamentaria of plants in their pharmacopoeias which are used throughout South-East Asia.
A similar situation exists in Africa and South America. Thus, a very high percentage of the
world’s population relies on medicinal and aromatic plants for their medicine. Western medicine
is also responding. Already in Germany all medical practitioners have to pass an examination in
phytotherapy before being allowed to practise. It is noticeable that throughout Europe and
the USA, medical, pharmacy and health related schools are increasingly offering training in
phytotherapy.

Multinational pharmaceutical companies have become less enamoured of the single compound
magic bullet cure. The high costs of such ventures and the endless competition from ‘me too’
compounds from rival companies often discourage the attempt. Independent phytomedicine
companies have been very strong in Germany. However, by the end of 1995, eleven (almost all)
had been acquired by the multinational pharmaceutical firms, acknowledging the lay public’s
growing demand for phytomedicines in the Western World.

The business of dietary supplements in the Western World has expanded from the health
store to the pharmacy. Alternative medicine includes plant-based products. Appropriate
measures to ensure the quality, safety and efficacy of these either already exist or are being
answered by greater legislative control by such bodies as the Food and Drug Administration of
the USA and the recently created European Agency for the Evaluation of Medicinal Products,
based in London.

In the USA, the Dietary Supplement and Health Education Act of 1994 recognised the class
of phytotherapeutic agents derived from medicinal and aromatic plants. Furthermore, under
public pressure, the US Congress set up an Office of Alternative Medicine and this office in 1994
assisted the filing of several Investigational New Drug (IND) applications, required for clinical
trials of some Chinese herbal preparations. The significance of these applications was that each
Chinese preparation involved several plants and yet was handled as a single IND. A demonstra-
tion of the contribution of efficacy, of each ingredient of each plant, was not required. This was
a major step forward towards more sensible regulations in regard to phytomedicines.

My thanks are due to the staffs of Harwood Academic Publishers and Taylor & Francis who
have made this series possible and especially to the volume editors and their chapter contributors
for the authoritative information.

Roland Hardman
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Preface

The notable book “Taxol® Science and Application,” was published in 1995. It was edited by the
young, and sadly late, Dr Matthew Suffness of the National Cancer Institute, USA. The
taxoid paclitaxel, trade name Taxol, was developed there as a medicinal cytotoxic agent and today
it is used for ovarian, breast, lung and other cancers, which are in a metastatic state. Supplies of
paclitaxel and now of related compounds are still dependent on Taxus raw material.

Since 1995, much work has been carried out worldwide on the numerous complex taxoids of
the genus Taxus, resulting in a vast amount of information. Much of this literature, although not
easily condensed and edited, has been put into this volume — an achievement of the chosen
specialist authors. These authors have covered the taxoids of many species: botany and taxonomy,
biosynthesis, plant tissue culture, detailed chemistry, physical methods of identification of the
complex structures, structure—activity relationships, pharmacology, preclinical and clinical
investigation and cultivation of selected plant species and varieties with attention to the
levels of taxoids in various morphological parts by season or age and their extraction.

This volume is designed to be of value to all those who require a detailed perspective of
taxoid science. At the same time it will meet the needs of those requiring selected information,
for example, students and their teachers, horticulturalists, researchers in the pharmaceutical
industry and many others.

We wish to thank all the authors for their important contributions. Moreover, we thank
Dr Susan Morris-Natschke for her enthusiastic help in reviewing and making suggestions for
the manuscript. Finally thanks are due to Dr Roland Hardman for his unfailing support and
encouragement.

Editors
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1 Introduction

Hideji Itokawa

Introduction

As mentioned in the book edited by Suffness (1995), “the approval of Taxol (paclitaxel) for
marketing in December of 1992 was the culmination of 30 years of work that began with
the collection of Taxus brevifolia in Washington state in 1962.” Camptothecin was also discov-
ered in the 1960s before taxol and was also commercially available only after 30 years of work.
As is evident from these instances, a tremendous amount of work is necessary to develop new
anticancer agents. Discovery and development constitute a complex story for each drug,
especially for anticancer agents.

Taxol is now the best known and most studied member of the taxane diterpenoids, or taxoids.
It is only one of over 350 members of this compound class. Because many taxoids can be modi-
fied chemically, a knowledge of other taxoid structures is important for the development of
analogues. This book will cover the fundamental chemistry necessary to develop such analogues.

The taxane diterpenoids have been previously reviewed. Among the more comprehensive and
accessible reviews are those by Lythgoe (1968), Morell (1976), Miller (1980), Suffness and
Cordell (1985), Gueritte-Voegelein ez /. (1987), Khan and Parveen (1987), Chen (1990),
Blechert and Guenard (1990), Swindell (1991), Kingston (1991), Paquette (1992), Kingston
et al. (1993), Suffness (1995), Das ef 2/. (1995), Baloglu and Kingston (1999), and Parmer ¢f /.
(1999).

This review combines to some extent the scope of Blechert’s, Kingston’s, and Suffness’s
reviews cited above. The structures of the known naturally occuring taxane diterpenoids are
described in Chapter 3. The chemistry of taxol and other taxanes are also described, followed by
chapters describing approaches to the synthesis and pharmacology of key compounds. The liter-
ature has been covered as thoroughly as possible through April 2001.

Early bistory of anticancer development

The origin and history of taxol and other taxoids have been detailed previously by Wall (in the
book by Suffness, 1995). The authors would like to paraphrase Wall’s description herein.

The first key reports on chemotherapeutic agents used to treat human cancer were those of
Goodman in 1946 on nitrogen mustards in leukemia, Farber in 1948 on aminopterin in child-
hood leukemia, and Burchenal in 1953 on 6-mercaptopurine in leukemias. At that time, the
major anticancer discovery and development program in the USA was at the Sloan-Kettering
Institute for Cancer Research. This program had developed out of a reorientation of the Second
World War research on nitrogen mustards. More than 75% of all compounds evaluated in the
USA were tested at Sloan-Kettering during the early 1950s. However, although these initially
exciting results led to a strong interest in cancer research by a variety of chemists, biochemists,
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and biologists, the evaluative capacity was too low for the needs of the scientific community. In
response, Congress directed the National Cancer Institute (NCI) to organize such a program.
This directive led to the formation of the Cancer Chemotherapy National Service Center
(CCNSC) in 1956 with the mission of supporting research in cancer drug discovery and treat-
ment, and providing services to researchers nationwide, and later worldwide. Although a few
plant extracts were evaluated from 1956 onward, the plant program began in earnest only in
1960 with contracts for collection, extraction, and screening of plant extracts (Zubrod ez a/.,
1966; Schepatz, 1976; Suffness, 1989).

The plant program at NCI was organized and nurtured for 15 years by the late J. Hartwell,
who had made important contributions on podophyllotoxin and related lignans. First, it was
decided to begin the collection program with native plants from the US, and an interagency
agreement was negotiated with the US Department of Agriculture (USDA) to collect and iden-
tify plant materials for the screening program. This collaboration lasted from 1960 to 1981. In
addition to collecting new plant samples, attempts were made to secure access to existing col-
lections of plant extracts and one such collection was at the USDA Eastern Regional Research
Laboratory under control of Monroe Wall. In 1958, the results of assays showed very strong
activity for one plant in the USDA collection, the Camptotheca acuminata. This discovery led to
the migration of Dr Wall to the Research Triangle Institute (RTI) in 1960, and the subsequent
isolation by the RTTI group of camptothecin, an exciting plant-derived antitumor agent (Wall
et al., 1966; Slichenmyer ¢t /., 1993).

Taxol discovery

Arthur Barclay of the USDA collection team was in Washington State in the Gifford Pinchot
National Forest in August 1962 and collected samples of the Pacific yew (T. brevifolia Nutt.),
family Taxaceae. The Taxaceae is a small family with one main genus, Taxus, which has an ancient
reputation as a toxic and magical plant. The yew tree was used in ancient Greece and Rome to
produce weapons and household implements. It was said that yew growing in Narvonia had
such a power that those who sit or sleep under its shade suffered harm or, in many cases,
even died.

