Synthetic and Systems Biotechnology 9 (2024) 694-700

KeAi
Synthetic

and Systems,
Biotechnology

Contents lists available at ScienceDirect

KeAi

CHINESE ROOTS
GLOBAL IMPACT

Synthetic and Systems Biotechnology

.
.
oo

-
°

°

journal homepage: www.keaipublishing.com/en/journals/synthetic-and-systems-biotechnology

Original Research Article ' 1)

Check for

Biochemical synthesis of taxanes from mevalonate o

Jing Li*>%!, Xiaonan Liu®“%"""" Xiaoxi Zhu®“%', Jiayu Liu®°, Lei Zhang *,

Nida Ahmed “’C’d,hJian Qi 9 Bihuan Chen™¢, Daliang Tang °, Jinsheng Yu ¢, Zhijin Fan ™",
Huifeng Jiang®

@ Key Laboratory of Engineering Biology for Low-carbon Manufacturing, Tianjin Institute of Industrial Biotechnology, Chinese Academy of Sciences, Tianjin, 300308,
China

b State Key Laboratory of Elemento-Organic Chemistry, College of Chemistry, Nankai University, Tianjin, 300071, China

¢ National Center of Technology Innovation for Synthetic Biology, Tianjin, 300308, China

d University of Chinese Academy of Sciences, Beijing, 100049, China

€ Shanghai Engineering Research Center of Molecular Therapeutics and New Drug Development, School of Chemistry and Molecular Engineering, East China Normal
University, Shanghai, 200062, China

ARTICLE INFO ABSTRACT

Keywords: Taxanes are kinds of diterpenoids with important bioactivities, such as paclitaxel (taxol®) is an excellent natural

Biochemical synthesis broad-spectrum anticancer drug. Attempts to biosynthesize taxanes have made with limited success, mainly due

gaxﬁnes | to the bottleneck of the low efficiency catalytic elements. In this study, we developed an artificial synthetic
aclitaxe!

system to produce taxanes from mevalonate (MVA) by coupling biological and chemical methods, which com-
prises in vitro multi-enzyme catalytic module, chemical catalytic module and yeast cell catalytic module. Through
optimizing in vitro multienzyme catalytic system, the yield of taxadiene was increased to 946.7 mg/L from MVA
within 8 h and the productivity was 14.2-fold higher than microbial fermentation. By incorporating palladium
catalysis, the conversion rate of Taxa-4(20),11(12)-dien-5a-yl acetate (T5a-AC) reached 48 %, effectively
addressing the product promiscuity and the low yield rate of TSaOH. Finally, we optimized the expression of
T10BOH in yeast resulting in the biosynthesis of Taxa-4(20),11(12)-dien-5a-acetoxy-10p-ol(T5a-AC-10p-o0l) at a
production of 15.8 mg/L, which displayed more than 2000-fold higher than that produced by co-culture
fermentation strategy. These technologies offered a promising new approach for efficient synthesis of taxanes.

Modular synthesis

1. Introduction especially for the recent works on oxetane ring formation has facilitated

the acquisition of a minimum gene set for baccatin III biosynthesis [3,4].

Taxanes are a class of tetracyclic diterpenoids with high-value
pharmacological activity, which include paclitaxel, docetaxel, cab-
azitaxel, and various taxane skeleton derivatives. Paclitaxel (taxol®) as
a famous anticancer drug is mainly extracted from the bark of endan-
gered Taxus [1] and has attracted significant interests due to its excellent
anti-cancer properties, complex synthesis process and limited yield [2].
With decades of persistent efforts, the catalytic elements involved in the
biosynthetic pathway of paclitaxel have been fully elucidated [3-5],
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However, researches on the specific catalytic reaction sequences and the
heterologous synthesis abilities of paclitaxel have been limited since the
first discovery in the 1960s [5,6].

