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Abstract

Paclitaxel (Taxol™), an alkaloid of diterpenoid family, is one of the most widely used anti-cancer drugs due to its
effectiveness against a variety of tumors. Rather than directly extraction and chemical synthesis of paclitaxel or its
intermediates from yew plants, construction of a microbial cell factory for paclitaxel biosynthesis will be more efficient
and sustainable. The challenge for biosynthesis of paclitaxel lies on the insufficient precursor, such as taxadien-5a-ol.
In this study, we report a recombinant Escherichia coli strain constructed with a heterologous mevalonate pathway, a
taxadiene synthase from yew, and a cytochrome P450-mediated oxygenation system for the de novo production of
taxadien-5a-ol, the first product of the multi-step taxadiene oxygenation metabolism. The key enzymes including tax-
adiene synthases and cytochrome P450 reductases were screened, and the linker for fusing taxadiene-5a-hydroxylase
with its reductase partner cytochrome P450 reductase was optimized. By reducing the metabolic burden and opti-
mizing the fermentation conditions, the final production of total oxygenated taxanes was raised up to 27 mg L='in a
50-mL flask cultivation, of which the yield of taxadien-5a-ol was 7.0 mg L™, representing approximately a 12-fold and
23-fold improvements, respectively, as compared with the initial titers. The engineered MVA pathway for the overpro-
duction of terpenoid precursors can serve as an efficient platform for the production of other valuable terpenoids.

Highlights

« We report a recombinant Escherichia coli BL21(DE3) strain for de novo production of taxadien-5a-ol, the key
precursor of paclitaxel.

+ Through screening of key enzymes and the fermentation condition optimization, the final production of total
oxygenated taxanes was raised up to 27 mg L™ in 50-mL flask cultivation, of which the yield of taxadien-5a-ol
was 7.0 mg L™}, representing approximately a 12-fold and 23-fold improvements, respectively.

«+ Itis believed that the strategy used in this study will guide in the synthesis of terpenoids.
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Paclitaxel, originally isolated from the bark of Taxus brev-
ifolia, is a highly effective anti-cancer drug with broad
anti-cancer activity, which has been used widely in clini-
cal treatments (Harry and Long 1994; Holmes et al. 1991).
The yield of extraction from the bark of yew plants was
so low that production of 1 g paclitaxel requires at least
three mature yew trees (Nadeem et al. 2002; Wheeler
et al. 1992), which is neither environmentally friendly nor
conducive to sustainable development. Chemists have
achieved great progresses in obtaining paclitaxel from
simple building blocks via different synthetic routes, but
with the drawbacks of extremely low yields and mul-
tiple steps (Danishefsky et al. 1996; Holton et al. 1994;
Hu et al. 2021; Nicolaou et al. 1994). The semi-synthesis
through extracting of the intermediates, baccatin III and
10-deacetylbaccatin III, from the renewable needles of
yew plants and then transforming them into paclitaxel
by chemical methods is currently the main approach
for industrial production (Baloglu and Kingston 1999).
Although semi-synthesis is highly productive and rela-
tively sustainable, it is still limited by the growth of yew
plants. With the rapid development of synthetic biology
and metabolic engineering, heterologous expression of
complex natural product biosynthetic pathways via the
construction of fast-growing microbial cell factories pro-
vides a promising and sustainable solution (Hussain et al.
2021; Navale et al. 2021; Walls et al. 2021). The biosynthe-
sis of paclitaxel and its intermediates through construct-
ing microbial cell factories has become a popular research
hotspot (Sanchez-Munoz et al. 2020; Xiong et al. 2021).
Paclitaxel is a secondary metabolite of terpenoid
family that requires the universal precursors of all ter-
penoids, isopentenyl diphosphate (IPP) and dimethy-
lallyl diphosphate (DMAPP), as C; building blocks which
are synthesized from mevalonate (MVA) pathway or
2-C-methyl-D-erythritol-4-phosphate (MEP) pathway
(Withers and Keasling 2007; Yamada et al. 2015). The

then condensed by geranylgeranyl diphosphate synthase
(GGPPS) to generate a C,, diterpene, namely geranylgera-
nyl diphosphate (GGPP). The first step in the biotransfor-
mation of GGPP is its cyclization catalyzed by taxadiene
synthase (TS), yielding taxadiene [taxa-4(5),11(12)-diene]
and its isomer iso-taxadiene [taxa-4(20),11(12)-diene]
(Croteau et al. 2006; Hezari et al 1995; Huang et al
2021; Soliman and Tang 2015; Wildung and Croteau
1996; Williams et al. 2000). Both the compounds can be
catalyzed and modified by the subsequent taxadiene-5a-
hydroxylase (CYP725A4, T5cOH) to yield a variety of
mono- and di-oxygenated taxanes (totally referred as ‘oxy-
genated taxanes’), and only taxadien-5a-ol can be used as
the precursor of paclitaxel, which suggests that the sup-
ply of taxadien-5a-ol is important for biosynthesis for
paclitaxel (Jennewein et al. 2004; Rouck et al. 2017; Sch-
oendorf et al. 2001; Xiong et al. 2021). Subsequently, at
least 17 steps of enzymatic catalysis are required to obtain
paclitaxel, of which some cytochrome P450s remain to be
overexpressed and characterized (Cheng et al. 2021; Cro-
teau et al. 2006; Mutanda et al. 2021; Xiong et al. 2021).
Although taxadiene can be produced with a high titer
by microbial cell factories, the subsequent cytochrome
P450-based oxidation chemistry still presents a signifi-
cant challenge. 1 g L™! taxadiene was produced in an
engineered Escherichia coli (strain no. MG1655) using
a multivariate-modular pathway engineering approach,
however, the introduction of T5aOH and cytochrome
P450 reductase (CPR) disrupted the carefully regulated
metabolic balance, yielding only 116 mg L™! oxygen-
ated taxanes (Ajikumar et al. 2010). The expression of
T5aOH and its reductase partner in E. coli was opti-
mized by N-terminal modification, which realized a
fivefold enhancement in the titer of oxygenated taxanes,
reaching 570 mg L. This indicated that the prokaryotic
system is also suitable for P450-based oxidation chem-
istry, but requires careful regulation (Biggs et al. 2016a).
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Since yeast system has a natural endomembrane system,
it is considered to be a more suitable microbial chassis for
P450 chemistry. Using E. coli and Saccharomyces cerevi-
siae in a consortium together combines dual properties
of rapid production of taxadiene in E. coli with efficient
oxygenation of taxadiene by S. cerevisiae. Through this
mixed system of E. coli and S. cerevisiae, the oxygenated
taxanes titer reached 33 mg L™! (Zhou et al. 2015). How-
ever, the mass transfer obstacle between E. coli module
and S. cerevisiae module may lead to a decrease in the
titers of oxygenated taxanes. By constructing an efficient
S. cerevisiae cell factory to de novo synthesize the oxy-
genated taxanes, the final titer reached 98.9 mg L™ in a
1-L microbioreactor, which is the highest titer reported
in yeast (Walls et al. 2021). Plants can also be an efficient
chassis to produce oxygenated taxanes. With a chlo-
roplastic compartmentalized strategy, the synthesis of
taxadien-5a-ol in Nicotiana benthamiana was achieved
for the first time, yielding 1.3 pg g~ * cell fresh weight (Li
et al. 2019). Although eukaryotic systems are suitable for
the expression of P450s chemistry due to their endome-
trial system, their yields are still inferior to prokaryotic
host E. coli.