Barclay collected two samples: PR-4959, stems and fruit, and PR-4960, stem and bark. Only
the latter sample later proved active. Many samples were prepared at the Wisconsin Alumni
Research Foundation and shipped to the NCI. After extracts were prepared, the first sample was
tested against KB cells at Microbial Associates in Bethesda, Maryland in 1964. This extract was
found to be cytotoxic, and the activity was confirmed in June 1964 at the University of Miami
as the first demonstrated cytotoxic activity in Pacific yew. However, no toxicities were found in
tests against L1210 and P-1798 cell lines. The decision to begin fractionation studies of
T. brevifolia bark was made on the KB cytotoxicity alone. During his earlier studies on isolation
of camptothecin, Wall noticed an excellent correlation between KB cytotoxicity and in vivo
activity, and accordingly requested the assignment of other plants showing KB activity. The
Taxus plant was assigned to Wall’s laboratory for fractionation studies, and work began with the
receipt of a 30 1b shipment of bark in late 1964. Subsequently, fractions from this extract were
found to be active iz vivo against P-1534 leukemia, Walker 256 carcinosarcoma, and P388
leukemia; all of these systems were used at various times to monitor the activity of fractions.

The separation methods available were much fewer in number and much less sophisticated
than those available today. Thus, more separation steps were performed than would now be
necessary. Further, the newer separation techniques of the late 1960s such as high-performance
liquid chromatography (HPLC) were useful only in an analytical mode and could not be scaled
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up directly. The isolation of 0.5 g of pure taxol (1) from the T. brevifolia bark took about two
years and the first pure sample was isolated in 1966. The structure was obviously complex with
a molecular formula of C4;Hs;NO,4. The molecule appeared to be in the taxane family, but at
that time, not many members of the family had been elucidated structurally. Further, the exten-
sive substitution and obviously large number of functionalities and asymmetric centers made
solution of the structure by spectroscopic means and chemical derivatization or degradation to
known compounds very difficult. At this time, none of the high resolution Nuclear Magnetic
Resonance (NMR) experiments routinely used today, such as COSY, ROSEY, NOSY, COLOC,
etc., were available. However, even with the most modern NMR techniques available today, the
most unequivocal structural determinations of complex new natural products still rely on X-ray
crystallography, and that approach was attempted for taxol. However, crystals of taxol and its
halogenated derivatives were unsuitable for X-ray structure determination. The crystal structure
of taxol itself has not yet appeared, although that of the related compound, taxotere (2), has been
solved (Gueritte-Vogelein ez /., 1990). Solvolysis of taxol with methanol at 0°C gave three com-
ponents: a tetraol (3), which was characterized by X-ray crystallography as its bisiodoacetate
(4); a methyl ester derived from a side-chain (5), which was also characterized by X-ray crystal-
lography as its p-bromobenzoate ester (6); and methyl acetate. From the structure of the tetraol
(3), the main side-chain and the acetate side-chain could have been located at either positions 7,
10, or 13 in the parent molecule. Taxol was not oxidized by neutral manganese dioxide, indicat-
ing that both of the allylic positions C-10 and C-13 were esterified. Furthermore, basic
manganese dioxide oxidation gave a product in which the main side-chain had been removed
and C-13 had been oxidized to a ketone. These data, plus additional "H-NMR data indicating
the acetate to be at C-10, resulted in secure assignments of the ester positions as shown in
structure 1 (Figure 1.1).

The isolation of taxol was first presented at the American Chemical Society meeting in Miami
Beach, FL, in 1967 (Wall and Wani, 1967). The main paper was published in 1971. The
reported taxol yield was 0.02% from dried bark of T. brevifolia, and taxol was also reported to be
present in other Taxus species, including T baccata and T. cuspidata. The first structure activity
data were also presented showing that both the taxol nucleus and the C-13 side-chain were
essential for activity (Wani ez «/., 1971).

An alkaloidal Taxus fraction, which was named “taxine” by Lucas (1856), is highly cardiotoxic
and has been implicated in many stock poisonings and human poisonings by Taxus species (Lowe
etal., 1970; Alden et al., 1977).

It was separated into taxines A and B by Graf ez /. (1986). These alkaloids have common
structural components of a multiple oxygenated taxane ring system and an alkaloidal side-chain
at C-5 as seen in taxines A (7) and B (8) (Figure 1.2). The C-5 side-chain of the taxines is com-
parable to the C-13 side-chain in the antitumor taxanes. Taxine A (7) has a rearranged carbon
skeleton, while the structure of taxine B was later revised to (8). The taxine B skeleton was iden-
tified as “taxane” in 1964 by Lythgoe, Nakanishi, and Ueo prior to the structural elucidation of
taxol. Potier’s group generated a biosynthetic hypothesis for taxol that involves the intermediacy
of a C-5 to C-13 ester transfer (Gueritte-Vogelein ez /., 1987) and successfully demonstrated this
hypothesis synthetically by converting taxine B to a baccatin V derivative (Ettouati ez 2/., 1991).
Interestingly, the cardiotoxic alkaloidal fraction is relatively abundant in 7. baccata (European
yew), is even more prevalent in T. cuspidata (Japanese yew), but is almost absent in T. brevifolia
(Tyler, 1960). Both the antitumor taxane fractions and the taxine alkaloidal fraction are soluble
in ethanol, thus both would have been present in the primary extract. Therefore, if another
species of Taxus had been investigated, first it is quite possible that subsequent i vivo experi-
ments would have shown strong toxicity (toxic doses of the taxines are generally fatal within
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Figure 1.1 Secure assignments of the ester positions.

a day) and the project would never have been pursued. Or if fractionation had been pursued, the
cytotoxicity-guided fractionation could have led to the toxic taxines rather than taxol.

The related baccatin III was isolated by Chan ¢z 4/., in 1966, but its structure was not eluci-
dated at that time. A tentative structure, based on chemical and spectrospecific evidence, was
published by De Marcano in 1970. Taylor isolated a substance that he called baccatin from the
heartwood of 1. baccata (1963). This compound was later renamed baccatin I (De Marcano and
Halsall, 1970).

The structure of the related compound baccatin V (10) was determined by X-ray crystallogra-
phy by Halsall in 1970 (De Marcano et /., 1970). This finding led to a reconsideration of the
structure of baccatin III, which was confirmed as (9) by comparison of its manganese dioxide
oxidation product with that obtained from taxol (Figure 1.3). As mentioned before, solvolysis of
taxol gave a tetraol (3) whose structure was established by X-ray crystallography of its
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Table 1.1 Chronology of Taxol discovery and development (by M. Wall)

Date Event

June 1960 Beginning of NCI Plant Program contracts

August 1962 Collection of T. brevifolia in Washington

April 1964 Cytotoxicity of bark extract to KB cells

June 1964 Confirmation of KB cytotoxicity

October 1964 Shipment of 30 1b of bark to M.Wall at RTT

1965-67 Bioassay guided fractionation in KB, P1534, and Walker systems

October 1966
October 1966
2?1967
1965-67

1967

1968

1968-69

May 1971
April 1974
June 1975
April 1977

Fall 1977
August 1978
November 1978
December 1978
February 1979
June 1980

August 1980
October 1980
June 1982
November 1982
September 1983
April 1984
April 1984
April 1985

1984-89
August 1989

August 1989
November 1989
June 1990

July 1990

July—October 1991

December 1991

1990-93

July 1992
September 1992
December 1992
April 1994

First isolation of pure Taxol (K172)

Cytotoxic activity of pure Taxol to KB cells

Report of Taxol isolation to American Chemical Society national meeting

Studies of activity of other Taxus species and variation of activity of
T. brevifolia by location

In vivo antitumor activity of Taxol in L1210 leukemmias and Walker
256 carcinoma

In vive antitumor activity of Taxol in P1534 and P388 leukemia

Study of activity of T. brevifolia by plant part

Chemical structure of Taxol published

B16 melanoma activity observed

B16 melanoma activity confirmed; Taxol meets development criteria

Taxol accepted for development at Stage 2A

Activity in B16 melanoma restricted to i.p.—i.p.