The promiscuity and low catalytic efficiency of the first P450 enzyme
taxadiene-5a-hydroxylase (T5aOH) remain a major bottleneck and the
deficiency of intermediates thus leads to more difficulties in elucidating
the subsequent catalytic process of unknown P450 enzymes [7,8]. Sci-
entists have reported that TSaOH catalyzes taxadiene to a kind of
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epoxide intermediate that spontaneously rearranged mainly to iso-OCT
and OCT rather than target product taxadiene-5a-ol [7,9]. Moreover,
when T50OH is expressed in tobacco, the number of oxidation products
of taxadiene reaches as many as 36 kinds [6]. Directed mutagenesis and
expression optimization were carried out with continuous efforts, but
were unable to improve the oxidation selectivity effectively [1,6,8,10].
Studies reveal that taxadien-5ua-ol acetyltransferase (TAT) is a
multi-specific enzyme and the by-product of geranylgeraniol (GGOH)
can also be acetylized by TAT, which could lead to a distribution of the
acetylation precursors [5,11]. Therefore, we expected to refer a
biochemical catalytic method to synthesize paclitaxel intermediates by
circumventing these two-step reactions.

Since the first total chemical synthesis route was achieved in 1994,
paclitaxel has been one of the most popular target molecules in the field
of organic synthetic chemistry, and eleven total synthesis methods have
been reported until now [12]. It is worth mentioning that Li et al. [13]
created a 21-step asymmetric total synthesis route using a samarium
diiodide-mediated pinacol coupling reaction, which is currently the
shortest total synthesis route for paclitaxel, but the overall yield is only
0.118 %. Thus, severe challenges still existed in chemical synthesis,
including the redundant pathways and low reaction yields. Therefore, it
is imperative to synthesize taxanes by leveraging the advantages of both
biocatalysis and chemical reactions.

The upstream biosynthetic route of taxanes starts from the mevalo-
nate (MVA) pathway or methylerythritol phosphate (MEP) pathway.
Compared with the MEP pathway, the MVA pathway is currently a
research focus in metabolic engineering for the synthesis of terpenoid
compounds, due to its advantages such as higher efficiency, better
controllability, and lower requirement for cofactors. The cell-free system
has been expropriated to produce the amorphadiene [14] and farnesene
[15], this production mode avoids complex host cell metabolic engi-
neering, cytotoxicity of intermediates and endogenous competition
pathways [16]. In addition, an isopentenol utilization pathway (IUP)
was established to produce taxadiene in vitro. However, due to isoprenol
is not the original substrate for choline kinase (CK), high substrate
concentrations needs to be added and the substrate toxicity caused en-
zymes to precipitate [17]. Therefore, the MVA pathway was considered
for taxanes synthesis in this study. Among this pathway, the upstream
CoA-derived intermediates such as Ac-CoA, acetoacetyl-CoA (AcAc--
CoA) and hydroxymethylglutaryl-CoA (HMG-CoA) contain an adenosine
moiety, which can be hydrolyzed extracellularly to generate phospho-
peptides and adenosine diphosphate (ADP) [18]. In addition, phosphate
ions are sensitive to the ionicity and polarity of the environment [19],
thereby affecting the stability of downstream phosphorylated in-
termediates. Hence, compared to these intermediates mentioned above,
MVA is more favorable as a precursor in a cell-free systems due to its
stability and lower cost.

Here, we proposed a combinatorial approaches strategy for synthe-
sizing precious taxanes involved in the synthetic pathway of paclitaxel,
such as taxadiene, T5a-AC, and T5a-AC-10p-ol with combining cell-free
enzymatic reaction system, chemocatalysis, and whole-cell catalysis
(Fig. 1). By coupling biological and chemical reaction system and using
MVA as the starting point, we successfully circumvented the bottleneck
of the T5aOH and TAT steps, optimized the reaction process, and ach-
ieved efficient synthesis of the rare paclitaxel intermediate T5a-AC.
Furthermore, through optimized expression of TIOBOH, we successfully
converted T5a-AC into T5a-AC-10p-ol. Moreover, the accumulation of
T5a-AC and T5a-AC-10p-ol will facilitate future understanding and
decoding of the complete biosynthetic pathway of paclitaxel.

