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Taxol is one of the most effective anticancer drugs in the world that is widely used in the treatment of several
cancers. The elucidation of the taxol biosynthetic pathway is the key to solve the problem of taxol supply. So far,
the taxol biosynthetic pathway has been reported to require an estimated 20 steps of enzymatic reactions, and
most of enzymes involved have been well characterized. In details, the source and formation of the taxane core
and the process of the downstream synthetic pathway have been basically depicted, while the modification of the
core taxane skeleton has not been fully reported, mainly concerning the developments from diol intermediates to 2-

debenzoyltaxane.

taxol biosynthetic pathway latest research progress

| 1. Introduction

Taxol, a kind of tetracyclic diterpenoid secondary metabolite originally extracted from the bark of Taxus brevifolia 1,
is recognized as one of the most effective antitumor drugs around the world. Taxol could inhibit the division of
tumor cells in the G2/M phase of the cell cycle by promoting the formation and stability of microtubules, where it
was approved by the U.S. Food and Drug Administration (FDA) for the treatment of several cancers, such as
breast, lung and ovarian cancer [2. Recently, the annual sales of taxol and its related products have exceeded $1
billion B!, However, the content of taxol in the Taxus species is extremely low (the highest content in the bark is
only about 0.06%), and the slow growth rate, lack of resources and the poor competitiveness and regeneration
ability in the Taxus population, resulting in the insufficient yield of natural harvest to meet the growing market
demand &I,

Several alternative methods have been explored to increase taxol production. The chemical total synthesis of taxol
was reported by Holton et al. & and Nicolaou et al. 8 simultaneously with different synthetic routes, but neither of
them was commercially viable due to the complex routes, uncontrollable reaction conditions and the low yields B,
The semisynthetic method involves extracting relatively high levels of taxol precursor baccatin Il or 10-deacetyl
baccatin 11l (10-DAB) from the reproducible twigs and leaves of cultivated Taxus species, and then converting to
taxol by chemical synthesis. This is so far the main approach for industrial production of taxol, but it relies heavily
on Taxus resources in essence B8, Moreover, the extractions of taxol from Taxus cell culture and taxol-producing
endophytic fungi are also expected, because they are controllable and environmentally sustainable, but no major
breakthrough has been achieved at this stage [1QI11](12]
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Recently, a series of encouraging progress has been made in the production of taxol through heterologous
synthesis. Ajikumar et al. (13 reported a multivariate modular pathway engineering, which increased the yield of
taxadiene, the first committed taxol intermediate, to approximately 1 g/L in an engineered Escherichia coli strain;
the yield of taxadien-5a-ol was also up to 58 + 3 mg/L. Stable coculture of Saccharomyces cerevisiae and E. coli in
the same bioreactor was reported by Zhou et al. 24!, who designed specialized environments or compartments for
optimal function, and produced 33 mg/L oxygenated taxanes, including a monoacetylated dioxygenated taxane, the
taxadien-5a-acetate-103-ol. Moreover, several plant hosts have also been exploited to produce taxol intermediates,
such as Arabidopsis thaliana 15, tomato 18 and Physcomitrella patens 7. However, the accumulation of
taxadiene could cause the growth retardation and decreased levels of photosynthetic pigment in transgenic plants.
Fortunately, Li et al. 28 used a chloroplastic compartmentalized metabolic engineering strategy, which produced
taxadiene and taxadiene-5a-ol at 56.6 pg/g FW and 1.3 pg/g FW, respectively, in a high biomass plant Nicotiana
benthamiana. This study highlights the potential of tobacco as an alternative platform for taxol production.
Production of taxol and its precursors in heterologous hosts is more sustainable than extraction from tissues of
Taxus trees or chemical synthesis. However, it still cannot circumvent the bottlenecks in the taxol biosynthetic

pathway. Further developments from diol intermediates to functional taxanes are rarely reported.

There is no doubt that the synthesis and yield of taxol will continue to depend on the improvement of biological
methods for the foreseeable future. In view of this, it is essential to explore alternative methods and increase the

taxol yield, which mainly depends on the understanding of the taxol biosynthetic pathway in detail.

| 2. Taxol Biosynthetic Pathway

The taxol biosynthetic pathway has been basically elucidated, which requires estimated 20 enzymatic steps from
the common diterpenoid precursor geranylgeranyl diphosphate (GGPP) to taxol itself. As shown in Figure 1, this
complex process can be divided into three parts: the source and formation of taxane core, the modification of the

core taxane skeleton and the synthesis of 3-phenylalanyl-CoA side chain and the assembly of taxol.
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Figure 1. Putative taxol biosynthetic pathway. (A) The source and formation of the taxane core. (B) The
modification of the core taxane skeleton. (C) The synthesis of the B-phenylalanyl-CoA side chain and the assembly
of taxol. The solid arrows show the identified steps. The dotted arrows show the unknown steps. Steps marked by
red color represent the uncharacterized enzymatic reactions. Dotted frame represents intermediate steps of the

pathway where several enzymes and the order of their reactions are unknown.