Publication of Taxol as antimitotic drug

Activity against MX-1 breast xenograft

Confirmed activity against MX-1 breast xenograft

Taxol published as promotor of microtuble assembly

Cremophor formulation active against B16 melanoma; selected over PEG
formulation

Route and schedule dependency studies completed

Taxol passes Decision Network stage 2B; approved for toxicology

Toxicology completed; Cremophor a problem in dogs

Decision Network stage 3 passed; Taxol approved for INDA filing

Investigational New Drug Application filed

Investigational New Drug Application approved

Phase I clinical trials begin

Decision Network stage 4 passed: approved for Phase II trials with use of
24-h continuous infusion and premedication regimen

Phase II trials limited by drug supply

Request for applications for cooperative Research and Development
Agreement published in Federal Register

Activity in advanced ovarian cancer published by Johns Hopkins group

Selection of Bristol-Myers Squib as CRADA partner

NCI Workshop on Taxol and Taxus

Issuance of Request for Applications (RFA) for Taxol research

13 research grants awarded from Taxol RFA

Publication of activity of Taxol in metastatic breast cancer by
M.D. Anderson group

Large-scale production of Taxol by Hauser/BMS

New Drug Application field with FDA

Second NCI Workshop on Taxol and Taxus

New Drug Application approved for refractory ovarian cancer

Supplemental approval for metastatic breast cancer
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7,10-bisiodoacetate (4). The skeletal configurations of this tetraol and baccatin III were found to
be the same, but differed from that of baccatin V (10) only in the stereochemistry of the C-7
hydroxyl group. Therefore, the tetraol was identified as 10-deacetylbaccatin III.

Wall and Wani summarized about camptothecin and taxol in 1998 (Table 1.1).

Isolation and purification

A major issue in scale up was to determine which Taxus plant material possessed both high taxol
content and adequate abundance. This investigation was conducted in three stages: (1) examina-
tion of various species and cultivars to look for the best species; (2) a geographic study of the best
species to determine variation in taxol content by plant locality; and (3) examination of the best
species from the best locations to determine which plant parts were best suited to production. In
the first phase of the study, collections of numerous Taxus species were made by the USDA dur-
ing 1965 and 1966, which included T. baccata L. (European yew), T. cuspidata Sieb. and Zucc.
(Japanese yew), T. globosa Schlect. (Mexican yew), T. floridiana Nutt. (Florida yew), T. canadensis
Marsh. (Canadian yew or ground yew), and examples of the main ornamental hybrids 7. x media
Rehd. (the cross of T. baccata and T. cuspidata), and T. x hunnewelliana Rehd. (the cross of
T. cuspidata and T. canadensis). In the initial biological analyses, particularly cytotoxicity toward
KB cells, none of these samples showed better activity than Pacific yew. Those extracts that had
substantial activity were then processed by Wall’s group at the RTT to determine taxol levels.
For example, the level of taxol isolated from T. cuspidata was 0.0011% and from T. baccata was
0.0008%. These data led to the decision that Pacific yew was the best source of taxol. The next
stage was to determine which parts of the tree had the greatest taxol content and the influence of
geographic location on content.

Pacific yew trees can now be readily assayed by HPLC methods that can detect taxol in crude
extracts and by immunoassays that are highly specific for taxol. However, although HPLC was
available in the late 1960s, the reverse-phase columns that are now used to separate taxol and
related compounds from other extract components were just becoming available and were
extremely expensive and untried for taxol. Witherup ez /. published (1989, 1990) the first paper
identifying taxol in crude extracts by HPLC. They systematically examined the process working
with six species of Taxus. They dried the biomass under vacuum, ground it in a Wiley mill, and
then extracted it three times in a glass percolator for 16-h periods. They also used
a second-stage partition between methylene chloride and water to improve the sample for analysis.

The first immunoassay was reported by Jaziri ef 2/. (1991) and was not highly specific for
taxol. Therefore, all analyses in the 1960s were done by bioassays, particularly cytotoxicity
toward KB cells and in vivo antitumor activity in Walker 256 carcinosarcoma and P388
leukemia cell lines. The activity of T. brevifolia by plant part was as follows: stem
bark > root > needles > wood > twigs.

An ideal extraction system for natural products is one that would completely remove only the
product of interest, and leave behind all other components. Such a system rarely, if ever, can be
developed and so various compromises are accepted. The objective of a primary extraction proce-
dure is to obtain the maximum amount of product in a matrix that is as easy as possible to sepa-
rate further into pure compound.

Xu examined the tissue from Taxus chinensis and sonicated the plant material in the presence
of solvent for 5 min to help complete the extraction (Xu and Liu, 1991). Auriola also used soni-
cation and further conducted the procedure at 4°C in order to minimize deterioration of the
product (Auriola et /., 1992). Recently, supercritical fluid extraction (SCFE) procedures have
been reported and, while they are economical and environmentally desirable, the product still
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requires chromatography to separate the two major products, taxol and cephalomannine.
Jennings ez /. (1991) used liquid carbon dioxide with 3.8 mol% of ethanol as a modifier and
found that they could achieve a yield of 0.008% taxol from the bark of T. brevifolia. This result
is in good agreement with the generally reported yield of 0.01% obtained by conventional
methods.

Using the needles as a biomass source requires that they first be extracted with a low-polarity
solvent such as hexane to remove the cuticular lipids and fats. One team found that as much as
72% of interfering hexane-solubles can be removed from yew needles in this way (Witherup
et al., 1989). Castor was able to take advantage of the low polarity of unmodified liquid carbon
dioxide to remove lipids and then increase polarity with alcohol modifier to obtain a yield of
0.044% taxol from needles of T. media and T. brevifolia (Castor, 1992).

Recently, Rao modified the extraction protocol by using a standard primary extraction with
methanol followed by a clean-up partition with chloroform and water. Extract quality was sig-
nificantly improved to the extent that subsequent chromatography steps were substantially less
rigorous and overall yields of taxol were 0.02—0.04% (Rao, 1993).

No direct comparative study of these various extraction techniques has been published.
Results from various laboratories are difficult to compare because the amount of taxol varies
from plant to plant and the investigators were not using a standard, common sample of tissue.
However, yields of taxol of approximately 0.01% from the bark and 0.025% from the needles of
T. brevifolia are certainly reproducible and have been reported from many laboratories. One par-
ticularly rigorous investigator (Fang et a/., 1993) examining 1. cuspidata, added measured
amounts of diterpenoid standards to the dried, ground plant material in order to estimate the
recovery of the various taxanes. Such a procedure adds significantly to the precision of the exper-
iment but does not allow absolute amounts of taxanes to be measured. Taxanes can also be
degraded between the time of harvest and the final extraction, and can be compartmentalized
within tissue substructures. Numerous reports show that various species of Taxus show different
ratios and quantities of taxanes. For a more extensive comparison of the various taxane congeners
produced by the various species, seasonal and tissue variation in concentrations of T. brevifolia has
been discussed. Seven taxanes (taxol, baccatin III, 10-deacetyltaxol, 10-acetylbaccatin III,
7-xylosyl-10-deacetyltaxol, cephalomannine, and brevifoliol) were analyzed in extracts from
bark and foliage of Pacific yew (T. brevifolia) and a decreasing gradient concentration was found
from stem base to branch tip. This corresponding decrease is attributed to generally higher tax-
ane concentration in phloem tissue and the decrease in inner bark thickness from base to branch
tip. Stem bark and needles were also sampled over a growing season. Typically, taxane concen-
trations in bark increased from May through August, whereas concentrations in needles changed
little during that period. While most taxane concentrations were significantly lower in the nee-
dles than in the bark, two exceptions were baccatin III, which in the summer reached levels
equivalent to bark, and brevifoliol, which increased from March to August, reaching levels in
needles nine times greater than in bark (Vance ez a/., 1994).

The taxol content of dried Taxus biomass was monitored monthly for 15 months. Intact and
finely ground biomass was stored at room temperature (22—24°C) as well as under refrigeration
(2—-4°C). In addition, intact fresh clippings stored under refrigeration in sealed plastic bags for
up to 10 weeks were evaluated for changes in taxol content. Analysis indicated that properly
dried Taxus clippings could be stored either intact or powdered at room temperature or under
refrigeration with no apparent loss of taxol content. The taxol content in fresh intact clippings
was also stable for at least 10 weeks when stored under refrigeration (Elsohly ez a/., 1994).

Clippings of T x media “Hicksii” were stored for up to 27 days at 4°C and 22°C to determine
the effect of storage conditions on the concentration of taxol and cephalomannine. Although the
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clippings stored at 22°C lost 12.7% more weight than when stored at 4°C for 27 days, the yield
of neither taxol nor cephalomannine was affected by storage temperature. Taxol concentrations
in clippings were 40% and 26% higher in plant material stored at 22°C and 4°C, respectively,
for nine days when compared to concentrations at harvest. Thirty-five percent more cephalo-
mannine was present after three and nine days of storage than at harvest time. After 27 days of
storage, the yields for both taxol and cephalomannine were similar to the yield at harvest. These
results indicate that the storage of fresh plant biomass for about nine days enhances the yield of
both taxol and cephalomannine regardless of storage temperature (Schutzki ez a/., 1994).