2. Results
2.1. Establishing a cell-free synthetic system for taxadiene

Our primary focus was on establishing an in vitro taxadiene synthetic
system using MVA as a precursor [20]. This system recruited a cascade
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Fig. 1. The diagram of biochemical synthesis system for conversion of meval-
onate (MVA) to paclitaxel. Auxiliary enzymes and chemicals are indicated.
Sections in orange-yellow and green color depict enzymatic catalysis. The
chemical catalysis is shown in purple.

of enzymes, including mevalonate kinase (MK), phosphomevalonate
kinase (PMK), mevalonate pyrophosphate decarboxylase (MVD), iso-
pentenyl diphosphate isomerase (IDI), GGPPS and truncated TS, to
facilitate taxadiene synthesis. As shown in Fig. S1, these six enzymes
were solubly expressed in Escherichia coli. The artificial metabolic flux
from MVA to taxadiene was monitored through GC-MS analysis. The
reaction systems from MVA to taxadiene were constructed in both
phosphate buffer and Tris-HCI buffer, where the production of taxadiene
in Tris-HCI buffer was 3.6 folds higher than that in phosphate buffer,
reaching a production level of 0.22 mg/L (Fig. 2B, Figs. S2 and S4).

According to the proof-of-concept system, we proceeded to optimize
it by regulating reaction factors step by step. Firstly, we focused on
optimizing the reaction temperature and pH, and the results showed that
30 °C and pH 8.0 were preferred for the yield of taxadiene (Fig. 2C and
Fig. S4). In addition, by monitoring the reaction time, we discovered
that the maximum yield of taxadiene of 0.31 mg/L was achieved at
approximately 4 h with 1 mM MVA substrate (Fig. S5). Secondly, we
turned our attention to optimize the cofactors used in this system. Since
the first three steps of the reaction pathway require ATP, we introduced
polyphosphate kinase (PPK) with polyphosphate as a donor to regen-
erate ATP within the system. The results showed that the ATP cycle led
to about 20 % increase in production compared to the previous system
(Fig. 2C and Fig. S6). However, the visible white precipitates within the
system indicated that the addition of polyphosphate had a strong
inhibitory effect on enzymes [21]. Therefore, the phosphate donor was
opted to pyrophosphate (PPi) instead of polyphosphate. Additionally,
we replaced the initial PPK enzyme with PPK2CP™N from Pseudomonas
aeruginosa [19], as it exhibited higher affinity and catalytic efficiency
towards PPi. This modification resulted in more favorable condition
with 1.2 mM PPi, 5 mM ATP and 10 mM Mg?*, leading to a 1.7-fold
increase in production (Fig. S7 and Fig. S8).

2.2. Optimization of taxadiene synthetic system

Previous studies on in vivo and in vitro biosynthesis of terpenoids
have shown that there is a significant catalytic mismatch between
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Fig. 2. Enzymatic synthesis of taxadiene from MVA.
(A) The schematic depiction of enzymatic synthesis of taxadiene from MVA.
(B) GC analysis of taxadiene from MVA in vitro with different buffers.

Step-wise evaluation of optimization strategies

(O)In vitro optimization for the biosynthesis of taxadiene from 1 mM MVA. Blue indicates the optimization strategies in turn, and red indicates the optimal conditions
under each strategy, which are then used to evaluate the next strategy. The Y-axis represents the relative yield of taxadiene under different conditions.

downstream terpenoid synthase module and upstream MVA pathway
module [22-24]. Hence we divided taxadiene pathway into two parts
for  enzyme  quantity  optimization, including part I
(MK&PMK&MVD&PPK&IDI) and part IT (GGPPS&tTS) [16,25]. Based
on our results, 2 x loading of the part I and 40 x loading of the part II in
the system effectively resulted in production increase of 1.2 times and
5.4 times, respectively (Fig. 2C and Fig. S9). After that, the enzymatic
productions flux from MVA to taxadiene were iteratively optimized so
that the capability of cell-free system could be improved. As a
rate-limiting enzyme for terpenoids production within the MVA
pathway [15], we firstly screened IDI from six different sources to
enhance the conversion of four equivalents of MVA into three equiva-
lents of IPP and one equivalent of DMAPP. The IDI derived from Salviae
miltiorrhizae demonstrated the highest activity, approximately twice as
active as the IDI derived from E. coli (Fig. 3A). Next step, we engineered
and expressed the fusion protein BST1-ERG20, which could facilitate the
conversion of IPP and DMAPP into GGPP [26,27] by enhancing the flux
of GPP and FPP to GGPP. The results indicated that the inclusion of 20
pM BST1-ERG20 led to a 27 % increase in taxadiene production
(Fig. S10A). Simultaneously, on account of the instability of the
diphosphate in this reaction conditions, 7 mM Na3VO4 was added to
inhibit the phosphatase contamination in the recombinant protein
expression and enzyme preparations. Such contamination could poten-
tially result in the degradation of diphosphate group from FPP or GGPP
[23]. The outcome of this addition was a 69 % increase in taxadiene
production (Fig. S10B).

