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Vinblastine has been used clinically as one of the most potent therapeutics for the treatment of several
types of cancer. However, the traditional plant extraction method suffers from unreliable supply, low
abundance, and extremely high cost. Here, we use synthetic biology approach to engineer Saccharomyces
cerevisiae for de novo biosynthesis of vindoline and catharanthine, which can be coupled chemically
or biologically to vinblastine. On the basis of a platform strain with sufficient supply of precursors and
cofactors for biosynthesis, we reconstituted, debottlenecked, and optimized the biosynthetic pathways
for the production of vindoline and catharanthine. The vindoline biosynthetic pathway represents one
of the most complicated pathways ever reconstituted in microbial cell factories. Using shake flask
fermentation, our engineered yeast strains were able to produce catharanthine and vindoline at a
titer of 5271 and 305.1 pg-liter‘l, respectively, without accumulating detectable amount of pathway
intermediates. This study establishes a representative example for the production of valuable plant
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natural products in yeast.

Introduction

Vinblastine, a heterodimer of catharanthine and vindoline,
represents one of the most potent anticancer therapeutics [1].
Because of the complex structure with numerous stereo centers,
chemical synthesis of vinblastine lacks the possibility for bulk
production [2-4], while the traditional extraction method is
limited by the availability of plant sources with long growth
period and extremely low abundance [5,6]. In other words,
current producing methods suffers from unreliable supply and
high cost and cannot satisty the growing demands. With the
elucidation of vindoline and catharanthine biosynthetic path-
ways in recent years [7-9], the production of vinblastine using
microbial cell factories holds great promise for large-scale and
cost-effective production.

Recently, the entire 31 steps of vinblastine biosynthesis (Fig. 1)
catalyzed by plant-specific enzymes have been elucidated in
Catharanthus roseus [7-10]. The biosynthesis of vindoline starts
from the conversion of the terpenoid pathway intermediate geranyl
pyrophosphate by geraniol synthase (GES) to geraniol, followed by
hydroxylation [geraniol 8-hydroxylase (G8H)], oxidation [8-hydrox-
ygeraniol oxidoreductase (GOR)], and cyclization [iridoid synthase
(ISY)] to synthesize nepetalactol. Then, nepetalactol is hydroxylated
[iridoid oxidase (IO)], oxidized [alcohol dehydrogenase 2
(CYPADH2)], glycosylated [7-deoxyloganetic acid glucosyl-
transferase (7DLGT)], hydroxylated [7-deoxyloganic acid
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hydroxylase (7DLH)], and O-methylated [loganic acid
O-methyltransferase (LAMT)], leading to the biosynthesis of
loganin, which is subject to an unusual P450-catalyzed ring-
opening reaction [secologanin synthase (SLS)]. The resultant
secologanin is coupled with L-tryptamine, the decarboxylation
product of L-tryptophan [tryptophan decarboxylase (TDC)], via
a Pictet—Spengler-type reaction catalyzed by strictosidine synthase
(STR) to form strictosidine, which is believed as the core scaffold
of >3,000 monoterpenoid indole alkaloids (MIAs) [11,12].
Strictosidine is further converted to catharanthine/tabersonine by
strictosidine p-D-glucosidase (SGD), geissoschizine synthase (GS),
geissoschizine oxidase (GO), protein redox 1 (Redox1), protein
redox 2 (Redox2), stemmadenine-O-acetyltransferase (SAT),
precondylocarpine acetate synthase (PAS), dehydroprecondylo-
carpine acetate synthase (DPAS), and catharanthine synthase
(CS)/tabersonine synthase (TS) [7]. Tabersonine is further
hydroxylated [tabersonine 16-hydroxylase 2 (T16H2)],
O-methylated [16-hydro-xytabersonine O-methyltransferase
(160MT)], hydroxylated [tabersonine 3-oxygenase (T30)], reduced
[tabersonine 3-reductase (T3R)], N-methylated [3-hydroxy-16-
methoxy-2,3-dihydrotabersonine-N-methyltransferase (NMT)],
hydroxylated [desacetoxyvindoline-4-hydroxylase (D4H)], and
acetylated [deacetylvindoline-4-O-acetyltransferase (DAT)] to
generate vindoline [8,13,14]. Finally, vindoline is condensed with
catharanthine to produce vinblastine by a peroxidase-mediated
reaction [class III peroxidase (PRX1)] [15].
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Fig. 1. Complete biosynthesis of vindoline and catharanthine in yeast. A total of 32 heterologous genes including CPR and CYB5 should be integrated to achieve de novo
biosynthesis of vindoline and catharanthine. The whole biosynthetic pathway is divided into 3 functional modules: SAG module (shown in blue), from carbon sources to
strictosidine aglycone; CAT/TAB module (shown in brown), from strictosidine aglycone to catharanthine/tabersonine; and VIN module (shown in magenta), from tabersonine
to vindoline. The yellow arrows at the bottom represent genes overexpressed to enhance the supply of cofactors and transcriptional machinery. MLPLA, major latex protein-like
gene A; SAM2, SAM synthetase; ZWF1, glucose-6-phosphate dehydrogenase; GAPN, nicotinamide adenine dinucleotide phosphate-dependent glyceraldehyde-3-phosphate
dehydrogenase from Streptococcus mutans; CPR, CYP reductase; CYB5, cytochrome b5; GAL4, transcription activator of the yeast galactose regulon. IPP, isopentenyl
pyrophosphate; DMAPP, dimethylallyl pyrophosphate; GPP, geranyl pyrophosphate; FPP, farnesyl pyrophosphate.