The concentrations of taxol and related compounds in the mature dried seeds of several Taxus
species were determined by HPLC. In addition, the taxol level of T cuspidata seeds at different
stages of maturation was studied. The variation in the taxane content was dependent on individ-
ual trees within species, as well as among species. The average contents of taxol and its precur-
sor, 10-deacetyl baccatin III (10-DAB III), in the mature seeds of different species were
67.3 =83 mgg ! dry wt, respectively. In mature seed parts of T, cuspidata var. latifolia obtained
from tree U5, the embryo weight was ¢.0.2% of that of the dry weight of the whole seed and
contained the highest level of taxol (894 pgg ™ ') when compared with that obtained for the
endosperm (23 wgg ™) and testa (376 pugg~'). However, the taxol content per seed was highest
in the testa (20.5 pg), followed by the endosperm (0.75 pg) and embryo (0.18 pLg). The taxol
Land 20 pg ! at the middle stage of
seed maturation and then decreased with further maturation. The taxol identification in the seed

content of the fresh seed reached a maximum of 332 g™

was confirmed by electrospray mass spectrometry (Kwak ez /., 1995).

The concentrations of taxol and related compounds in the bark and needles of T. cuspidata
grown on Mt Jiri, Mt Sobaek, and Cheju Island, and of T. cuspidata var. latifolia on Ullung Island
in Korea were determined by HPLC. The taxane content varied significantly with the location
and plant part. The taxol content in the bark of native yews from Mt Jiri and Mt Sobaek was
high when compared to that reported for Pacific yew (T. brevifolia), whereas bark from trees on
Cheju and Ullung Islands contained a much higher level of taxol than those of intermountain
locations, on the basis of dry weight. The bark and needles of T. cuspidata var. latifolia on Ullung
island also contained relatively high concentrations of 10-deacetylbaccatin 111-0.0497% and
0.0545%, respectively-and indicated that environmental factors may affect the quantity. Taxol
in the needles was confirmed by electrospray mass spectrometry. These results suggested that
foliage from yew trees growing in their natural habitats on Cheju and Ullung Islands may pro-
vide a renewable source for taxol (Choi ez 2/., 1995). Evaluation of various methods of drying yew
biomass was accomplished to test the effect on taxol content (Elsohly ez 2/., 1995). Cuttings from
T. x media Hicksii were maintained in Gamborg’s B5 liquid culture medium, where 10-deacetyl
baccatin III, baccatin III, 10-deacetyl taxol, cephalomannine, 7-epi-10-deacetyl taxol and taxol
accumulated in the incubation medium over time. Greater amounts of each taxane were
recorded from plant material as compared with liquid medium. Medium was removed and
replaced weekly, biweekly, or triweekly for up to nine weeks. The sum of all taxol recovered from
the liquid that had been harvested from a yew cutting and extracted from the medium weekly
over eight weeks was approximately equal to the amount of taxol that would be recovered from
the fresh plant cutting, and the cutting still contained taxol. This suggests that iz vivo cultures
of yew cuttings may be a re-usable source of taxol and related taxanes (Hoffman ez a/., 1996).

The average annual taxol content of shoots with dark green needles from Irish yew
(T. baccata var. fastiggiata) was found to be 0.0075%. Maximum levels were recorded in
April (0.010%) and minimum in February. Golden-leaved (“aurea”) varieties contained
only traces of taxol. Shoot growth took place mainly between May and July (Griffin and Hook,

1996).
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The concentration of taxol declined in both the plant materials (30-40%) and their extracts
(70-80%) upon storage for one year with no particular care. However, when kept in a freezer and
not under direct sunlight, the taxol-rich fractions of the extracts were found to be quite stable
(Das et al., 1996). The roots of Taxus wallichiana gave nine known taxoids. They were paclitaxel,
pentaacetoxytaxadiene, 1-hydroxybaccatin I, baccatin IV, baccatin III, taxusin, a C-oxygenated
taxoid, a rearranged taxoid, and 7-xylosyl-10-deaceetyltaxol (Chattopadhyay et /., 1998).

The recovery of taxol and related compounds was studied under different drying conditions,
which included a tobacco drying barn, greenhouse, shadehouse, air-conditioned laboratory, oven,
and freeze-drying. Based upon projections from analysis of fresh biomass, near total recoveries of
the expected levels were observed for taxol and cephalomannine. For clippings dried under
tobacco barn, greenhouse, oven, and freeze-drying conditions, however, only 75-85% of the
expected values for 10-deacetyltaxol and 10-deacetylbaccatin III were found. When the length
of drying was extended up to 10 and 15 days, as in the shadehouse and laboratoy conditions, the
recovery of all taxanes was adversely affected (Elsohly e a/., 1997).

Recently, the needles of several yew species and cultivars were analyzed by high-pressure lig-
uid chromatography for paclitaxel, 10-deacetylpaclitaxel, cepalomannine, baccatin III, 10-
deacetylbaccatin III, and brevifoliol. About 750 samples were collected from five different
locations in the Netherlands and the UK. The results showed a large variation in taxane content
between the different species and cultivars. The content of paclitaxel and 10-deacetylbaccatin III
varied from 0 to 500 pg ™"
in a very high concentration in T. brevifolia. 10-Deacetylpaclitaxel, cephalomannine, and bac-

and 0 to 4800 g~ ! dried needles, respectively. Brevifoliol was found

catin IIT were found in concentrations ranging from 0 to 500 g™ ' dried needles (Van Rozendaal
et al., 2000).

Isolation method

The original method for purifying taxol from T. brevifolia bark relied heavily on silica chro-
matography. Polysciences, Inc. developed this methodology into a large-scale preparative proce-
dure, and although they subsequently produced the bulk of the early clinical supplies of taxol,
the process was only partially described. It began with a methanol extraction and a partition
between methylene chloride and water to remove non-taxane components. The procedure then
utilized a series of chromatography steps. First was a rapid pass through Florisil™), followed by
Sephadex LH-20T™) and silica gel, with the final purification done by crystallization.

The current process in use by Hauser Chemical Research, Inc. to manufacture human-use
taxol from T. brevifolia bark is proprietary, but still retains some chromatography steps. They
have reported a significant improvement in the procedure, reducing the required T. brevifolia
bark from 35,000 to 15,000 b for the production of 1 kg of taxol (Stull and Jans, 1992).

Perhaps the most interesting new innovations are those that completely abandon adsorption
chromatography. Rao ez /. (1991) have reported the use of high-speed countercurrent chro-
matography to prepare taxol and other taxanes from T. yunnanensis. The group at the University
of Brussels used the Ito multi-layer coil separator—extractor to process up to 300 mg per run of
crude Taxus extract. From a single pass through this countercurrent extractor, they obtained
40% of the available taxol as 97% pure product and the remainder as an enriched fraction that
was readily purified by preparative HPLC. Also reported is the isolation of new taxane diter-
penoids from T. canadensis by a group at Abbott utilizing the Ito countercurrent system
(Guanawardana et /., 1992).

Polyclonal antibodies raised against 2'-succinyltaxol-bovine serum albumin (BSA) conjugate
were used for the immunodetection of bioactive taxoids in chromatographic fractions of the stem
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bark extract of T. baccata. In addition to taxol, cephalomannine, and baccatin I1I, two new
taxoids were isolated and their structures were elucidated as 4o, 7[p-diacetoxy-2a,
9a-dibenzoxy-5f, 20-epoxy-103, 130, 15-trihydroxy-11(15-1)-abeo-tax-11-ene and taxol C
using spectroscopic methods (Guo et /., 1995).

The separation of a stem-bark extract of T, baccata L. cv. Stricta by high-speed countercurrent
chromatography (HSCCC) resulted in several chromatographic fractions, which were analyzed
by enzyme-linked immunosorbent assay (ELISA) using specific anti-10-deacetylbaccatin III
antibodies. In addition to 10-deacetylbaccatin III and four known xylosyl taxoids, a new taxoid,
9-deacetyl-9-benzoyl-10-debenzoyltaxchinin A(I), was isolated. The cross-reactivity of I with
anti-10-deacetylbaccatin III antibodies was examined (Guo ez «/., 1996).