Moreover, in order to achieve a balanced rate within the system, we
tested other seven enzymes to determine their optimal concentration
gradients. Results showed that these enzymes could be categorized into
three groups based on their effects. Varying the concentration of MVD
from 1 to 8 pM did not obviously change the rate of taxadiene synthesis
(Fig. 3B and Fig. S11C). The second group, consisting MK, PMK and IDI,
showed an increase in taxadiene production from 1.14 to 1.23 folds as
their concentrations increased (Fig. S11A, B and D). The third group, the
concentrations of GGPPS and tTS remarkably contributed to a 2.08-fold
and 1.99-fold increase in taxadiene formation (Figs. S11F and G).
Notably, the taxadiene formation decreased with increasing the con-
centration of PPK2CP™N from 1 pM to 5 pM, which was quite likely due to
the inhibition effect of high concentration of phosphoric acid on MK and
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PMK [28] (Fig. S11E). Based on the test of individual enzymes, we
slightly adjusted the molar ratio of enzymes MK: PMK: MVD: IDI: PPK:
GGPPS: tTS = 15 pM: 15 pM: 1 pM: 15 pM: 1 pM: 60 pM: 80 pM. As a
result, the taxadiene production was up to 44.3 mg/L.

To strengthen the synthesis potential of our in vitro system, we
assayed different concentrations of MVA ranging from 1 to 16 mM.
However, there was no significant difference observed in taxadiene
output (Fig. S12). We speculated that certain drawbacks needed to be
addressed, such as the low activity of TS leading to the accumulation of
intermediate GGPP, which in turn had an inhibitory effect on MK
(Fig. S13) [28]. To overcome this, we opted a flow addition strategy of
MVA and tested various concentrations of GGPPS&tTS to reduce the
accumulation of GGPP and enhance downstream reaction rate. The re-
sults showed that by adding 2.5 mM MVA, 10 pM GGPPS and 10 pM tTS
at each 1 h, the yield of taxadiene to approximately 5-fold, reaching
320.5 mg/L. Moreover, we introduced the enzyme MK from Meth-
anosarcina mazei, which has been reported to be resistant to the inhib-
itory effects of GGPP [28], into the reaction system. Adding 30 pM
MmMK in this experiment resulted in a 20 % increase in taxadiene yield
(Fig. S14). Subsequently, we enhanced the flux of ATP by reevaluating
the loadings of the PPK2CP™N and the cofactor PPi. Increasing the
amounts of PPK2CPN and PPi to five-fold and two-fold, respectively, led
to a 1.7-fold increase in taxadiene production (Fig. 3D and Fig. S15).
This result demonstrated that the flux of ATP is highly effective in
promoting the reaction of the first three step, thereby impacting the
taxadiene formation.

The time gradient of this system was monitored and 547.4 mg/L of
taxadiene was produced from total 17.5 mM MVA within 8 h (Fig. 3E),
with a conversion rate of ~46.0 % (the molar ratio of MVA to taxadiene
is 4:1), which performed below the IUP system (the conversion rate was
~64.7 %) [29]. Besides, our approach requires the integration of more
enzymes than the IUP pathway for taxadiene production. Compared to
the initial reaction system including six enzymes, PPK2CP®N and
BST1-ERG20 were both newly introduced into the enzyme cascade re-
action. During this optimization process, the types and quantities of
enzymes were meticulously adjusted to balance the catalytic rates of the
entire pathway. Consequently, identifying the most suitable pH is
crucial to maximize the collaborative potential of all enzymes within the
modified reaction components [30]. Finally, the findings offered
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Fig. 3. Improving the yield of taxadiene.