Among a series of microbial cell factories, Saccharomyces
cerevisiae is often regarded as the top chassis for producing plant
natural products including vinblastine, mainly due to advan-
tages in the assembly of multiple genes and functional expression
of cytochrome P450 enzymes (CYPs) [16,17]. Currently, sev-
eral plant natural products such as artemisinic acid [18],
daidzin [19], opioids [20], and scopolamine [21] have been suc-
cessfully produced in S. cerevisiae. In terms of the vinblastine
biosynthetic pathway, de novo biosynthesis of strictosidine [11]
and the conversion of tabersonine to vindoline [8,13,14] have
been reported in engineered yeast strains, while reconstitution
of the whole biosynthetic pathway is yet to be explored. The
complexity of vinblastine biosynthesis is not only represented
by the longest biosynthetic pathway but also represented by the
involvement of different types of enzymes (Fig. 1), such as
7 CYPs (G8H, 10, 7DLH, SLS, GO, T16H2, and T30), 3 meth-
yltransferases (LAMT, 160MT, and NMT), 2 acetyltransferases
(SAT and DAT), and a glucosyltransferase (7DLGT). In other
words, to achieve the production of this high value compound
using synthetic biology approach, challenges in manipulating
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multigene biosynthetic pathways, expressing rate-limiting enzymes
(particularly CYPs) to high levels, and supplying sufficient
amounts of various cofactors [i.e., reduced form of nicotinamide
adenine dinucleotide phosphate (NADPH), S-adenosyl-L-
methionine (SAM), acetyl-coenzyme A, and uridine diphos-
phate glucose] should be readily addressed.