Microwave-assisted extraction (MAE) is a new method for extracting the taxane natural prod-
ucts, including paclitaxel, from Taxus needles. Various temperatures, times, and organic solvents
were investigated to optimize the efficiency of the extraction. The effects of biomass to solvent
ratio and of the system’s water content on taxane recovery were also determined. Under appro-
priate MAE conditions using 95% ethanol, the extract of the needles was equivalent to that pro-
duced by a conventional extraction method (overnight shake of 5 g of needles in 100 ml of
mathanol at ambient temperature). With optimized parameter settings, MAE was found to con-
siderably reduce both extraction time and solvent consumption, while maintaning qualitative
and quantitative taxane recovery relative to traditional solid/liquid extraction methods (Mattina
et al., 1999).

Taxol can be separated from cephalomannine by oxidation of a mixture of the two with OsOy
and flash chromatography of the resulting products (Kingston ez 2/., 1992). Treatment of a mix-
ture of paclitaxel and cephalomannine with bromine under mild conditions yields a readily sep-
arable mixture of paclitaxel and 2",3"-dibromine. Cephalomannine can be regenerated by
treating 2",3"-dibromocephalomannine zinc in acetic acid (Rimoldi ez z/., 1996).

Accelerated solvent extraction (ASE) of paclitaxel and related compounds from T. cuspidata
(Japanese yew) bark has been investigated under various conditions. In ASE, pressure is applied
to the sample extraction cell to maintain the heated solvent in a liquid state during the extrac-
tion. This method shortens the extraction time and increases recovery of target compounds. In
this study, ASE produced greater amounts of paclitaxel, baccatin III, and 10-deacetylbaccatin III
than those from ordinary solvent extraction at room temperature. The conditions providing the
highest recovery of paclitaxel were as follows: solvent, MeOH-H,O (90 : 10); temperature,
150°C; and pressure, 10.13 Mpa (0.128% W/W recovery based on oven-dried sample powder).
ASE does not require chlorinated solvents and can reduce solvent consumption because of its
strong dissolving power. Moreover, with water alone, the recovery of paclitaxel and related com-
pounds using ASE is much higher than with other extraction methods (Kawamura ez /., 1999).

An alternate stereochemical nomenclature for taxane skeleton

Since Wall, Wani, and McPhail first disclosed the structure of taxol in 1971 (Wani ez /., 1971),
numerous reports about taxoids have appeared in the literature. The geminal dimethyl groups at
C-15 were first numbered as C-19 and C-20 as seen in structure la (Figure 1.4). Later, the num-
bering was changed to C-16 and C-17, which is the currently accepted numbering shown in the
IUPAC recommendation for the unbridged taxane skeleton (1b) (IUPAC, 1999). Other struc-
tures have been seen and discussed in the literature’® (Lythgoe, 1968; Miller, 1980; Kingston,
1991, 1993, 1995, 2000). Two different skeleton systems were proposed by Miller (2a) (Miller,
1980) and Lythgoe (2b) (Lythgoe, 1968). The former representation (2a) shows an accurate
stereochemistry of the 16- and 17-methyl groups and has been used by Kingston in many
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1a: First numbering system

2a

2b

4b

Figure 1.4 Numbering system of geminal dimethyl groups.

notable reviews of taxoid chemistry (Kingston, 1991, 1993, 1995, 2000). However, the latter
system (2b) has generally been more popular, although it reverses the orientations of the 16-,
17-methyl groups from those expected (Lythgoe, 1968; Kingston, 1991). While the 16-methyl
and 19-methyl groups are both B-configured, the 16-methyl must be shown with a dashed
bond, and the 17-methyl, which is a to the 19-methyl, must be shown with a solid bond.

The nomenclature of the bridged oxido-type taxane is even more complex. From 2a, forma-
tion of the -OCH,— bridge would lead to the oxido structure 3 (Kingston, 1995). The o/3 des-
ignations of the —O- and —CH,-groups remain mutually consistent and the numbering agrees
with the commonly used nomenclature of a C-12(16)oxido bridge. However, inconsistencies
arise when the bridged oxido-type taxane is depicted from the more commonly used 2b or 1b.
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With this skeleton system, the resultant oxido-bridged taxoid has been seen in the literature
written in two ways, 4a (Kingston, 2000) or 4b. These two structural representations clearly
reveal the ambiguities that occur with the B-configured oxido bridge; namely whether C-16
or C-17 is depicted graphically as B (solid wedged bond). Structure 4a is consistent with the
C-12(16)oxido designation, but is inconsistent with the o/ designation of 2b and 1b; namely
C-16 is depicted as a solid wedged bond in 4a, but with a dashed bond in 2b and 1b. In con-
trast, 4b is consistent with the bond depictions present in 2b and 1b, but is inconsistent with
the already established C-12(16)oxido designation. This designation is not in accordance with
TUPAC nomenclature. 4b (Shigemori ez a/., 1999) is at present the only correct paper to be rep-
resented in accordance with the IUPAC nomenclature (http://www.chem.pmul.ac.uk/iupac/).
However, the other papers could not understand the rule of IUPAC nomenclature correctly. It
means that the nomenclature is somewhat difficult to understand and can cause confusions. That
is the reason why the authors would propose the easily understanderble nomenclature.

The taxane skeleton was numbered by IUPAC about 30 years ago. At that time, determina-
tions of complex stereochemistries were more difficult and less prevalent, and the nomenclature
was decided according to a flat chemical concept as shown in Figure 1.5. The parent skeleton
was numbered from carbon 1 to methyl 18 in a counterclockwise direction. Then the number-
ing proceeded clockwise from methyl 18 to methyl 20. Moreover, as the molecule was consid-
ered to be flat, the geminal dimethyls 16 and 17 must be below and above the molecular plane,
respectively. The C-16 Me is oriented below the molecule and must have an a-configuration,
while the C-17 Me is oriented in a 3-configuration. This nomenclature is still maintained by
IUPAC (Figure 1.4).

Presently, however, complex stereochemistry can be determined more exactly, and complete
stereochemical concepts must be introduced into the nomenclature. The taxane skeleton is not

Flat molecule

7,

/ 17 \

7 16

Figure 1.5 TUPAC numbering. Counterclockwise about taxane skeleton.
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flat, but instead usually maintains a cage form, especially when a C-4(5)-oxetane ring is formed
and rigidity increases (Boge er /., 1999). As shown in (Figure 1.6), both of the geminal
dimethyls C-16 and C-17 must be oriented outside of the cage in B-configurations. The num-
bering of these methyls would logically proceed clockwise from left to right. The resulting stere-
ochemical representation and numbering would agree with the C-12(16)-oxido bridge
nomenclature that is already accepted. Consequently, all problems and confusion would be
eliminated.

Thus, to alleviate the present ambiguities, we propose herein a novel and convenient taxoid
stereochemistry-based nomenclature. As shown in taxane 5 (Figure 1.7), the whole molecule
would be taken into consideration when depicting the configuration of the C-16 and C-17
methyl groups, and both groups would be represented by solid wedged bonds. Because accepted
numbering in the taxane skeleton proceeds from left to right, C-16 would be the geminal
methyl group on the left side. Accordingly, the oxido bridge in 6 could have a definitive and
consistent C-12(16) designation. Similar representations have appeared recently in the literature
(Zamir, 1995, 1999; Wang, 1996; Zhang, 2000).

Cage form

Clockwise /\

18 10 9

12

13

Figure 1.6 The taxane skeleton is not flat, but instead maintains a cage form.
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[for C-12(16 )-oxido bridge]

Figure 1.7 Taxoid stereochemistry-based nomenclature.

In conclusion, we propose in this volume the revised structure 5 for a general taxane and
structure 6 for a C-12(16) oxido bridged taxoid. We suggest that these proposed designations
would eliminate confusion in the stereochemistry of this compound class and accurately depict
the physical orientation of the molecule (Figure 1.7).
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2 Biosynthesis of taxoids

Ushio Sankawa and Hideji [tokawa

Introduction

The natural product diterpenoid taxol is regarded as one of the most useful anticancer drugs of
plant origin available today (Suffness, 1995). Taxol is effective in the treatment of ovarian and
breast cancer, and shows promise for various other cancers, such as head and neck, lung, gas-
trointestinal, and bladder (Holmes ez «/., 1995; Suffness, 1995). The fundamental anticancer
mechanism of taxol is quite novel and unique. In contrast to Vinca alkaloids, colchicine, and
other antitumor agents that act to prevent the polymerization of tubulin into microtubule, taxol
promotes microtubule assembly and suppresses its depolymerization (Horwitz, 1992; Jordan
and Wilson, 1995; Arbuck and Blaylock, 1995).