(A) IDI screening. Bs: Idi from Bacillus subtilis, Ec: Idi from E. coli, Ohldi: Idi from Oceanihabitans, Sc-m: Idi from S. cerevisiae with Y195F and W256C two mutant sites,
Sc: Idi from S. cerevisiae, Sm: Idi from S. miltiorrhiza. The Y-axis represents the relative yield of taxadiene under different conditions after normalization treatment.
(B) Gradient optimization of the individual enzyme concentrations was conducted with the single variable experiment. The shade of each row represents the relative
yield of taxadiene. The horizontal coordinate 1-5 represent the five gradient concentrations of the enzyme and the detail data is described in Supplementary Fig. 9.
(C) The relative activity of taxadiene under different concentrations of MVA, tTS and GGPPS. The red column represents the relative activity of the taxadiene under
the 20 mM MVA, 80 pM tTS and 60 pM GGPPS at the beginning of the reaction. The orange, yellow and pale-yellow columns represent the addition of 2.5 mM MVA
and 60 pM GGPPS at the beginning of the reaction, titerating the concentration of tTS. The concentration at every hour for tTS or GGPPS was the same as the
concentration added at the beginning of the reaction. The Y-axis represents the relative yield of taxadiene under different conditions after normalization treatment.
(D) ATP cycle re-optimization. The Y-axis represents the relative yield of taxadiene under different conditions after normalization treatment.

(E) The yield of taxadiene at different reaction times (2,4,6 and 8 h). The 500 pL reaction system included 50 mM Tris-HCI(pH 8.0), 2.5 mM MVA, 1 mM TCEP, 5 mM
ATP,30 mM KCl, 500 mM NacCl, 10 mM MgCl,, 2.4 mM PPi and 7 mM NazgVO,4.The molar ratio of protein was MmMK: PMK: MVD: SmIDI: PPK2CP™N: GGPPS: tTS:
BST1 - ERG20 = 30 pM: 15 pM: 1 pM: 15 pM: 5 pM: 10 pM: 10 pM: 20 pM. After the initiation of the reaction, 2.5 mM MVA, 10 yM GGPPS, and 10 uM tTS were added
hourly until the seventh hour, concluding after a total of 8 h.

(F) The yield of taxadiene at different pH (7.4, 8.0, 8.5 and 9.0). The 500 pL reaction system included 50 mM Tris-HCI at different pH, 2.5 mM MVA, 1 mM TCEP, 5
mM ATP, 30 mM KCI, 500 mM NaCl, 10 mM MgCl,, 2.4 mM PPi and 7 mM NazgVO,4.The molar ratio of protein was MmMK: PMK: MVD: SmIDI: PPK2CPN: GGPPS:
tTS: BST1 - ERG20 = 30 pM: 15 pM: 1 pM: 15 pM: 5 pM: 10 uM: 10 pM: 20 pM. After the initiation of the reaction, 2.5 mM MVA, 10 pM GGPPS, and 10 pM tTS were
added hourly until the seventh hour, concluding after a total of 8 h.

All data represent the mean of n = 3 biologically independent samples and error bars show standard deviation. The circle represents the raw data.

compelling evidence that a pH value of 8.5 was more favorable for was referred to and slightly modified, which is detailed in the supple-
efficient conversion of enzyme cascade reactions, leading to the pro- mentary materials [31]. As a result, the C-5a acetoxylation product
duction of 946.7 mg/L of taxadiene in the ultimately optimized one-pot catalyzed by Pd (OAc),, benzoquinone, and acetic acid, was obtained as
system (Fig. 3F) and the conversion rate was increased to 79.6 %. light-yellow viscous liquid at a yield of 48 %. The associated NMR and
Notably, the system at pH 7.4 became turbid when the enzyme mixture GC-MS data were consistent with literature reports (Fig. 4B and
was added to the reaction. As the reaction progressed, the white sub- Figs. §17-19). Introduction of palladium-catalyzed acetoxylation of
stance was observed to accumulate at the bottom of the reaction system, taxadiene eliminated the need for the inefficient P450 enzyme T5aOH,
which indicated that pH 7.4 could not maintain the activity of key en- enabling the synthesis of T5a-AC in available quantities.