In the present study, we aim to achieve de novo biosynthesis
of vindoline and catharanthine, 2 direct precursors of vinblas-
tine, in S. cerevisiae. When the manuscript is under review,
Zhang et al. [22] reported a microbial supply chain for vinblas-
tine, with the production of catharanthine and vindoline reach-
ing as high as 91.4 and 13.2 pgliter ', respectively, in yeast
using fed-batch fermentation in synthetic medium with galac-
tose for 11 days. While the upstream strictosidine and stricto-
sidine aglycone biosynthesis was extensively engineered, the
downstream catharanthine and vindoline biosynthesis was less
optimized, represented by relatively low production and accu-
mulation of pathway intermediates (e.g., tabersonine). We,
based on a previously constructed strictosidine-derivative over-
producing strain [12], focus more on the construction and
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optimization of the catharanthine and vindoline biosynthetic
pathways. Via ensuring sufficient supply of various cofactors
and debottlenecking the rate-limiting steps by gene amplifica-
tion, our engineered yeast strains were able to produce catha-
ranthine and vindoline at a titer of 527.1 and 305.1 pg-liter ",
respectively, in 2 days using shake flask fermentation in rich
medium with galactose. This study demonstrates the potential
of synthetic biology for bulk production of vinblastine and
other plant natural products.

Materials and Methods

Strains, media, and reagents

S. cerevisiae AJM7, derived from CEN.PK2-1C, was used as the
parent strain and cultured in YPD or SED medium containing G418
sulfate (200 mg liter™'; Sangon Biotech Co. Ltd,, Shangha1, China).
YPD medium included yeast extract (10 g-liter'; Oxoid Ltd.,
Hants, UK), peptone A (20 gliter™'; meat peptone from bovine,
Sangon Biotech Co. Ltd.), and glucose (20 gliter™). The compos1—
tions of SED medium were monosodium glutamate (1.1 gliter ),
yeast n1tr0%en base without amino acids and ammonium sulfate
(1.7 g-liter” MP Biomedicals, Solon, Ohio, USA), complete sup-
plement mixture (CSM 0.6 gliter'; MP Biomedicals), and
glucose (20 k3 liter™"). When preparing solid medium, agar powder
(20 g liter ") was added. Gene cloning and plasmid amplifica-
tion were carried out in Escherichia coli DH5a (Tsingke Biotech,
Hangzhou, China). Recombinant E. coli strains were selected and
cultivated in LB medium containing ampicillin (100 mgliter ).
Polymerase chain reaction (PCR) products were purified using
the Gene JET PCR Purification Kit (Thermo Fisher Scientific,
Massachusetts, USA). Plasmids were extracted from E. coli using
the AxyPrep Plasmid Prep Kit (Axygen Biotechnology Co. Ltd.,
Hangzhou, China). All restriction enzymes, T4 DNA ligase, and
Q5 polymerase were purchased from New England Biolabs (Beijing,
China). Standard chemicals used for liquid chromatography-
mass spectrometry (LC-MS) analysis were purchased from
Yuanye Bio-Technology Co. Ltd. (Shanghai, China) or Chengdu
Desite Biological Technology Co. Ltd. (Chengdu, China). All
the other chemicals were obtained from Sigma- Aldrich (St. Louis,
Missouri, USA), unless specifically indicated above.