Taxol was originally obtained by extracting peeled bark of the Pacific yew (Taxus brevifolia
Nutt.). The tree grows extremely slowly and big yew trees suitable for the extraction of taxol are
several hundred years old. Thus, the harvesting of Pacific yew to produce taxol is destructive to
the natural environment because the yields of taxol are too low to supply sufficient quantity for
clinical use. Consequently, alternative methods of taxol supply have been extensively investi-
gated. Although several groups (Cragg er a/., 1993; Holton ez a/., 1994; Nicolau et a/., 1994,
1995; Masters et al., 1995) achieved the total synthesis of taxol through elegant approaches, the
high cost of this synthetic approach prohibits its commercial feasibility. Currently, taxol and its
analogue, taxotere (docetaxel), are produced semi-synthetically by the acylation of 10-deacetyl-
baccatin III and related compounds. These compounds are obtained from the needles of Taxus
brevifolia as well as the European yew Tuxus baccata which are propagated from cuttings
(Guenard et /., 1993; Georg ¢t al., 1994; Commercon et 2/., 1995; Holton ez al., 1995).

Another approach would be to use cell suspension cultures of T. brevifolia. Several groups have
succeeded in producing taxol or baccatin in reasonable yields from Taxus cell suspension cultures
(Yukimine ez al., 1996; Hezari et al., 1997), but this alternative production method is not com-
mercially viable. Recently, taxol was isolated from the bark, leaves, branches, shells, and fruits of
the hazelnut tree; however, the content is only about 10% of that in yew trees. Recently, a fun-
gus, Taxomyces andreanae, was unexpectedly found to produce taxol and subsequent similar find-
ings with other microorganisms confirmed its production (Stierle ¢z /., 1993; Strobel e al.,
1996). Because the fungus has been isolated from yew trees, it is said, “If a fungus could be
coaxed into churning out the drug in vats, it would definitely have value” (Hoffman, 2000).
This finding raised a question about the genes responsible for taxol’s production (?).
Comparative studies of these genes both in higher plants and fungi will clarify whether the
genes were horizontally transferred from fungus to plant or vice versa. Similar cases are known;
gibberellin and maytancin occur both in higher plants and microorganisms. The increasing
demand of taxol for clinical use as an anticancer drug combined with limited supply from plant
sources require a thorough understanding of its biosynthesis, in particular, the enzymatic
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reaction mechanism. Subsequently, cloning corresponding genes would allow genetic
manipulation of plants or fungi to improve the yield of taxol production in these organisms.

Recently, excellent reviews on the biosynthesis of taxoids have been published (Floss and
Mocek, 1995; Hezari and Ctoteau, 1997; Kobayashi and Shigemori, 1998; Shen ¢t 2/., 1999). In
particular the review of Hezari and Croteau ez 2/. (1997) covers all aspects of taxol skeleton
formation including gene cloning of the enzymes involved. This chapter mainly describes the
development of taxol biosynthesis according to their review.

The biosynthesis of the taxane skeleton (6/8/6-membered ring system) was previously
believed to involve cyclization of geranylgeranyl diphosphate (GGPP) into taxa-4(20), 10(11)-
diene (exotaxadiene). However, the enzyme that catalyzes the formation of taxadiene was cloned
by Croteau ez /. (1995) and the product of GGPP:taxadiene cyclase was (endo)taxadiene, not
(exo)taxadiene. All the taxoids of Taxus origin are reasonably explained by cyclization and

Geranylgerany! diphosphate

Taxadiene
synthase

A\

Verticillane cation

6/12 ring system
Taxadiene
synthase \
Taxadiene \
6/8/6 ring system

Verticillin

D

6/5/5/6 ring system 5/7/6 ring system 6/10/6 ring system

Figure 2.1 Plausible scheme of taxoid biosynthesis.
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isomerization of verticillene and taxadiene. 3,11-cyclotaxanes (6/5/5/6-membered ring system)
are derived from taxadiene (Kobayashi ef /., 1972) and 11(15 — 1)-abeotaxanes (5/7/6-membered
ring system ) are generated through an extended Wagner—Meerwein rearrangement in ring A of
taxadiene (6/8/6-membered ring system) (Appendino ¢ «/., 1993). On the other hand, the
2(3 = 20)-abeotaxanes (6/10/6-membered ring system) seem to be derived from verticilline through
the cyclization of delta4(20),7-verticillene (Appendino ez a/., 1994). The bicyclic taxane-related
compounds (6/12-membered ring system) are derived from verticillene (Zamir ez a/., 1995).

Taxadiene, the key intermediate of taxol biosynthesis, has been prepared enzymatically from
isopentenyldiphosphate in cell-free extract of Escherichia coli by overexpressing genes encoding
isopentenyl dophosphate isomerase, GGPP synthase and taxadiene synthase (Huang ez #/., 2001)
(Figure 2.1).

The scheme of taxol biosynthesis was summarized by Shen ez 2/. (1999). The biosyntheses of
the skeleton and side-chain of taxol proceed through independent pathways, after which the two
moieties are combined to form taxol and related compounds as shown in Figure 2.2.

Earlier studies of taxol biosynthesis

The structure of taxol is quite complex and bears an unusual diterpene carbon skeleton, eight
oxy-functional groups, and an assortment of appended acyl side-chains, for a total of 11 chiral
centers (Wani ¢f a/., 1971) (Figures 2.2(a,b)). As proposed first by Harrison ez 2/. (1966), a pro-
posal for taxol biosynthesis posited the initial formation of an olefinic taxane skeleton, followed
by a series of oxygenation steps and, ultimately, acylation reactions (Zamir et a/., 1992,
Eisenreich ez a/., 1996). Based on precedents in the metabolism of other terpenoids (Gershenzon
and Croteau, 1993), the pathway to taxol from the universal diterpenoid precursor GGPP must
involve over a dozen individual enzymatic reactions. Deciphering the biosynthesis of taxol posed
a considerable challenge because of its complex structure, low isolation yield, and experimental
difficulty with Taxus species.

Early studies on the biosynthesis of taxol were carried out with iz vive feeding experiments of
radiolabled precursors. The results indicated that acetate, mevalonate, and phenylalanine were
the building blocks of taxol (Zamir ez 2/., 1992). Recently, however, Eisenreich ez 2/. (1996) have
shown that the taxane ring system is formed by a mevalonate-independent pathway found by
Rohmer for isoprenoid biosynthesis (Schwender ez a/., 1996).

In 1996, Eisenreich ef a/. reported the results of feeding experiments with °C labeled precur-
sors in cell suspension cultures of Taxus chinensis. This methodology produced the diterpene
taxuyunnanine C in a yield of 2.6% (dry weight basis). The incorporation of {[U-'?C¢lglucose,
[1-1*Clglucose, and {1,2-13C,lacetate into taxuyunnanine C was analyzed by NMR spec-
troscopy. The label from [1,2-13C,lacetate was incorporated into the four acetyl groups of
taxuyunnanine C (Figure 2.32), but not into the taxane moiety. [U-*Cglglucose was efficiently
incorporated into both the taxane ring system and the acetyl groups (Figure 2.3b). The four iso-
prenoid units of taxuyunnanine C showed identical labeling patterns. The analysis of long-range
13C-13C couplings in taxuyunnanine C labeled by [U-’C¢lglucose clearly demonstrated the
involvement of an intramolecular rearrangement during the formation of isoprenyl diphosphate
(IPP). The labeling patterns clearly demonstrated that taxuyunnanine C is biosynthesized
through a mevalonate-independent pathway (Eisenrich ez /., 1996).