zymes and a small amount of product was formed in the early stage of Previous studies have speculated that T10BOH is the first post-
the reaction. hydroxylation reaction after acetylation at C5 site. Although T10pOH

has been identified for years [32,33], synthesizing C10 oxygenated
taxanes in microbial cells is not straightforward due to low catalytic
efficiency and precursor deficiencies [34]. Therefore, we plan to
construct a cell factory for efficient synthesis of oxygenated taxanes,
taking chemically synthesized T5a-Ac as the substrate. Saccharomyces
cerevisiae is a suitable eukaryotic host with abundant endoplasmic re-
ticulum and better expression capabilities for P450 enzymes. The ac-
tivities of the TI0pOH-1 and T10BOH-2 were initially compared in
S. cerevisiae W303-1B, and T10OH-1 was proved to be more active
(data not shown), thus it was selected for subsequent chassis construc-
tion. Next, the effects of inducible and constitutive promoters on the
yield of yeast cells were compared [35]. The inducible promoter

2.3. Synthesis of taxanes by chemoenzymatic system

The taxadiene produced by the MVA reaction system was extracted
by n-hexane and purified for subsequent enzyme catalysis or chemical
synthesis of T5a-AC. The enzyme reaction system was established as the
control by incorporating an N-terminal transmembrane region truncated
taxadiene 5-a-hydroxylase (tT5aOH) and a truncated redox partner
P450 reductase (tTcCPR). The oxidative products were then subjected to
catalysis by TAT. However, only a trace level of acylation product was
detected in the T5aOH and TAT system (Fig. S16C). For the chemical
synthesis of T5a-AC, palladium-catalyzed acetoxylation of taxadiene
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(D) Comparison of the effects of different promoters and increasing the copy number of TI0BOH on T5a-AC-10-ol yield.
All data represent the mean of n = 3 biologically independent samples and error bars show standard deviation. The circle represents the raw data.

GAL1/GAL10 and strong promoter PGK1/TDH3 were chosen to over-
express T10BOH-1, resulting in strains TAX01 and TAX02 respectively.
T5a-AC was used as substrate for TAX01 and TAX02 fermentation, and
the fragment peaks of the newly formed product were consistent with
those of the reported T5a-AC-10p-ol (m/z 346) (Fig. 4C and Fig. S20).
Moreover, the output of TAX02 was 3.98 times higher than that of
TAXO1 (Fig. 4D), leading us to speculate that the constitutive promoter
is more suitable for T1I0BOH-1 expression in this context. Here we
observed that there was still substrate residue in the TAX02 fermenta-
tion broth. It was speculated that the low catalytic efficiency T10pOH-1
leading to the restricting conversion of substrates because the heterol-
ogous expression of plant P450 enzymes was often inefficient. There-
fore, we tried to optimize the expression of TIOBOH-1 by N-terminal
transmembrane engineering and generating fusion protein with trun-
cated TcCPR (tTcCPR) via a short protein linker (GGGGS3). However,
these efforts showed no increase in production. To achieve higher yield
of T5a-AC-10p-ol, we gradually increased the copy number of
T10BOH-1. We constructed a T10BOH-1 multi-copy chassis TAX03 by
integrating three copies of TLOBOH-1 and tTcCPR into the genome of
W303-1B. Then two plasmids carrying T10pOH-1 and tTcCPR were
transformed into TAX03 generating TAXO06 to further increase the copy
number. This led to a 66.7 % increase in the yield of T5a-AC-10p-ol,
reaching 15.8 mg/L, which is currently the highest reported yield
(Fig. 4D). In conclusion, the above results confirmed that TIOBOH-1 and
tTcCPR overexpression can effectively convert T5a-AC to
T5a-AC-108-o0l. This system can be used for further P450 enzyme func-
tional identification, biosynthesis pathway analysis and heterologous
biosynthesis of paclitaxel.