2.1. The Source and Formation of Taxane Core

The taxane core, namely taxadiene, derived from the cyclization of the GGPP catalyzed by taxadiene synthase
(TS) 29 In detail, GGPP is converted from three molecules of isopentenyl diphosphate (IPP) and one of
dimethylallyl diphosphate (DMAPP) catalyzed by geranylgeranyl diphosphate synthase (GGPPS) 2. |PP is
considered as a common intermediate in the cytosolic mevalonic acid (MVA) pathway and the plastid 2-C-methyl-
D-erythritol-4-phosphate (MEP) pathway. The conversion of IPP to DMAPP is catalyzed by a plastid IPP isomerase
(IDI) 21, Recently, the dispute over the source of IPP and DMAPP for the taxol pathway has made substantial
progress. Despite evidence suggested that fosmidomycin and mevinolin could inhibit the plastid and cytosolic IPP

pathways of T. baccata cells respectively [22l23] their selective blocking function in a TS-transgenic N.

https://encyclopedia.pub/entry/10352 3/12



Taxol Biosynthetic Pathway | Encyclopedia.pub

benthamiana plant suggesting that the MEP pathway supplies the bulk of the isoprenoid precursors for the taxane
skeleton 18, Moreover, the coexpression model of taxol synthesis related genes and upstream genes in T.

cuspidate suggested a local IPP bias from the plastids 24 (Eigure 1A).
2.2. The Modification of the Core Taxane Skeleton

After the synthesis of taxane skeleton, multiple tailoring enzymes are involved in modifying the skeleton at the C-1,
C-2, C-4, C-5, C-7, C-9, C-10 and C-13 positions (Figure 1B). Firstly, a class Il cytochrome P450 (CYP450)
hydroxylase called taxadiene-5a- hydroxylase (T5a0H) 22 converts taxadiene into taxadien-5a-ol via hydroxylation
at the C-5 position and migration of the carbon double bond. Then, the taxol pathway has been reported in two
speculations: the taxadien-50-0l is instigated by either a hydroxylation at the C-13 position to form taxadien-
5a,13a-diol 28, or an acylation at C-5 position to form taxadien-5a-yl acetate 24, which could be further
hydroxylated at C-10 position to form taxadien-5a-acetoxy-10p-ol 281, Recently, a hydroxylation at the C-14 position
leads to the formation of taxadien-5a-acetoxy-1003,14[3-diol, but the intact structure of taxane core showed no
modification at C-14 position, which implied a putative bifurcation leads to the biosynthesis of other taxoids 2. The
hydroxylation of the taxane skeleton has proven to be mediated by the CYP450 family. However, these CYP450s
are selective for acetylated and polyoxygenated taxadiene substrates. Trials to produce triols from the diol

intermediates using the corresponding CYP450s are currently unsuccessful.

The order of the catalytic steps after diol intermediates is not yet clear, including a series of hydroxylation at C-1, C-
2, C-4, C-7 and C-9 positions, a further oxidation at C-9 position, and a formation of oxetane ring at C-4 and C-5
positions. Since the oxygenation of C-9 is believed to be an early event, while the oxygenation of C-1 happens
later, Holton et al. B9 reported the order of hydroxylation should be C5, C10, C13, C9, C7, C2 and C1. However,
according to the ratio of oxygenated taxoids found in Taxus cells, Vongpaseuth and Roberts B considered the
order of C5, C10, C13, C2, C9, C7 and C1 may be more accurate. A series of transformations produce the
hypothetical precursor 2-debenzoyltaxane, which could be further catalyzed by the enzyme taxane-2a-O-benzoyl
transferase (TBT) to produce 10-DAB 32, one of the most important precursors for the chemical semisynthesis of
taxol. Then a 10-deacetylbaccatin 111-10-O-acetyl transferase (DBAT) could catalyze 10-DAB at the C-10 position to
generate baccatin I1l, which is considered to be the last reaction in the formation of taxane core 22,

2.3. The Synthesis of B-Phenylalanyl-CoA Side Chain and the Assembly of Taxol

The B-phenylalanyl-CoA side chain is derived from a-phenylalanine, which is first converted into 3-phenylalanine by
phenylalanine aminomutase (PAM) B4l Subsequently, a B-phenylalanyl-CoA ligase (PCL) ¥ is predicted to
convert B-phenylalanine into B-phenylalanyl-CoA. This intermediate is then attached to the C13 hydroxyl group of
the taxane core by the enzyme baccatin Ill: 3-amino, 13-phenylpropanoyltransferase (BAPT) to produce [3-
phenylalanyl baccatin 11l 8, which is then hydroxylated at the C2’ position of the side chain, and terminal N-
benzoylation at the C3’ position by the enzyme N-benzoyl transferase (DBTNBT) to produce the final product taxol
71 (Eigure 1C).