In this study, we constructed an E. coli cell factory
capable of the de novo production of oxygenated taxanes
from simple carbon sources such as glycerol. We identi-
fied a taxadiene synthase and CPR, designed a fusion
protein of T5aOH-CPR, and optimized the expres-
sion of the fusion protein to construct an efficient syn-
thetic pathway (Ajikumar et al. 2010; Wang et al. 2021).
By reducing the metabolic burden of the engineered E.
coli cells, introducing the heterologous MVA pathway
and optimizing the culture conditions, final yields of the
oxygenated taxanes and taxadien-5a-ol were improved,
respectively, as compared to the initial titers.

Materials and methods

Bacterial strains, genes and vectors

Escherichia coli BL21 (DE3) (Novagen, Germany) was
used for gene cloning and expression. The gene sequences
of geranylgeranyl diphosphate synthase (GGPPS),
taxadiene-5a-hydroxylase (T5aOH) and cytochrome
P450 reductase (CPR) from Taxus canadensis (Gen-
bank accession numbers: AF081514, AY289209 and
AY571340), the taxadiene synthases TbrTS, ThaTS and
TwTS from Taxus brevifolia, Taxus baccata and Taxus
wallichiana (Genbank accession numbers: U48796,
AY424738 and DQ092389), mvaE and mvasS from Entero-
coccus faecalis (Genbank accession numbers: AAG02439
and AAGO02438), ergl2, erg8, ergl9 and idi were from
Saccharomyces cerevisiae (Genbank accession numbers:
QHB10938, QHB10950, KAG2512828 and QHB12144)
were synthesized and codon-optimized for E. coli by
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GenScript (Nanjing, China). The P450s reductase part-
ner ATR from Arabidopsis thaliana was preserved in our
laboratory. Vectors pET21a(+), pRSFDuet-1, pTrcHis2B
and pACYCDuet-1 (Novagen, Germany) were used for
gene expression.

Genes cloning and plasmids construction

All plasmids were constructed by ClonExpress® Ultra
One Step Cloning Kit (Vazyme, China). All primers used
are listed in Additional file 1: Table S2. Nucleotides cor-
responding to the 98 and 60 N-terminal amino acids of
GGPPS and three TSs were removed. For transmembrane
engineering, truncation at 24 amino acid residues on the
N-terminal transmembrane region of T5a¢OH and 74
amino acid residues on the N-terminal transmembrane
region of CPR and ATR was performed. The removal of
24 residue N-terminal amino acid of T5«¢OH, incorpo-
ration of the bovine 17a hydroxylase N-terminal 8 resi-
due peptide MALLLAVF to the truncated N-terminal
and GSTGS linker was added (Ajikumar et al. 2010). The
p40T7-dxs-idi plasmid of MEP pathway refers to the lit-
erature (Du et al. 2014). The pRSFDuet-1-ThrTS-GGPPS
(Additional file 1: Table S1) was constructed by prim-
ers TG-MF/R to clone genes of TS-GGPPS and primers
TG-ZF/R to clone linearized vector from pRSFDuet-1.
pACYCDuet-1-T5aOH-CPR was constructed by prim-
ers T5-MF/R and CPR-ME/R to clone genes of T5a0OH
and CPR and primers TC-MEF/R to clone linearized vec-
tor pACYCDuet-1. As for the MVA pathway, pTrcHis2B-
ergl2-erg8-ergl 9-idi plasmid was constructed and named
as TrcE operon, and each two genes were linked by RBS
sequences (5-GTATAAGAGGAGGTAAAAAAAC-3).
The construction of pACYCDuet-1-GGPPS-TbrTS-
T5adOH-CPR plasmid consistent with TrcE, which was
named as pACYC-ED4, but the RBS sequence (5'-TTT
AATAAGGAGATATACC-3') was different.

In vivo production of taxadiene and oxygenated taxanes

Then, the resulting constructs were introduced into E.
coli BL21 (DE3), and a single colony was selected for
recombinant expression. 50 mL of Terrific broth medium
supplemented with 15 g L™! glycerol (ie., 12 g L™
peptone, 24 g L' yeast extracts, 15 g L™! glycerol,
2.31 g L™! KH,PO, and 12.54 g L™' K,HPO,) contain-
ing 50 pg mL~! ampicillin, 34 pg mL™! chloramphenicol,
and 50 pug mL~! kanamycin as required in a 250 mL baf-
fled shake flask was inoculated with 1 mL of overnight
Luria—Bertani culture of freshly transformed E. coli. The
cultures were grown at 37 “C and 200 rpm to an optical
density at 600 nm (ODy,) of 0.6 before inducing with the
addition of IPTG (0.1 mM) and &-aminolevulinic acid
(6-ALA, 0.2 mM) (Rahul and Emily 2018). At the same
time, 5 mL n-dodecane was also added to the culture and
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the temperature was dropped to 22 ‘C for the duration of
48-h cell culture.

Gas chromatography-mass spectrometry (GC-MS) analysis
The samples were collected from the n-dodecane over-
layer and diluted with equal-volume methyl tert-butyl
ether containing 50 mg L™ of n-octadecane internal
standard. The sample was analyzed by GC-MS with
full-scan mode (m/z 50-350) and Rtx-5MS column
(0.25 mm x 30 m, 0.25 pm film thickness) on GC-MS
QP2010 SE (Shimadzu, Kyoto, Japan). The oven pro-
gram was as follows: 80 ‘C (1 min hold), 80-220 °C (15 °C
min~1), 220-250 °C (20 ‘C min~!, 1 min hold). The sol-
vent delay was set at 8 min. The same GC protocol was
followed for FID. Samples were normalized using the
n-octadecane internal standard. Taxadiene was quanti-
fied using authentic standard. The oxygenated taxanes
were quantified using taxadiene.