In exploring later stages of the taxol biosynthesis pathway, Floss and his colleagues carried out
detailed feeding experiments with advanced metabolites to demonstrate the origin and timing
of assembly of the N-benzoyl phenylisoserine ester (Fleming ¢z /., 1993, 1994; Schwender ¢z a/.,
1996). A description of this work and an overview of previous speculations on the biosynthetic
pathway leading to taxol have been reviewed by Floss and Mocek (1995) (Figure 2.4).
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The first step of taxol biosynthesis; cyclization of
GGPP with taxadiene synthase

The first committed step in the biosynthesis of taxol and related taxoids is the cyclization of the
universal diterpenoid precursor GGPP to taxadiene [(taxa-4(5),11(12)-diene)} (Figure 2.1)
(Koepp et al., 1995), but not to an exocyclic isomer, taxa-4(20),11(12)-diene, as was proposed
earlier based on the abundant occurrence of taxane metabolites with an exo-double bond struc-
ture (Gueritte-Voegelein ¢t a/., 1987; Floss et al., 1995). In vivo experiments with T. brevifolia stem
sections, using labeled taxa-4(5),11(12)-diene, demonstrated the very efficient incorporation
(30%) of the olefin into taxol and closely related taxoids. In addition, the endocyclic olefin was
found in T. brevifolia bark at a low level (5-10 mg per kg dry wt.), whereas the exocyclic isomer
was not detected (Koepp e @/., 1995). Both taxa-4(5),11(12)-diene and its 4(20)-isomer were
subsequently synthesized (Rubenstein and Williams, 1995).

A cell-free system prepared from T. brevifolia stems catalyzed the divalent metal ion-
dependent conversion of GGPP into taxadiene as essentially the only olefinic product. This
enzyme activity was localized mainly in the bark and adjacent cambium cells. It was purified up
to 600-fold by conventional chromatography and electrophoresis to give the pure protein. The
combination of gel permeation chromatography and SDS-PAGE showed the cyclase to be
a monomer of ~79 Da (Hezari ez /., 1995). This taxadiene synthase has been characterized with
regard to optimum pH, kinetic constants, and possible active site residues. The cyclase requires
divalent metal ion as a cofactor, and Mg?* (Km ~0.16 mM) is more preferable to Mn?" and
other divalent metals.

The mechanism of the cyclization reaction has been investigated in detail and shown to pro-
ceed without detectable free intermediates or the preliminary formation of enzyme-bound taxa-
4(20),11(12)-diene with subsequent isomerization. From these results, a stereochemical
mechanism has been proposed for the taxadiene synthase reaction (Lin ez 2/., 1996). The initial
cyclization of GPPP gives a transient verticillyl cation. Intramolecular transfer of the C-11 pro-
ton to C-7 initiates transannular B/C-ring closure to the taxenyl cation. Deprotonation at C-5
then yields the taxa-4(5),11(12)-diene product directly. Recently, proton migration was further
studied with recombinant taxadiene synthase and the sequence above was firmly established.
Proton transfer from C-11 to C-7 is facilitated by close proximity in the dimensional structure
of the intermediate cation. Interestingly, analysis of reaction products revealed that taxadiene
synthase yields principally taxa-4(5),11(12)-diene along with less amounts (c.5%) of the
4(2),11(12)-isomer, exo-taxadiene, resulting from the deprotonation of the C-20 methyl group,
and the 3(4),11(12)-isomer arising from negligible proton loss from the bridgehead methine
(C-3) (Williams ez /., 2000) (Figure 2.5).

The low levels of taxadiene synthase activity in Taxus stem tissue (140 pmol-h™ 1. g~ 1), the
very low level of taxadiene in bark, and the efficient conversion of the olefin to taxoids in vive
suggested that the cyclization of GPPP to taxadiene was slow relative to later steps in the
biosynthetic pathway to taxol. The potential role of the first committed step in the control of
metabolic flux of biosynthesis pathway prompted a search for the cDNA encoding taxadiene
synthase. Attempts to obtain the amino acid sequence information from the purified enzyme
were unsuccessful, and led to the adoption of a PCR-based strategy using homologous sequence-
based primers designed from the known terpenoid cyclases of plant origin. Of the more than 20
pairs of primers tested, only one set yielded a small DNA fragment possessing a “cyclase-like”
sequence. This fragment was subsequently employed as a hybridization probe to screen a cDNA
library constructed from T. brevifolia stem. Several clones of isolated cDNA were not full-length
and a 5’ rapid amplification method (RACE) was applied to obtain full length cDNA. The full
length cDNA of taxadiene synthase thus obtained was functionally expressed in E. co/i, and the
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recombinant enzyme thereby confirmed the conversion of GGPP to taxadiene. The DNA
sequence has an open reading frame of 2586 nucleotides, and the deduced polypeptide consists
of 862 amino acid residues corresponding to a molecular weight of about 98,000. It contains a
long plastidial targeting signal sequence at the N-terminal. Sequence comparison with other
terpenoid synthases of higher plant origin showed a significant homology, especially with abi-
etadiene synthase of gymnosperm origin, suggesting evolution from a common ancestry gene of
this enzyme class (Wildung and Croteau, 1996).

The possible role of taxadiene synthase in controlling the metabolic flux of taxol’s biosyn-
thetic pathway could not be easily ascertained in intact Taxus stem tissue. Therefore,
heterotrophic suspension cell cultures of the Canadian yew (Taxus canadensis) were employed as
an experimental system. The enzyme from this source was isolated and shown to be chromato-
graphically, electrophoretically, and kinetically identical to the taxadiene synthase of T. brevifolia
stem. Analysis of enzyme activity levels during the time-course of taxol accumulation in
developing cell cultures indicated that taxadiene synthase activity increased before taxol accu-
mulation initiated and persisted to a stationary phase. Taxadiene synthase activity 7z vitro
exceeds the maximum rate of taxol accumulation iz vivo (Hezari and Croteau, 1997). These
results suggest that, although taxadiene synthase represents a slow step, the rate-limiting step is
further down the biosynthetic pathway.

Second step of taxol biosynthesis: taxadienol formation

No oxygenated taxoids bearing a 4(5)-double bond have been isolated from the plants, whereas
taxoids with a 4(20)-ene-5-oxy functional group are common (Kingston ¢z a/., 1993). These facts
suggest that hydroxylation of taxa-4(5),11(12)-diene at C-5 is associated with migration of the
double bond. This step may be next in the taxol biosynthetic sequence (Croteau ef a/., 1995) (see
Figure 2.2). Microsomal preparations from Taxus stem and cultured cells were shown to catalyze
the NADPH dependent oxidative conversion of taxa-4(5),11(12)-diene into an alcohol. This
compound was confirmed to be taxa-4(20),11(12)-diene-5a-ol by comparison to an authentic
standard prepared by total synthesis. The stereochemistry at C-5 was rigorously and definitively
established, as the [3-epimer exhibits different chromatographic properties and a distinguishable
mass spectrum. The hydroxylase, which is found mainly in the light membrane fraction, ful-
filled all of the expected requirements of a cytochrome P450 monooxygenase (heme thiolate pro-
tein), such as inhibition by CO and blue light reversion (Hefner ez /., 1996). Many terpenoid
hydroxylases are of the cytochrome P450 type (Mihaliak ez a/., 1993). Whether the conversion of
4(5),11(12)-diene into 4(20),11(12)-diene-5a-ol involves an epoxide intermediate or abstraction
of hydrogen radical from C-20 methyl followed by double bond migration and rebonding of
hydroxyl radical at C-5 is not yet known. However, if the hydroxylation involves epoxidation
followed by ring opening, it should require an enzyme other than P450. This mechanism is less
likely, because the reaction is catalyzed only by P450. Nevertheless, the structure of the first
oxygenated intermediate in taxol’s biosynthesis constrains the mechanistic possibilities for
subsequent elaboration of an oxetane moiety of taxol.

The role of taxa-4(20),11(12)-dien-5a-ol as a pathway intermediate was confirmed by 7z vivo
conversion (in a range of 10~15% incorporation) of radioactive taxa-4(20),11(12)-dien-5a-ol
into advanced taxoids, including 10-deacetylbaccatin III, cephalomannine, and taxol, in
T. brevifolia stem disks (Hefner ez a/., 1996). Radiochemically-guided fractionation of an extract
of T. brevifolia dried bark additionally demonstrated that the alcohol (at 5—-10 mg) and its esters
(at 25-50-10 mg) were present as naturally occurring metabolites in the relevant tissue. Both of
these observations were based on 7z vivo studies and suggest that this first oxygenation step in
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taxol biosynthesis is slow relative to subsequent metabolic transformations and, thus, is a worthy
candidate for gene manipulation.