Plasmid construction

All plasmids were constructed by restriction/ligation, Gibson
Assembly, or Golden-Gate Assembly. Genomic loci used for the
integration of pathway genes and their corresponding single-
guide RNA (sgRNA) plasmids were previously described
[12]. The sgRNA spacer sequences were designed by Benchling
(https://benchling.com) and cloned into the Bsal sites of pRS423-
SpSgH and/or pRS426-SpSgH. The biosynthetic pathway genes
were cloned into the multiple cloning sites of pESC series vectors
(pESC-HIS, pESC-TRP, pESC-LEU, and pESC-URA). Then, recom-
binant plasmids harboring pathway genes were used as PCR
templates to obtain donor DNA fragments (pathway gene
expression cassettes) with 40-base pair homology arms to the
integration sites in S. cerevisiae genome. The catharanthine and
tabersonine biosynthetic pathway genes including GS, GO,
Redox1, Redox2, SAT, PAS, DPAS, CS, and TS from C. roseus were
all codon-optimized for yeast and chemically synthesized by
GenScript Biotech (Nanjing, China). The following recombi-
nant plasmids harboring catharanthine and tabersonine
biosynthetic pathway genes were constructed in this study,
pESC-URA-GS-SAT, pESC-HIS-PAS, pESC-HIS-GO-DPAS,
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pESC-URA-Redox2, pESC-LEU-RedoxI-CS, and pESC-LEU-
Redox1-TS. The vindoline biosynthetic pathway genes including
T16H2, 160MT, T30, T3R, NMT, D4H, and DAT were also from
C. roseus (gifted by V. De Luca from Brock University) and the
corresponding recombinant plasmids (pESC-LEU2d-T16H2-
160MT, pESC-HIS-NMT-T3R, pESC-URA-T30, and pESC-
URA-D4H-DAT) were constructed in our previous studies [13].
Oligonucleotide synthesis and DNA sequencing were performed
by Tsingke Biotech. Plasmids used in this study are listed in
Table S1. The sgRNA plasmids and the corresponding spacer
sequences are listed in Table S2. Oligonucleotides used for colony
PCR verification, gene amplification, DNA sequencing, and plasmid
construction are listed in Table S3. Biosynthetic pathway genes
and the corresponding DNA sequences are listed in Table S4.

Strain construction

All the modifications of the S. cerevisiae genome were based on
the CRISPR/Cas9 system. About 1 pg of sgRNA plasmids and
donor DNA fragments (pathway gene expression cassettes with
40-base pair homologous arms to the integration sites) were
cotransformed into SpCas9 expressing S. cerevisiae-competent
cells using the lithium acetate/single-stranded DNA/polyeth-
ylene glycol (LiAc/ssDNA/PEG) method [23]. Recombinant
yeast strains were selected on SED-URA/G418 or SED-HIS/
G418 agar plates. The desirable genome modifications (e.g., the
integration of the heterologous gene expression cassettes) were
initially verified by colony PCR and further confirmed by DNA
sequencing. All the yeast strains constructed in this study are
listed in Table, and the schematic diagram of strain construc-
tion process is shown in Fig. S1.

Fermentation

For engineered S. cerevisiae strains capable of de novo biosyn-
thesis of MIAs, a single colony was inoculated into 3 ml of YPD
medium and cultured for 24 h at 250 rpm and 30 °C. Then,
300 pl of seed broth was inoculated into 30 ml of YPD medium,
and the culture was continued at 250 rpm and 30 °C. After
24 h, yeast cells were collected by centrifuge at 4,000 rpm for
5 min and washed twice by double-distilled H,O to remove
residual glucose. All the yeast cells were resuspended in 30 ml
of fresh YP medium containing galactose (20 g-liter ") and
cultured at 250 rpm and 30 °C to induce the expression of exog-
enous genes. Samples were taken from the fermentation broth
every 24 h for qualitative and quantitative analysis. All fermen-
tation experiments in this study were carried out with 3 bio-
logical parallels.

Analytical methods

The fermentation broth samples were centrifuged at 12,000 rpm
for 2 min, and an equal volume of ethyl acetate containing 1%o
volume of formic acid was added into the supernatant to extract
the target products. Afterward, the upper organic phase was
passed through a 0.22-pm membrane filter and injected for
LC-MS analysis. SHIMADZU LC-MS/MS 8045 (Tokyo, Japan),
equipped with an Accucore C18 high-performance LC column
(100 x 2.1 mm, 2.6 pm, part no: 17126-102130, Thermo Fisher
Scientific), an electrospray ionization ion source, and a triple
quadrupole mass analyzer, was used for the identification and
quantification of the target molecules. MIAs were monitored
by using LC-MS multiple-reaction monitoring mode (MRM)
with the following parameters: ajmalicine with a collision
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Table. Yeast strains constructed in this study.