2.4. Key Enzymes Involved in the Taxol Pathway
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So far, sixteen enzymes involved in the taxol pathway have been well characterized (Table 1), including a novel
C10 hydroxylase [23] and a putative PCL. The enzymes responsible for C-1 hydroxylation, C-2' hydroxylation and
C-9 oxidation are currently unknown, but are predicted to belong to the CYP450 family. Moreover, neither the
proposed C4[3, C20-epoxidase (EPOX) nor the oxomutase (OXM) responsible for the formation of oxetane ring has
been identified, but potential gene candidates have been discovered through the analysis of jasmonate-induced T.
baccata cultures B2l |nterestingly, both taxane-2a-hydroxylase (T2aOH) and taxane-7p-hydroxylase (T7BOH)
could use taxusin as a substrate to form 2a-hydroxytaxusin and 7p-hydroxytaxusin, respectively. Then, these
intermediates can reciprocally convert the corresponding hydroxyl products of the respective reactions to the
common 2a,7p-dihydroxytaxusin 28321 (Figure 2A). This suggested that the taxol biosynthetic pathway may not be
a single linear, but a complex network of anastomosing routes that potentially have several common nodes.
Moreover, the enzyme taxane-9a-hydroxylase (T9aOH) was characterized by Zhang et al. 9 in Ginkgo biloba
cells, which can convert Sinenxan A (SIA) to form 9a-hydroxy-SIA (Eigure 2B). This further implied that the process
in the production of 2-debenzoyltaxane may involve transient acylation/deacylation for the purposes of trafficking
and organellar targeting, or flux regulation. Such processes also greatly increase the number of biosynthetic steps
and pathway complexity (411,
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Figure 2. Putative intermediate steps of the taxol pathway. (A) T200H- and T7BOH-mediated hydroxylation

reactions. (B) T9aOH-mediated hydroxylation reaction in Ginkgo biloba cells.

Table 1. Characterized key enzymes in the taxol pathway.

Enzvme Abbreviation Size Probable GenBank

y (kDa) Localization Number

Geranylgeranyl diphosphate synthase GGPPS 42 Plastids AF081514

Taxadiene synthase TS 98 Plastids AY 364469

Taxadiene-5a-hydroxylase T500H 56 Endqplasmm AY289209
reticulum

Taxane-10p-hydroxylase T10BOH 56 Endoplasmic AF318211
reticulum

Taxane-10B-hydroxylase ® TL0BOH 55 STl AY563635
reticulum

Taxadiene-13a-hydroxylase T13aOH 54 2ilsielp e AY056019
reticulum

Taxane-2a-hydroxylase T2aOH 55 Endqplasmlc AY518383
reticulum

Taxane-9o-hydroxylase T9aOH 55 Endoplasmic KF773141
reticulum

Taxane-7@-hydroxylase T7BOH 56 Endoplasmic AY307951
reticulum

Taxadiene-5a-ol-O-acetyl transferase TAT 49 Cytosol AF190130

Taxane-2a-0O-benzoyl transferase TBT 50 Cytosol AF297618

10-deacetylbaccatin I11-10-O acetyl transferase DBAT 49 Cytosol AF193765

Baccatin Ill: 3-amino, 13-phenylpropanoyltransferase 50 Cytosol AY082804

BAPT

N-benzoyl transferase DBTNBT 49 Cytosol AF466397

Phenylalanine aminomutase PAM 76 Cytosol AY582743

B-phenylalanyl-CoA ligase P PCL 59 Cytosol KM593667

Recently, the differential mechanism of taxol synthesis among different tissues of Taxus mairei 42 and T. cuspidate

(241 different cultivars within T. yunnanensis 4344l and different Taxus species (T. media, T. mairei and T.
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cuspidata) 421481 was revealed respectively by transcriptome sequencing technology, which showed huge
correlations between the taxol contents and the expression levels of taxol pathway genes. Multiomics analysis
further confirmed the regulation of these corresponding enzymes on taxol and its derivatives 274811491 \oreover,
different elicitors were used to treat Taxus cells. Among them, exogenous methyl jasmonate (MeJA) elicitation
significantly increased the expression levels of several taxol pathway genes, such as the Taxus ACT genes Y5,
The promoter sequences of related genes contained cis-elements involved in different hormones and abiotic stress
responses, which may explain why these factors could stimulate taxane biosynthesis in Taxus species 52,
Additionally, the process was believed to be mainly mediated by a series of specific transcription factors (TF), such
as MYB, bHLH, ERF, AP2 and MYC. So far, the divergence roles of two ERF TFs, TcERF12 and TcERF15 act as a
repressor and activator of the TS gene B3l the negative regulation of TcMYC2a on genes encoding for TS, TAT,
DBTNBT, T5a0OH and T13aOH either directly or via ERF regulators depending on JA signaling transduction 54
and the positive regulation of TCWRKY1 on its target gene DBAT 53, have been gradually revealed. Moreover, the
related regulatory mechanisms of a phloem-specific TnMYB3 28, and the comprehensive analysis of the R2R3-
MYB TF family B2 have also been successively reported in recent years, which promoted further understanding on
taxol biosynthesis. Therefore, the increase of production of taxol could be realized by adjusting the catalytic
enzymes at the key sites of the core taxane skeleton, which is also the focus and difficulty in the current synthetic
biology of taxol.
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