It has been established that taxa-4(20),11(12)-diene-5a-ol is the first oxygenated intermedi-
ate on the biosynthetic pathway to taxol. Recently, taxa-4(20),11(12)-diene-2a,5a-diol was syn-
thesized and proved to be a potential candidate as the second oxygenated intermediate on the
pathway (Vazquez and Williams, 2000).

The third step in taxol biosynthesis: acetylation of
taxadienol and oxetane ring formation

Most naturally occurring taxoids are acetylated, or otherwise acylated, at C-5 (Kingston et 4/.,
1993; Baloglu and Kingston, 1999). This suggests that the Acylation of taxa-4(20),11(12)-
dien-5a-ol could be the third step in taxol biosynthesis. Additionally, the 4(20)-ene-5ot-acetate
functional group should play a crucial role in the elaboration of the oxetane ring by a mechanism
involving epoxidation of the 4(20)-double bond, followed by intramolecular acetoxy migration
associated with epoxide ring expansion.

A possible mechanism for construction of the oxetane ring from the 4(20)-ene-5a-acetoxy
functional grouping is epoxidation of the 4(20)-double bond, followed by intramolecular acetate
migration and oxirane ring opening, shown in Figure 2.6 (Gueritte-Voegelein er a/., 1987,
Floss and Mocek, 1995; Hefner ez 2., 1996).

These considerations, as well as studies on subsequent oxygenation steps, prompted an inves-
tigation of the enzymatic acylation of taxa-4(20),11(12)-dien-5a-ol.

A soluble enzyme prepararion from T. canadensis cell suspension cultures was shown to cat-
alyze the acetyl coenzyme A dependent acylation of taxa-4(20),11(12)-diene-5a-ol. Membrane
fractions were inactive in the acetylation reaction. Transacetylase in soluble fraction has been
partially purified and characterized as a 50 kDa monomeric protein (with pI ~4.7) that accepts
acetyl CoA, but not benzoyl CoA, as a substrate.

Subsequent oxygenation steps

Subsequent reactions in the taxol biosynthesis pathway include additional hydroxylations,
acylations on the hydroxy groups, oxidation of hydroxyl into carbonyl, and the generation of the
oxetane ring system. Numerous naturally occurring taxoids exhibit a broad range of oxygenation
and acylation patterns, which provide no rigid guidance in predicting the order of functional-
ization beyond taxa-4(20).11(12)-dien-Sa-yl acetate. Proposed sequence for the hydroxylation
of taxa-4(5), 11(12)-diene to the level of a pentaol is based on the relative abundance of naturally

Figure 2.6
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occuring taxoids. Thus, oxygenation likely starts from C-5 and is followed by C-10, C-2, C-9,
and finally C-13 (Floss and Mocek, 1995; Croteau e a/., 1996). Taxoids bearing oxygen group at
C-13 are abundant and this suggests a sequence of the tailoring of taxadiene to the level of a pen-
taol. The reactions are probably catalyzed by cytochrome P450 oxygenases. Acetylation at C-5
before further hydroxylation seems likely, but whether acylation of the various other hydroxy
groups are required steps of the oxygenation sequence is unknown (Figure 2.7).

Oxygenations at C-7 and C-1 of the taxane nucleus are considered to be late steps, possibly
after oxetane ring formation. However, oxetane formation itself seems to be a relatively late-
stage transformation and presumably precedes acylation at C-13 and oxidation of the C-9
hydroxy to a carbonyl (cf. Figure 2.4) (Floss and Mocek, 1995; Croteau ez a/., 1996).

When microsomal preparations of 1. canadensis cell cultures were incubated with taxa-
4(20),11(12)-dien-5a-ol in the presence of NADPH and O,, the resulting product was more
polar than the substrate. It showed chromatographic properties and mass spectrum (by HPLC-
MS) consistent with a taxadiene diol. The reaction was catalyzed by a cytochrome P450 hydrox-
ylase, suggesting that the other oxygenation steps in taxol biosynthesis may involve similar
enzymes. By utilizing a microsomal preparation that had been carefully optimized to sustain
cytochrome P450-type reactions (Hefner er a/., 1996), both taxa-4(5),11(12)-diene and taxa-
4(20),11(12)-dien-5a-ol gave rise to products that were tentatively identified by HPLC-MS
analysis as the corresponding diol, triol, and tetraol. The precise structures of these products are
yet to be solved. Incubation of the optimized microsomes with taxa-4(20),11(12)-dien-5a-yl
acetate yielded a single major product, identified by HPLC-MS analysis as a pentaol monoac-
etate. Taxa-4(20),11(12)-dien-5a-yl benzoate was not oxygenated by this system, indicating
that the efficiency of the acetate ester as a substrate was not due simply to higher lipophilicity
but rather it was recognized as a natural substrate by the set of microsomal hydroxylases that
catalyze sequential hydroxylation. The successive series of hydroxylation reactions is now being
systematically investigated in respect to substrates and the structural elucidation of the corre-
sponding products, as well as the interpretation of additional acylation steps in the biosynthesis
sequence.

Phenylalanine amino mutase (Walker and Floss, 1998)

Taxol possess a characteristic benzoylphenylisoserine acyl group. Phenylalanine amino mutase,
which is responsible for the formation of B-phenylalanine, was investigated and identified for
the first time in cell-free extracts of 1. brevifolia. This enzyme has been shown to be a key inter-
mediate in the biosynthesis of taxoid’s phenylisoserine side-chain. 3-Phenylalanine produced
by the cell-free extract was found to have the same configuration as that present in the taxol
side-chain. Studies with phenylalanines mulciply labeled with ?H and >N showed that the
mutase reaction proceeds via intramolecular migration of the a-amino group to C-3 and replace-
ment of the 3-proS hydrogen with retention of configuration (Figure 2.8).

Hg 1,5NH3
~~ Hs
Phenylalanine : H+
amino mutase COOH

Figure 2.8 Intramolecular migration of the oi-amino group.
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In contrast, microbial amino mutases catalyze intramolecular nitrogen migrations resulting
in an inversion of configuration at the migration terminus. Thus, a different mechanism may
be in operation; the 3-proS hydrogen migrates to the C-2 position in a process which is partly
intermolecular in nature. This type of mutase has been known in other organisms and most
require vitamin B, as a cofactor. The amino mutase from Taxus apparently does not require
vitamin B,. It is unclear at present what cofactor is involved in the phenylalanine amino-2,3-
mutase reaction (Walker and Floss, 1998).

Benzoyl transferase from Taxus

Recently, Walker and Croteau isolated a cDNA clone encoding a taxane 2a-O-benzoyltransferase
from Taxus cuspidata (Walker and Croteau, 2000). The proposed outline of the taxol biosynthetic
pathway about the cyclization of GGPP to taxadiene by taxadiene synthase and the hydroxyla-
tion to taxadien-Sa-ol by taxadiene Sa-hydroxylase is shown in Figure 2.9: (a) the acetylation
of taxadiene-5a-ol by taxa-4(20),11(12)-dien-5a-ol O-acetyltransferase (TAT); (b) the conver-
sion of a 2-debenzoyl “taxoid-type” intermediate to 10-deacetylbaccatin III by a taxane 2a-O-
debenzoyltransferase (TBT); (c) the conversion of 10-deacetylbaccatin III to baccatin III by
10-deacetylbaccatin III 10-0O-acetyltransferase (DBAT); (d) and the side-chain attachment to
baccatin IIT to form taxol (e) are illustrated. The broken arrows indicate several as-yet-undefined
steps (Walker and Croteau, 2000).

Conclusion

Improving the production of taxol or taxoid for drug semi-synthesis (Nicolau ez /., 1994)
should be achieved by a thorough understanding of the complex biosynthesis pathway and its
rate limiting steps. A systematic approach should reveal the sequence of oxygenation and acyla-
tion steps, the timing of the C-9 hydroxy dehydrogenation and the unique oxetane ring forma-
tion, and the coordination of these processes with the assembly of the N-benzoyl phenylisoserine
side-chain (Fleming ez a/., 1994; Hefner ¢t /., 1996).

The role of each enzymatic step in controlling the flux of the biosynthesis pathway can then
be assessed by 7z vive studies. The slow steps should be clarified, and suitable cloning strategies
devised to acquire the corresponding genes. This approach will ultimately lead to engineering of
Taxus or relevant microorganisms that overexpress key genes and to increased taxol production
through the enhancement of corresponding enzymes (Walker and Croteau, 2001).
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