Results and discussion

Heterologous production of taxadiene and oxygenated
taxanes

We engineered a microbial cell factory by introducing
a terpenoid precursor supply pathway as the upstream
module and an oxygenated taxanes production pathway
as the downstream module for de novo synthesis of oxy-
genated taxanes. The upstream terpenoid precursor sup-
ply module was constructed in p40T7-dxs-idi plasmid
by our laboratory previously. The downstream module
consisted of two plasmids, pRSFDuet-1-ThrTS-GGPPS
and pACYCDuet-1-T5aOH-CPR, the former generating
taxadiene and the latter producing oxygenated taxanes
products. The TaolE1 strain (Additional file 1: Table S1)
was obtained by introducing the above three plasmids
into E. coli BL21 (DE3). By adding 10% (v/v) n-dodecane,
a 48-h small-scale (50-mL) fermentation experiment was
carried out for the TaolE1 strain. GC-MS analysis of the
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n-dodecane phase showed that in addition to TS prod-
ucts, there were six mono-oxygenated taxanes products
(Fig. 1A), among which 5(13)-oxa-3(11)-cyclotaxane
(is0-OCT, 2), 5(12)-oxa-3(11)-cyclotaxane (OCT, 4), and
taxadien-5a-ol (5) were exactly consistent with the GC—
MS spectra (Additional file 1: Fig. S4-S7) of the litera-
tures (Biggs et al. 20164, b; Li et al. 2019). We found that
taxadien-5a-ol titer was higher than OCT and iso-OCT
in this study, which was inconsistent with other litera-
tures that OCT and iso-OCT as the main products were
much higher than taxadien-5a-ol (Sagwan-Barkdoll and
Anterola 2018). This difference in oxygenated taxanes
products distribution ratio may be due to the differences
in culture conditions. Edgar et al. reported that the differ-
ence in the products ratio of T5aOH may be affected by
the microbial host, growth medium and extraction pro-
cess (Edgar et al. 2016). After 48 h of 50-mL shake-flask
fermentation, the total oxygenated taxanes titer of TaolE1
strain was 2.3 mg L™, of which the titer of taxadien-5a-ol
was 0.31 mg L™! (Fig. 1B and Additional file 1: Table S1).
For the downstream oxygenated taxanes production
module, we screened some key enzymes in hopes of
improving the yields of oxygenated taxanes and taxadien-
5a-ol. Two other taxadiene synthases, ThaTS$ and TwTS,
from Taxus baccata and Taxus wallichiana, respectively,
were selected for analysis of the specific oxygenated
taxanes yield. Unfortunately, these two taxadiene syn-
thases were inferior to TbrTS (Additional file 1: Fig. S1
and Table S1). Since cytochrome P450 reductase ATR
derived from Arabidopsis thaliana (Pompon et al. 1996)
was commonly used to cooperate with universal plant
P450s, we also compared it with CPR derived from Taxus
cuspidate and the results showed that CPR homologous
to P450 was more effective (Additional file 1: Fig. S2 and
Table S1). At present, the modification of plant P450s
is generally focused on the N-terminal modification to
improve their functional expression, but some focus on
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the linker part of the fusion protein of P450-CPR was
optimized to improve the functional expression and its
catalytic effect. Therefore, we selected five flexible linkers
of (GSG)n (n=1-5) to replace and optimize the current
GSTGS linker (Wang et al. 2021). We found that these
five flexible linkers can improve the soluble expression
of five fusions proteins of T5aOH-CPR, but the specific
oxygenated taxanes titer decreased unfortunately (Addi-
tional file 1: Fig. S3 and Table S1). This may be due to the
fact that CPR and P450 could not form the correct con-
formation, which affected the efficient electron transfer
from CPR to P450 (Wang et al. 2021).

Reducing cell metabolic burden for higher production

of oxygenated taxanes

We found that despite culturing the TaolE1l strain for
48 h, the growth of the bacteria was still very poor with
the ODy of only 16, which affected the final oxygenated
taxanes yield. The reason for this may be that the meta-
bolic burden placed on the bacteria as a result of carry-
ing three plasmids (Ajikumar et al. 2010). Therefore, the
genes encoding GGPPS, ThrTS and T5aOH-CPR located
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across two plasmids in the downstream oxygenated taxa-
nes production module were reassembled into a single
pACYCDuet-1. Since the different assembly sequence of
genetic elements on one operon has a significant impact
on the functional expression of enzymes and the result-
ing yield (Hou et al. 2021), we engineered six operon
combinations (Additional file 1: Table S1) based on the
different collocations of the three genes on the plas-
mid. Six new strains were obtained by co-expressing the
upstream module p40T7-dxs-idi, designated TaolEDwn,
n=1-6 (Additional file 1: Table S1). The fermentation
results showed that the ODg, of the six new strains was
significantly higher (~25) than that of TaolE1 strain har-
boring three coexisting plasmids when cultured for 48 h
(Fig. 2A). The specific oxygenated taxanes titer was sig-
nificantly higher for the TaolED3-5 strains than for the
TaolE1 and TaolED1-2 strains (Fig. 2B). This indicated
that the heavy metabolic burden caused by too many
plasmids had a significant negative impact on the prod-
ucts yield. However, the specific oxygenated taxanes
titers of TaolED1 and TaolED6 strains were found to
have decreased. Then, we detected the protein expression
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Fig. 2 Effects of bacterial metabolic burden on the yield of oxygenated taxanes. A Comparison of the ODgy, values of TaolED1-6 strains at 48 h; B
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levels of the six strains. It showed that the soluble expres-
sion of T5aOH-CPR was very poor, which indicated that
E. coli may not be suitable for expressing the large molec-
ular weight of the fusion protein (127 kDa) (Fig. 2C). The
soluble expression of ThrTS in TaolED1-2 and TaolED6
strains was poorer compared with the other three
strains, which explained the lower oxygenated taxanes
yield of these three strains. The supply of taxadiene was
the limiting step due to the low protein expression level
of ThrTS, and more taxadiene was also accumulated in
the TaolED3-5 strain without further hydroxylation. The
soluble expression of GGPPS in TaolED5 strain was poor
compared with TaolED3-4 strains, but the production
of oxygenated taxanes was not been affected. Therefore,
the soluble expression level of GGPPS was not the limit-
ing factor in the downstream module. In conclusion, the
reason for the difference in oxygenated taxanes yield of
TaolED1-6 strains was caused by the different expression
level of ThrTS, which led to the different supply capacity
of taxadiene. The oxygenated taxanes titer of the optimal
strain TaolED4 was 12 mg L™}, and the titer of taxadien-
5a-ol was 3.1 mg L™! (Fig. 2D).
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Introducing MVA pathway for sufficient supply
of terpenoid precursors
We already know that the oxygenated taxane products
were affected by the supply of taxadiene. The insufficient
supply of taxadiene may result from the lack of the ter-
penoid precursors IPP and DMAPP. In order to increase
the supply of IPP and DMAPP, we constructed a heter-
ologous MVA pathway that also supplied these terpenoid
precursors. We introduced the genes mvaE and mvaS
from Enterococcus faecalis and ergl2, erg8, ergl9 and idi
from S. cerevisiae (Fig. 3) into the engineered E. coli to
construct a MVA pathway. We constructed three recom-
binant plasmids TrcE, AES4 and AES5, which the latter
two plasmids have different gene assembly sequences
and combined with each other to obtain two engineered
strains, TaolV1 and TaolV2 (Additional file 1: Table S1).
The TaolV1 strain adopted the genetic combination
of GGPPS-ThrTS-T5a0H-CPR in the TaolED4 strain,
and its oxygenated taxanes titer (14 mg L) was slightly
higher than that of TaolED4 strain (12 mg L™!) supplied
by the MEP pathway (Fig. 4A). The supply capacity of
taxadiene (the sum of the remaining taxadiene and oxy-
genated taxanes products) using the MVA pathway was
slightly higher than that obtained by overexpressing

mvaE o

0}
/u\CoA—’