Strain Genotype Source

CEN.PK2-Int16::CPRI-CYB5; AP a0 Prrr:
Int9::tGES ~ ERGZOWW; Intll::G8H; Int14::ISY2-GOR;
Int4::TDC-IDII; Int10::GPPS2-tHMGR; Int6::G8H;
AIM7 Int12::TDC-CYPADHZ: Int17::SLS2-STR: Int19:L AMT-7DLGT: Int7::10-7DLH: [12]
Int18:SGD-HYS; AOYE2::ZWFI1-GAPN; AOYE3::ERG20"™-MLPLA;
AARIL:SAM2: AADHG6::SLS2-STR: Int5::GAL4

AJM7-AHYS AJM7-AHYS This study
AJM7A AJM7-AHYS-IntG20::HYS This study
CAT module

CATO AJM7-AHYS-IntL7::GS-SAT; IntL9::PAS This study
CAT2 CATO-IntL10::GO-DPAS; IntL11::Redox2; IntL12::Redox1-CS This study
CAT3 CAT2-IntL5::GS This study
CAT4 CAT2-IntL5::GO This study
CAT5 CAT2-IntL5::Redox1 This study
CAT6 CAT2-IntL5::Redox2 This study
CAT7 CAT2-IntL5::SAT This study
CAT8 CAT2-IntL5::PAS This study
CAT9 CAT2-IntL5::DPAS This study
CAT10 CAT2-IntL5::CS This study
TAB module

TAB3 CATO-IntL10::GO-DPAS; IntL11::Redox2; IntL12::RedoxI-TS This study
TAB4 TAB3-IntL5::GS This study
TABS TAB3-IntL5::GO This study
TAB6 TAB3-IntL5::Redox1 This study
TAB7 TAB3-IntL5::Redox2 This study
TABS8 TAB3-IntL5::SAT This study
TAB9 TAB3-IntL5::PAS This study
TAB10 TAB3-IntL5::DPAS This study
TAB11A TAB3-IntL5::TS This study
VIN module

VIN1 TAB4-IntG16::160MT-T16H2; IntG17::T3R-NMT This study
VIN3 VIN1-IntG22::T30; IntG19::D4H-DAT This study
VIN5 VIN3-IntG24::TS This study
VIN7 VIN3-IntG24::GS This study
VINg VIN3-IntG24::DPAS This study
VINI1O VIN3-IntG24::TS; IntG25::GS This study
VINIL VIN3-IntG24::TS; IntG25::DPAS This study
VINI2 VIN3-IntG24::GS; IntG15::DPAS This study
VIN13 VIN3-IntG21::TS; IntG24::GS; IntG15::DPAS This study

ERG20™ represents the ERG207P"M27W mutant,

energy of 24 eV and a mass/charge ratio (/z) transition from
353.15 to 144.05; catharanthine with a collision energy of 20 eV
and an m/z transition from 337.10 to 144.15; tabersonine with
a collision energy of 22 eV and an m/z transition from 337.40
to 305.05; vindoline with a collision energy of 28 eV and an
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m/z transition from 457.05 to 188.05; and other pathway inter-
mediates with a positive scanned mode from m/z 50 to 800.
The temperature of column oven was kept at 30 °C; the atom-
izing gas flow rate was kept at 3.0 liters-min""; the pressure of
collision-induced dissociation gas was maintained at 230 kPa;
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Fig. 2. Reconstitution and optimization of CAT/TAB module for de novo biosynthesis of catharanthine and tabersonine. (A) Schematic diagram for the construction of
catharanthine- and tabersonine-producing strains based on the strictosidine aglycone platform strain. (B) Construction of a strictosidine aglycone (SAG module) platform
strain. LC-MS analysis of the production of ajmalicine. MRM spectra (m/z=353.15>144.05) of ajmalicine standard, AJM7-AHYS (control strain) sample, and AJM7A (ajmalicine-

producing strain) sample. (C) LC-MS analysis of de novo production of catharanthine in S. cerevisiae. MRM spectra (m/z =