3. Discussion
Although the paclitaxel products market was increased to $1-5

billion per year, the paclitaxel content in Taxus plants was as rare as
0.001%-0.05 % w/w, which is far from enough to meet the market
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demand [36,37]. The chemical semi-synthesis [38], total chemical
synthesis [12] and suspension cell culture have been developed to
produce paclitaxel with limited output ratio. At the same time, the
catalytic mechanism and process of unknown P450 hydroxylated re-
actions in the paclitaxel biosynthetic pathway remains unsolved mys-
teries. Moreover, the high titres of taxane intermediates have been not
been achieved to date. Here, our study showed the combination of
chemical and biological methods to increase the yield of taxanes in-
termediates. Within this biochemical hybrid system, we systematically
evaluated optimal reaction conditions for biocatalysis across various
modules, crucial for maximizing enzyme performance in both the pro-
duction of taxadiene and T5a-AC-10p-ol. Taxadiene, serving as the core
scaffold of taxanes, underwent efficient conversion via tandem enzyme
catalysis under one-pot conditions. Notably, the incorporation of a
palladium-organometallic catalyst enabled the replacement of the
two-step reaction, catalyzed by T5aOH and TAT, with a highly efficient
one-step chemical reaction. This innovation uniquely addressed the
primary limiting bottleneck posed by T5aOH in the biocatalytic
pathway, significantly reducing the formation of oxidative by-products.
Moreover, palladium catalysts are often recyclable through appropriate
methods, promising reduced system costs and minimized palladium
waste. Additionally, we optimized the expression of T1OBOH-1 in
S. cerevisiae to enhance its capacity for utilizing T5a-AC as a substrate.
Compared to the biosynthesis pathway from xylose to T5a-AC-10p-ol
[39], the total yield of this efficient chemo-enzyme hybrid system was
elevated for more than 2000-fold (Fig. S21).

Establishing a concise in vitro reaction system is conducive to be
more flexible controlled than the complex cellular metabolism, and can
be expediently optimized at different levels. In this study, the taxadiene
module was mainly optimized at three different level, including the
cofactor optimization, enzyme component optimization, and pathway
upstream and downstream optimization. Compared to the IUP pathway,
we introduced PPK for the ATP regeneration. However, the addition of
polyphosphoric acid donor will lead to the accumulation of phosphoric
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acid ions, which have a detrimental effect on the enzyme-element. And
the damage is aggravated due to the hydrolysis of intermediates GGPP
and the formation of byproduct PPi catalyzed by GGPPS. We replaced
the ATP regeneration system of PPK2CP2N to reduce the inhibition of the
accumulation of phosphate ion on enzyme activity. Moreover, a fusion
protein BST1-ERG20 was added to increase the GGPP flux and 7 mM
Na3VO,4 was added to inhibit the hydrolysis of GGPP phosphate group.
The system is robust for the production of taxadiene and the produc-
tivity operates 14.2-fold higher than microbial fermentation. The opti-
mized information of enzyme quantity and cofactors acquired in this in
vitro system also guided the rationally modifying of the engineered
microbes to produce taxadiene derivates.

In the future work, the reaction conditions could be further opti-
mized and the T10BOH reaction can be attempted in a superior host or
mutation. In addition, although we circumvented the T5aOH catalysis
problem here and achieved the synthesis of the intermediates with
relative high yield, we speculated that other enzymes might catalyze the
oxidation reaction at C5 in the process of paclitaxel synthesis needs to be
further discovered. Although the minimal gene set was been successfully
tested, elucidating the complete biosynthetic mechanism and reaction
order of paclitaxel and achieving industrial-scale production of pacli-
taxel with synthetic biology still requires extensive efforts. Initiating
mass synthesis of taxadiene, T5a-AC and T5a-AC-10p-ol with biochem-
ical coupling methods conducted in this study as a promising step to
accelerate subsequent catalytic reactions and accelerate the biosynthesis
process of paclitaxel and its derivatives.

In summary, this study achieves synergistic integration of bio-
catalysis with chemical synthesis, achieving complementary advantages
and providing a concise and efficient synthetic model for the artificial
synthesis of complex plant natural products. The bio-chemical coupling
synthesis method will not only provide profound changes in pharma-
ceutical industry, but also expand the scientific foundation of synthetic
biology and facilitates interdisciplinary integration.

4. Methods
4.1. Plasmid construction

All methods in this article are detailed in Supplementary Informa-
tion, including plasmid construction; expression and purification of
enzymes; synthesis of taxadiene from MVA in vitro; IDI screening;
enzymatic reaction assay for T5a-AC from taxadiene; chemical synthesis
of T5a-AC; overexpression of taxane 10f8-hydroxylase in S. cerevisiae and
GC-MS analysis of the target compounds.
4.2. Statistics and reproducibility

All experimental data were at least in triplicate and expressed as
means + standard errors. All data analysis was performed by Excel or
GraphPad Prism.
4.3. Data, materials, and software availability

The data reported in this article are available in the main text or the
Supplementary Information.
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