Acetyl-CoA Acetoacetyl-CoA

Taxadiene

o o mvaS OH
A eon T Hooe S,

Hydroxymethylglutaryl-CoA

o TS
- NS NS NS NS

Geranylgeranyl diphosphate (GGPP)

mvaE OH erg12 LOH
- HOOC\>\/\OH — HOOC\>\/\OP

Mevalonate Mevalonate-5-phosphate
)J\/\ erg8
OPP
IPP
GGPPS erg19 OH
OPP ~—— idi -— Hooc\}‘\AOPP

)\A Mevalonate diphosphate
N-"opp

DMAPP

+ Other oxygenated taxanes

T500H-CPR
) + ) +
“OH

Taxadien-5 o.-ol OCT
Fig. 3 Schematic diagram of the biosynthesis of oxygenated taxanes with a heterologous MVA pathway. mvak: acetoacetyl-CoA thiolase/HMG-CoA
reductase gene; mvasS: HMG-CoA synthase gene; erg12: mevalonate kinase; erg8: phosphomevalonate kinase; erg19: mevalonate pyrophosphate
decarboxylase; idi: IPP:DMAPP isomerase; GGPPS: geranylgeranyl pyrophosphate synthase; TS: taxadiene synthase; TSaOH-CPR: the fusion protein of
taxadiene-5a-hydroxylase and Taxus-derived cytochrome P450 reductase; OCT: 5(12)-oxa-3(11)-cyclotaxane; iso-OCT: 5(13)-oxa-3(11)-cyclotaxane

iso-OCT




Wau et al. Bioresources and Bioprocessing (2022) 9:82

Page 7 of 11

TaolE1
TaolED4
TaolV1
TaolV2
TaolV3
TaolV4
TaolV5
|

1.5

EEENEEE

-
o
1

Specific titer
[mg/gpcw]

o
3]
1

0.0-
Taxadiene

Oxygenated Taxanes

B

25+ 8 Taxadiene
|®= iso-OCT
®  Diterpenoid1

. 201qm= ocT
b= {m Taxadien-5a-ol
S 7 15-
2%
S E
3 — 10-
e )
o

5

0-

N U > LR\,
& &L SS
<2 ,qo°\ P PP Y

Fig. 4 Effects of different terpenoid precursor supply pathways on the yield of oxygenated taxanes. A Comparison of the specific titers of TaolV1-5
strains; B comparison of the product concentrations of TaolV1-5 strains with those of TaolE1 and TaolED4

Table 1 Comparison of the expression strength of the MVA
pathway

Plasmid Vector Promoter Replication Copies Expression

strength
TrcE plrcHis2B  Trc pBR322 20 20
T7E1 pRSFDuet-1  T7 RSF 20 100

rate-limiting enzymes in the MEP pathway. The yield
of taxadien-5a-ol in TaolV1 was 3.8 mg L™! (Fig. 4B),
and the specific titer of TaolV2 strain was not improved
compared with TaolV1 strain, which may be due to the
fact that the TS gene needs to be assembled in a more
advanced position on the plasmid. Since the effect of
MVA pathway was slightly improved, we selected the
TaolV1 strain harboring the MVA pathway for terpe-
noid precursors for further optimization.

We expected to enhance the existing supply of ter-
penoid precursors to the MVA pathway by upregulat-
ing the expression level of enzymes. By replacing the
pTrcHis2B vector with the pRSFDuet-1 vector, we
obtained recombinant plasmid T7E1, and the new engi-
neered strain was designated TaolV3 (Additional file 1:
Table S1). The expression strength was defined as the
copy number multiplied by the promoter strength (Bro-
sius et al. 1985; Brunner and Bujard 1987). The pro-
moter strengths of Trc and T7 promoters were defined
as 1 and 5, respectively, and the copy numbers for the
TrcE and T7E1 plasmids were both 20. Therefore, the
expression strengths of TrcE and T7E1 plasmids were
20 and 100, respectively (Ajikumar et al. 2010; Lv et al.
2014) (Table 1). However, the titer and specific yield of

oxygenated taxanes of TaolV3 strain were not as high as
TaolV1 strain (Fig. 4), indicating that the MVA pathway
does not require the supply of precursors with higher
expression strength. Stronger transcription may result
in a heavier bacterial metabolic burden, disrupting the
balance of existing terpenoid supply and downstream
oxygenated taxanes production.

Considering that the yields of oxygenated taxanes pro-
duced by the MEP and MVA pathways as precursor sup-
ply pathways were highly similar, the two pathways were
considered to work together to provide terpenoid precur-
sors. The dxs gene was introduced into the recombinant
T7E1 and TrcEl plasmids to construct the engineered
strains TaolV4 and TaolV5, respectively (Additional
file 1: Table S1). The yields of taxadiene and oxygenated
taxanes of TaolV5 were lower than for the TaolV4 strain.
The residual taxadiene in the TaolV4 strain accounted
for approximately 37% of the total supply of taxadiene,
which was approximately 51% higher than that of the
TaolV1 strain (Fig. 4B). This indicated that the two path-
ways work together to provide sufficient terpenoid pre-
cursors for the synthesis of taxadiene, but the subsequent
T5aOH-CPR is not converted into oxygenated taxanes in
time. The TaolV4 strain produced lower levels of oxygen-
ated taxanes than TaolV1 strain, which may be due to the
introduction of a new enzyme, dxs, increased the meta-
bolic burden, thereby disrupting the metabolic balance.

Optimizing of the fermentation conditions for TaolV1

strain

In addition to the genetic modulation described above,
we optimized the fermentation conditions to further
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increase the oxygenated taxanes titer of TaolV1 strain.
We optimized the temperature and the IPTG concen-
tration, respectively, and compared the effects of dif-
ferent media and different concentrations of carbon
sources on the production of oxygenated taxanes.
The yield of oxygenated taxanes at 14 °C and 16 °C
was found to be essentially the same, but the yield of
taxadien-5a-ol at 14 °C was extremely low (Fig. 5A), so
16 °C was selected as the optimum temperature for cul-
tivation. This also suggested that temperatures affected
the composition of various oxygenated taxanes prod-
ucts. Next, we analyzed the optimum IPTG concentra-
tion because high concentrations of IPTG can cause
cytotoxic effects and low concentrations are not condu-
cive to the inducible expression of target proteins. The
results showed that 0.2 mM IPTG provided the high-
est yield of oxygenated taxanes (Fig. 5B). By compar-
ing different growth media, nutrient-rich TB medium
was found to produce higher yields of oxygenated tax-
anes than the LB and 2YT media with the same con-
centration of glycerol added (15 g L™!) (Fig. 5C). The
oxygenated taxanes titer was not further improved by

Page 8 of 11

increasing the glycerol concentration (Fig. 5D). There-
fore, TB medium supplemented with 15 g L™ glyc-
erol was finally selected, and 0.2 mM IPTG was added
to induce proteins expression, and culturing was per-
formed at 16 °C for 48 h. Under the above conditions,
the yield of oxygenated taxanes reached 27 mg L™}, of
which the yield of taxadien-5a-ol was 7.0 mg L™}, rep-
resenting approximately a 12-fold and 23-fold improve-
ment compared to the titer of the initial TaolE1 strain,
respectively (Fig. 5D).

Discussion

Construction of microbial cell factories to produce inter-
mediates of the anti-cancer drug paclitaxel is a promis-
ing alternative method for chemical extraction from yew
plants. In this study, we constructed an E. coli cell factory
for the de novo synthesis of taxadien-5a-ol, an interme-
diate of paclitaxel, through the introduction of a heter-
ologous MVA pathway, GGPPS, taxadiene synthase and
T5aOH-CPR fusion protein. By optimizing the bacterial
metabolic burden, the assembly sequence of genetic ele-
ments and the fermentation conditions, TaolV1 strain
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accumulated 27 mg L' of oxygenated taxanes in the
shake-flask fermentation, of which the yield of taxadien-
5a-ol was 7.0 mg L™, 12-fold and 23-fold improvement
compared with our initial strain, respectively. This work
has thereby established an efficient microbial cell fac-
tory for the production of paclitaxel intermediates, which
can also be used for extension of the paclitaxel biosyn-
thesis pathway, such as the introduction of the next step
taxadien-5a-ol O-acetyltransferase (TAT) (Walls et al.
2021, 2022). It also provides an E. coli cell factory for the
production of other valuable natural terpenoid products.

Research on taxadien-5a-ol biosynthesis has achieved
great success. Ajikumar et al. reported the production
of 116 mg L' of oxygenated taxanes in a bioreactor
through the multivariate-modular pathway engineer-
ing strategy by constructing an E. coli cell factory (Aji-
kumar et al. 2010). Biggs et al. integrated all genes on
the chromosome and reported an oxygenated taxanes
yield in the bioreactor scale fermentation of 570 mg L™}
(Biggs et al. 2016a). It showed that E. coli can function-
ally express plant P450s as an efficient cell factory for de
novo production of natural terpenoids and its intermedi-
ates. Unlike previous studies that reported that OCT and
iso-OCT were the major products of T5aOH in E. coli
(Biggs et al. 2016a; Sagwan-Barkdoll and Anterola 2018),
our results suggested that an unknown diterpenoidl (3,
possibly an isomer of taxadien-5a-ol) is the major prod-
uct, which is consistent with the results of Walls et al. in
S. cerevisiae (Walls et al. 2021). In addition, the desired
taxadien-5a-ol in the E. coli host was generally a minor
product in the studies mentioned above, being gener-
ated at a lower level than OCT and iso-OCT (Sagwan-
Barkdoll and Anterola 2018). By contrast, in our study,
taxadien-5a-ol was generated at a higher level than iso-
OCT and OCT, which may be explained by the differ-
ent fermentation conditions. Edgar et al. reported that
taxadien-5a-ol accounted for 0-25% of all T5aOH prod-
ucts, depending on the microbial host, growth medium,
and extraction methods.

In this study, we also compared the overexpression
of rate-limiting enzymes of the MEP pathway and the
introduction of the heterologous MVA pathway as ter-
penoid precursors supply pathways, respectively. The
results showed no significant difference between these
two pathways. Moreover, we found that the introduc-
tion of the MVA pathway and overexpression of the
rate-limiting enzymes dxs and idi of the MEP pathway
did not perform better than the MEP or MVA pathway
alone. This may reflect the imbalance in bacterial metab-
olism caused by the introduction of more enzymes. Car-
rying multiple plasmids increases the metabolic burden
on bacteria, which was also reflected by the findings of
this study. Since the multi-plasmid expression system
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may overload the bacterial metabolism, it may be worth
considering integrating the MVA pathway constructed in
this study into the chromosome of E. coli MG1655 or E.
coli DH5a which is suitable for chromosomal integration
to construct an engineered E. coli cell factory. This strat-
egy not only could reduce the number of plasmids car-
ried by the bacteria and increase the yield, but also could
quickly replace the downstream module for the synthesis
of other natural terpenoids (Ajikumar et al. 2010; Biggs
et al. 2016a).

The expression strength of the vector also affected the
biosynthesis of oxygenated taxanes, and a vector with
a weaker expression strength should be appropriately
selected. Through our study, the yield of oxygenated taxa-
nes were increased when the expression of taxadiene syn-
thase was improved, which indicates that the supply of
taxadiene affects the biosynthesis of oxygenated taxanes.
However, the large amount of residual taxadiene sug-
gested that the efficiency of T5aOH may be a bottleneck.
To enable efficient expression of plant-derived P450s,
researchers have explored various strategies, including
codon optimization, N-terminal modification such as
signal peptide introduction or transmembrane trunca-
tion, and the construction of fusion proteins (Ajikumar
et al. 2010; Biggs et al. 2016a; Wang et al. 2021). When we
tried linker optimization of the fusion protein T5aOH-
CPR, although the (GSG)n (n=1-5) linker improved
the expression of the fusion protein, it greatly reduced
the production of oxygenated taxanes. This may reflect
that the two enzymes form an unfavorable conformation,
leading to misorientation of the active sites in T5aOH-
CPR, which ultimately affects the electron transfer effi-
ciency of CPR to P450s (Wang et al. 2021). Therefore,
in-depth structural analysis and modeling of individual
enzymes are necessary for the construction of fusion
proteins, in which the length and species of the linker, as
well as the orientation of the enzymes are critical. After
the optimization of the cultural condition, the residual
taxadiene almost disappeared, which suggests that the
bottleneck of the biosynthesis of oxygenated taxanes
transferred to the insufficient supply of taxadiene. Hence,
we still need to solve this problem by improving the cata-
Iytic efficiency of taxadiene synthase.

Conclusions

Functional modification of terpene skeletons by
cytochrome P450 hydroxylases provides the opportunity
to produce a variety of biological products that are more
valuable than the original terpene molecules themselves
(Alonso-Gutierrez et al. 2013; Chang et al. 2007). In this
study, we constructed an E. coli cell factory for the effi-
cient production of diterpenoids from simple glycerol
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using a heterologous MVA pathway. The yields of oxy-
genated taxanes and taxadien-5a-ol in 50-mL shake
flasks reached 27 mg L™ and 7.0 mg L™, respectively,
with taxadien-5a-ol accounting for approximately 26% of
all oxygenated taxanes products. Our engineered MVA
pathway for the overproduction of terpenoid precursors
can serve as an efficient platform for the production of
other valuable terpenoids. The advances in metabolic
engineering, as reported here, make the microbial pro-
duction of terpenoid more feasible.

Abbreviations

IPP: Isopentenyl diphosphate; DMAPP: Dimethylallyl diphosphate; GGPP:
Geranylgeranyl pyrophosphate; GGPPS: Geranylgerany! diphosphate synthase;
MEP Pathway: 2-C-Methyl-D-erythritol-4-phosphate Pathway; MVA Path-

way: Mevalonate pathway; Idi: Isopentenyl diphosphate isomerase; Dxs:
1-Deoxyxylulose-5-phosphate synthase; ERG12: Mevalonate kinase; ERGS:
Phosphomevalonate kinase; ERG19: Mevalonate pyrophosphate decar-
boxylase; TS: Taxadiene synthase; T500OH/ T5aH: Taxadiene-5a-hydroxylase;
P450: Cytochrome P450 hydroxylase; CPR: Cytochrome P450 reductase; OCT:
5(12)-Oxa-3(11)-cyclotaxane; iso-OCT: 5(13)-Oxa-3(11)-cyclotaxane.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540643-022-00569-5.

Additional file 1: Figure S1. Comparison of taxadiene synthases from
different sources. (A) SDS-PAGE gel of different TSs in E. coli. S: Supernatant;
P: Precipitate. (B) Comparison of the specific oxygenated taxanes titer of
TaolE1-3 strains. Figure S2. Comparison of cytochrome P450 reductase
from different sources. (A) SDS-PAGE gel of T5aOH-ATR/CPR in E. coli. M:
Protein marker; S: Supernatant; P: Precipitate. N.C.: Negative control. (B)
The comparison of specific titer of TaolE1 and TaolE4 strains. Figure S3.
Comparison of different linkers of T5aOH-CPR fusions. (A) SDS-PAGE gel

of (GSG)n, n=1-5 linker in E. coli. M: Protein marker; N.C.: Negative control.
S: Supernatant; P: Precipitate. (B) The comparison of specific titer of TaolE1
and TaolEGSGn strains. Figure S4. MS spectrum of product iso-OCT.
Retention time of GC is 14.80 min. Figure S5. MS spectrum of product dit-
erpenoid1. Retention time of GC is 15.20 min. Figure S6. MS spectrum of
product OCT. Retention time of GC is 15.65 min. Figure S7. MS spectrum
of product taxadien-5a-ol. Retention time of GC is 16.02 min. Table S1.
The engineered strains constructed in this study and products titers (48 h).
Table S2.The primers used in this study.

Acknowledgements

We thank the research and development platform provided by State Key
Laboratory of Bioreactor Engineering, Shanghai Collaborative Innovation
Centre for Biomanufacturing, College of Biotechnology, and Frontiers Science
Center for Materiobiology and Dynamic Chemistry, East China University of
Science and Technology, Shanghai, China.

Author contributions

QYW: methodology, investigation, data curation, visualization, writing—
original draft. ZYH: methodology, investigation, data curation, visualization,
writing—review and editing. JYW: methodology, investigation, visualization.
HLY: supervision, funding acquisition, project administration, writing—review
and editing. JHX: supervision, funding acquisition, project administration,
writing—review and editing. All authors read and approved the final version
of manuscript.

Funding

This work was financially supported by the National Key Research and Devel-
opment Program of China (2019YFA0905000), the National Natural Science
Foundation of China (Grant numbers 21922804 and 21871085), Program of

Page 10 of 11

Shanghai Academic Research Leader (21XD1400800), and the Fundamental
Research Funds for the Central Universities (Grant number 22221818014).

Availability data and materials
All data generated or analyzed during this study are included in this article
and its Additional file.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors have no conflicts of interest to declare.

Received: 9 June 2022 Accepted: 1 August 2022
Published online: 13 August 2022

References

Ajikumar PK;, Xiao WH, Tyo KEJ, Wang Y, Simeon F, Leonard E, Mucha O, Phon
TH, Pfeifer B, Stephanopoulos G (2010) Isoprenoid pathway optimiza-
tion for Taxol precursor overproduction in Escherichia coli. Science
330(6000):70-74. https://doi.org/10.1126/science.1191652

Alonso-Gutierrez J, Chan R, Batth TS, Adams PD, Keasling JD, Petzold CJ, Lee TS
(2013) Metabolic engineering of Escherichia coli for limonene and perillyl
alcohol production. Metab Eng 19:33-41. https://doi.org/10.1016/j.
ymben.2013.05.004

Baloglu E, Kingston Gl (1999) A new semisynthesis of paclitaxel from baccatin
Ill. J Nat Prod 62(7):1068-1071. https://doi.org/10.1021/np990040k

Biggs BW, Lim CG, Sagliani K, Shankar S, Stephanopoulos G, De Mey M,
Ajikumar PK (2016a) Overcoming heterologous protein interdependency
to optimize P450-mediated Taxol precursor synthesis in Escherichia coli.
Proc Natl Acad Sci USA 113(12):3209-3214. https://doi.org/10.1073/pnas.
1515826113

Biggs BW, Rouck JE, Kambalyal A, Arnold W, Lim CG, De Mey M, O'Neil-Johnson
M, Starks CM, Das A, Ajikumar PK (2016b) Orthogonal assays clarify
the oxidative biochemistry of taxol P450 CYP725A4. ACS Chem Biol
11(5):1445-1451. https://doi.org/10.1021/acschembio.5b00968

Brosius J, Erfle M, Storella J (1985) Spacing of the -10 and -35 regions in the
tac promoter. Effect on its in vivo activity. J Biol Chem 260(6):3539-3541.
https://doi.org/10.1016/50021-9258(19)83655-4

Brunner M, Bujard H (1987) Promoter recognition and promoter strength in
the Escherichia coli system. EMBO J 6(10):3139-3144. https://doi.org/10.
1002/}.1460-2075.1987.tb02624.x

Chang MCY, Eachus RA, Trieu W, Ro DK, Keasling JD (2007) Engineering Escheri-
chia coli for production of functionalized terpenoids using plant P450s.
Nat Chem Biol 3(5):274-277. https://doi.org/10.1038/nchembio875

Cheng J, Wang X, Liu XN, Zhu XX, Li ZH, Chu HY, Wang Q, Lou QQ, Cai BJ, Yang
YQ, Lu XY, Peng K, Liu DY, Liu YW, Lu LN, Liu H, Yang T, Ge QJ, Shi CC, Liu
GC, Dong Z, Xu X, Wang W, Jiang HF, Ma YH (2021) Chromosome-level
genome of Himalayan yew provides insights into the origin and evolu-
tion of the paclitaxel biosynthetic pathway. Mol Plant 14(7):1199-1209.
https://doi.org/10.1016/j.molp.2021.04.015

Croteau R, Ketchum REB, Long RM, Kaspera R, Wildung MR (2006) Taxol bio-
synthesis and molecular genetics. Phytochem Rev 5(1):75-97. https://doi.
org/10.1007/511101-005-3748-2

Danishefsky SJ, Masters JJ, Young WB, Link JT, Snyder LB, Magee TV, Jung DK,
Isaacs RCA, Bornmanm WG, Alaimo CA, Coburn CA, Grandi MJD (1996)
Total synthesis of baccatin Il and Taxol. J Am Chem Soc 118(12):2843—
2859. https://doi.org/10.1021/ja952692a

Du FL, Yu HL, Xu JH, Li CX (2014) Enhanced limonene production by opti-
mizing the expression of limonene biosynthesis and MEP pathway
genes in E coli. Bioresour Bioprocess 1(1):1-10. https://doi.org/10.1186/
540643-014-0010-z


https://doi.org/10.1186/s40643-022-00569-5
https://doi.org/10.1186/s40643-022-00569-5
https://doi.org/10.1126/science.1191652
https://doi.org/10.1016/j.ymben.2013.05.004
https://doi.org/10.1016/j.ymben.2013.05.004
https://doi.org/10.1021/np990040k
https://doi.org/10.1073/pnas.1515826113
https://doi.org/10.1073/pnas.1515826113
https://doi.org/10.1021/acschembio.5b00968
https://doi.org/10.1016/S0021-9258(19)83655-4
https://doi.org/10.1002/j.1460-2075.1987.tb02624.x
https://doi.org/10.1002/j.1460-2075.1987.tb02624.x
https://doi.org/10.1038/nchembio875
https://doi.org/10.1016/j.molp.2021.04.015
https://doi.org/10.1007/s11101-005-3748-2
https://doi.org/10.1007/s11101-005-3748-2
https://doi.org/10.1021/ja952692a
https://doi.org/10.1186/s40643-014-0010-z
https://doi.org/10.1186/s40643-014-0010-z

Wau et al. Bioresources and Bioprocessing (2022) 9:82

Edgar S, Zhou K, Qiao KJ, King JR, Simpson JH, Stephanopoulos G (2016)
Mechanistic insights into taxadiene epoxidation by taxadiene-5a-
hydroxylase. ACS Chem Biol 11(2):460-469. https://doi.org/10.1021/acsch
embio.5b00767

Harry J, Long MD (1994) Paclitaxel (Taxol): a novel anticancer chemotherapeu-
tic drug. Mayo Clin Proc 69(4):341-345. https://doi.org/10.1016/50025-
6196(12)62219-8

Hezari M, Lewis NG, Croteau R (1995) Purification and characterization of
taxa-4(5),11(12)-diene synthase from Pacific yew (Taxus brevifolia) that
catalyzes the first committed step of taxol biosynthesis. Arch Biochem
Biophys 322(2):437-444. https://doi.org/10.1006/abbi.1995.1486

Holmes FA, Walters RS, Theriault RL, Buzdar AU, Frye SK, Hortobagyi GN, For-
man AD, Newton LK, Raber MN (1991) Phase Il trial of Taxol, an active
drug in the treatment of metastatic breast cancer. J Natl Cancer Inst
83(24):1797-1805. https://doi.org/10.1093/jnci/83.24.1797

Holton RA, Somoza C, Kim HB, Liang F, Biediger RJ, Boatman DB, Shindo M,
Smith CC, Kim S, Nadizadeh H, Suzuki Y, Tao CL, Vu P, Tang SH, Zhang PS,
Murthi KK, Gentile LN, Liu JH (1994) First total synthesis of taxol. 1. Func-
tionalization of the B ring. J Am Chem Soc 116(4):1597-1598. https://doi.
org/10.1021/ja00083a066

Hou FF, Xian M, Huang W (2021) De novo biosynthesis and whole-cell catalytic
production of paracetamol on a gram scale in Escherichia coli. Green
Chem 23(20):8280-8289. https://doi.org/10.1039/D1GC02591K

Hu YJ, Gu CC, Wang XF, Min L, Li CC (2021) Asymmetric total synthesis of Taxol.
J Am Chem Soc 143(42):17862-17870. https://doi.org/10.1021/jacs.1c096
37

Huang ZY, Ye RY, Yu HL, Li AT, Xu JH (2021) Mining methods and typical struc-
tural mechanisms of terpene cyclases. Bioresour Bioprocess. https://doi.
org/10.1186/540643-021-00421-2

Hussain MH, Hong Q, Zaman WQ, Mohsin A, Wei YL, Zhang N, Fang HQ, Wang
ZJ),Hang HF, Zhuang YP, Guo MJ (2021) Rationally optimized generation
of integrated Escherichia coli with stable and high yield lycopene biosyn-
thesis from heterologous mevalonate (MVA) and lycopene expression
pathways. Synth Syst Biotechnol 6(2):85-94. https://doi.org/10.1016/j.
synbio.2021.04.001

Jennewein S, Long RM, Williams RM, Croteau R (2004) Cytochrome P450
taxadiene 5a-hydroxylase, a mechanistically unusual monooxygenase
catalyzing the first oxygenation step of taxol biosynthesis. Chem Biol
11(3):379-387. https://doi.org/10.1016/j.chembiol.2004.02.022

Li JH, Mutanda |, Wang KB, Yang L, Wang JW, Wang Y (2019) Chloroplastic
metabolic engineering coupled with isoprenoid pool enhancement for
committed taxanes biosynthesis in Nicotiana benthamiana. Nat Commun
10(1):4850-4861. https://doi.org/10.1038/541467-019-12879-y

Lv XM, Xie WP, Lu WQ, Guo F, Gu JL, Yu HW, Ye LD (2014) Enhanced isoprene
biosynthesis in Saccharomyces cerevisiae by engineering of the native
acetyl-CoA and mevalonic acid pathways with a push-pull-restrain
strategy. J Biotechnol 186:128-136. https://doi.org/10.1016/jjbiotec.2014.
06.024

Mutanda |, Li JH, Xu FL, Wang Y (2021) Recent advances in metabolic engineer-
ing, protein engineering, and transcriptome-guided insights toward
synthetic production of Taxol. Front Bioeng Biotechnol 9:632269-632283.
https://doi.org/10.3389/fbice.2021.632269

Nadeem M, Rikhari HC, Kumar A, Palni LMS, Nandi SK (2002) Taxol content in
the bark of Himalayan Yew in relation to tree age and sex. Phytochemistry
60(6):627-631. https://doi.org/10.1016/5S0031-9422(02)00115-2

Navale GR, Dharne MS, Shinde SS (2021) Metabolic engineering and synthetic
biology for isoprenoid production in Escherichia coli and Saccharomyces
cerevisiae. Appl Microbiol Biotechnol 105(2):457-475. https://doi.org/10.
1007/500253-020-11040-w

Nicolaou KC, Yang Z, Liu JJ, Uneo H, Nantermet PG, Guy RK, Claiborne CF,
Renaud J, Couladouros EA, Paulvannan K, Sorensen EJ (1994) Total
synthesis of taxol. Nature 367(6464):630-634. https://doi.org/10.1038/
36763020

Pompon D, Louerat B, Urban P (1996) Yeast expression of animal and plant
P450s in optimized redox environments. Meth Enzymol 272:51-64.
https://doi.org/10.1016/S0076-6879(96)72008-6

RahulY, Emily ES (2018) Endogenous insertion of non-native metalloporphy-
rins into human membrane cytochrome P450 enzymes. J Biol Chem
293(43):16623-16634. https://doi.org/10.1074/jbc.RA118.005417

Rouck JE, Biggs BW, Kambalyal A, Arnold WR, De Mey M, Ajikumar PK,

Das A (2017) Heterologous expression and characterization of plant

Page 11 of 11

taxadiene-5a-hydroxylase (CYP725A4) in Escherichia coli. Protein Expr
Purif 132:60-67. https://doi.org/10.1016/j.pep.2017.01.008

Sagwan-Barkdoll L, Anterola AM (2018) Taxadiene-5a-ol is a minor product of
CYP725A4 when expressed in Escherichia coli. Biotechnol Appl Biochem
65(3):294-305. https://doi.org/10.1002/bab.1606

Sanchez-Munoz R, Perez-Mata E, Almagro L, Cusido RM, Bonfill M, Palazon J,
Moyano E (2020) A novel hydroxylation step in the taxane biosynthetic
pathway: a new approach to paclitaxel production by synthetic biology.
Front Bioeng Biotechnol 8:410-423. https://doi.org/10.3389/fbioe.2020.
00410

Schoendorf A, Rithner CD, Williams RM, Croteau RB (2001) Molecular cloning
of a cytochrome P450 taxane 103-hydroxylase cDNA from Taxus and
functional expression in yeast. Proc Natl Acad Sci USA 98(4):1501-1506.
https://doi.org/10.1073/pnas.98.4.1501

Soliman S, Tang Y (2015) Natural and engineered production of taxadiene with
taxadiene synthase. Biotechnol Bioeng 112(2):229-235. https://doi.org/
10.1002/bit.25468

Walls LE, Malci K, Nowrouzi B, Li RA, d'Espaux L, Wong J, Dennis JA, Semiao
AJC, Wallace S, Martinez JL, Keasling JD, Rios-Solis L (2021) Optimizing the
biosynthesis of oxygenated and acetylated Taxol precursors in Saccha-
romyces cerevisiae using advanced bioprocessing strategies. Biotechnol
Bioeng 118(1):279-293. https://doi.org/10.1002/bit.27569

Walls LE, Martinez JL, Rios-Solis L (2022) Enhancing Saccharomyces cerevisiae
taxane biosynthesis and overcoming nutritional stress-induced pseudo-
hyphal growth. Microorganisms 10(1):163-178. https://doi.org/10.3390/
microorganisms10010163

Wang X, Pereira JH, Tsutakawa S, Fang XY, Adams PD, Mukhopadhyay A, Lee TS
(2021) Efficient production of oxidized terpenoids via engineering fusion
proteins of terpene synthase and cytochrome P450. Metab Eng 64:41-51.
https://doi.org/10.1016/j.ymben.2021.01.004

Wheeler NC, Jech K, Masters S, Brobst SW, Alvarado AB, Hoover AJ, Snader KM
(1992) Effects of genetic, epigenetic, and environmental factors on taxol
content in Taxus brevifolia and related species. J Nat Prod 55(4):432-440.
https://doi.org/10.1021/np50082a005

Wildung MR, Croteau R (1996) A cDNA clone for taxadiene synthase, the dit-
erpene cyclase that catalyzes the committed step of taxol biosynthesis. J
Biol Chem 271(16):9201-9204. https://doi.org/10.1074/jbc.271.16.9201

Williams DC, Wildung MR, Jin AQ, Dalal D, Oliver JS, Coates RM, Croteau R
(2000) Heterologous expression and characterization of a “Pseudomature”
form of taxadiene synthase involved in paclitaxel (Taxol) biosynthesis and
evaluation of a potential intermediate and inhibitors of the multistep
diterpene cyclization reaction. Arch Biochem Biophys 379(1):137-146.
https://doi.org/10.1006/abbi.2000.1865

Withers ST, Keasling JD (2007) Biosynthesis and engineering of isoprenoid
small molecules. Appl Microbiol Biotechnol 73(5):980-990. https://doi.
0rg/10.1007/500253-006-0593-1

Xiong XY, Gou JB, Liao QG, Li YL, Zhou Q, Bi GQ, Li C, Du R, Wang XT, Sun TS,
Guo LJ, Liang HF, Lu PJ, Wu YY, Zhang ZH, Ro DK, Shang Y, Huang SW, Yan
JB (2021) The Taxus genome provides insights into paclitaxel biosynthesis.
Nat Plants 7(8):1026-1036. https://doi.org/10.1038/s41477-021-00963-5

Yamada Y, Kuzuyama T, Komatsu M, Shin-Ya K, Omura S, Cane DE, lkeda H
(2015) Terpene synthases are widely distributed in bacteria. Proc Natl
Acad Sci USA 112(3):857-862. https://doi.org/10.1073/pnas.1422108112

Zhou K, Qiao KJ, Edgar S, Stephanopoulos G (2015) Distributing a metabolic
pathway among a microbial consortium enhances production of natural
products. Nat Biotechnol 33(4):377-383. https://doi.org/10.1038/nbt.3095

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1021/acschembio.5b00767
https://doi.org/10.1021/acschembio.5b00767
https://doi.org/10.1016/s0025-6196(12)62219-8
https://doi.org/10.1016/s0025-6196(12)62219-8
https://doi.org/10.1006/abbi.1995.1486
https://doi.org/10.1093/jnci/83.24.1797
https://doi.org/10.1021/ja00083a066
https://doi.org/10.1021/ja00083a066
https://doi.org/10.1039/D1GC02591K
https://doi.org/10.1021/jacs.1c09637
https://doi.org/10.1021/jacs.1c09637
https://doi.org/10.1186/s40643-021-00421-2
https://doi.org/10.1186/s40643-021-00421-2
https://doi.org/10.1016/j.synbio.2021.04.001
https://doi.org/10.1016/j.synbio.2021.04.001
https://doi.org/10.1016/j.chembiol.2004.02.022
https://doi.org/10.1038/s41467-019-12879-y
https://doi.org/10.1016/j.jbiotec.2014.06.024
https://doi.org/10.1016/j.jbiotec.2014.06.024
https://doi.org/10.3389/fbioe.2021.632269
https://doi.org/10.1016/S0031-9422(02)00115-2
https://doi.org/10.1007/s00253-020-11040-w
https://doi.org/10.1007/s00253-020-11040-w
https://doi.org/10.1038/367630a0
https://doi.org/10.1038/367630a0
https://doi.org/10.1016/S0076-6879(96)72008-6
https://doi.org/10.1074/jbc.RA118.005417
https://doi.org/10.1016/j.pep.2017.01.008
https://doi.org/10.1002/bab.1606
https://doi.org/10.3389/fbioe.2020.00410
https://doi.org/10.3389/fbioe.2020.00410
https://doi.org/10.1073/pnas.98.4.1501
https://doi.org/10.1002/bit.25468
https://doi.org/10.1002/bit.25468
https://doi.org/10.1002/bit.27569
https://doi.org/10.3390/microorganisms10010163
https://doi.org/10.3390/microorganisms10010163
https://doi.org/10.1016/j.ymben.2021.01.004
https://doi.org/10.1021/np50082a005
https://doi.org/10.1074/jbc.271.16.9201
https://doi.org/10.1006/abbi.2000.1865
https://doi.org/10.1007/s00253-006-0593-1
https://doi.org/10.1007/s00253-006-0593-1
https://doi.org/10.1038/s41477-021-00963-5
https://doi.org/10.1073/pnas.1422108112
https://doi.org/10.1038/nbt.3095

	Construction of an Escherichia coli cell factory to synthesize taxadien-5α-ol, the key precursor of anti-cancer drug paclitaxel
	Abstract 
	Highlights 
	Introduction
	Materials and methods
	Bacterial strains, genes and vectors
	Genes cloning and plasmids construction
	In vivo production of taxadiene and oxygenated taxanes
	Gas chromatography–mass spectrometry (GC–MS) analysis

	Results and discussion
	Heterologous production of taxadiene and oxygenated taxanes
	Reducing cell metabolic burden for higher production of oxygenated taxanes
	Introducing MVA pathway for sufficient supply of terpenoid precursors
	Optimizing of the fermentation conditions for TaolV1 strain

	Discussion
	Conclusions
	Acknowledgements
	References