33710 > 144.15) of catharanthine standard,

CATO (control strain) sample, and CAT2 (catharanthine-producing strain) sample. (D) LC-MS analysis of de novo production of tabersonine in S. cerevisiae. MRM spectra

(m/z=

33740 > 305.05) of tabersonine standard, CATO (control strain) sample, and TAB3 (tabersonine-producing strain) sample. (E) Metabolic pathway engineering for

enhanced de novo production of catharanthine, with GS and DPAS identified as the rate-limiting enzymes. (F) Metabolic pathway engineering for enhanced de novo production
of tabersonine, with GS, DPAS, and TS identified as the rate-limiting enzymes. An extra copy of each gene of the CAT/TAB module was integrated into strain CAT2 or TAB3 to
enhance the production of catharanthine and tabersonine, respectively. The results represent the means + SD of biological triplicates (n=3).
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the desolvation line temperature was held at 250 °C; and the
temperature of heating block was held at 400 °C. We used an
aqueous solution of 1%o formic acid (solvent A) and methanol
(solvent B) as the mobile phases. When detecting ajmalicine
and catharanthine, the gradient elution program was set as
following: 90% to 10% solvent A over 25 min and returned to
90% solvent A over another 10 min with a constant flow rate
of 0.3 ml-min~". When detecting tabersonine and vindoline,
the gradient elution program was set as follows: 90% to 5%
solvent A over 40 min and returned to 90% solvent A over

another 10 min with a constant flow rate of 0.3 ml-min™".

Results

Establishment of a strictosidine aglycone

platform strain

As the most complicated biosynthetic pathway in nature, we
divided the vindoline biosynthetic pathway into 3 functional
modules, SAG module (from carbon source to strictosidine
aglycone), CAT/TAB module (from strictosidine aglycone to
catharanthine/tabersonine), and VIN module (from taberso-
nine to vindoline), with each reconstituted and optimized in
a modular manner. In our previous study, we constructed a
yeast strain AJM?7 for overproducing ajmalicine, a strictosidine
derived MIA (Fig. 2A) [12]. In addition to the introduction
and optimization of the biosynthetic pathway, we removed
or dynamically regulated the competing pathways (AOYE2,
AOYE3, AADH6, AARII, and APgpg,p::Pyyr;) leading to the
formation of nonproductive intermediates, enhanced NADPH
supply via overexpression of ZWFI and GAPN, and increased
SAM availability via overexpression of SAM2. In addition,
GAL4 was overexpressed to ensure the transcription machinery
to be sufficient to drive the expression of all biosynthetic path-
way genes under the control of galactose-inducible promoters
(Fig. 1). Therefore, AJM7 was chosen as the parent strain for
the reconstitution and optimization of the catharanthine and
vindoline biosynthetic pathway. To redirect the metabolic fluxes
from ajmalicine, we removed the HYS expression cassette using
the CRISPR/Cas9 system. As shown in Fig. 2B, no ajmalicine
production was detected in AJM7-AHYS and reintroduction
of HYS expression cassette restored the ajmalicine-producing
capability, indicating AJM7-AHYS as a strictosidine aglycone
platform strain for reconstitution of the downstream MIA bio-
synthetic pathways. Notably, neither strictosidine nor strictosidine
aglycone was detected in AJM7-AHYS, indicating that the activity
of SGD was sufficient and the stability of strictosidine aglycone
was too low to be accumulated. In other words, the strictosidine
aglycone conversion enzyme should be active enough to channel
the metabolic fluxes toward the downstream biosynthetic pathways.

Reconstitution and optimization of CAT/TAB module
for de novo biosynthesis of catharanthine

and tabersonine

On the basis of the strictosidine aglycone (SAG module) plat-
form strain, we further introduced the CAT/TAB module genes
(Fig. 2A). Enabled by the previously established CRISPR/Cas9
system, we could integrate GS, GO, Redox1, Redox2, SAT, PAS,
DAPS, and CS/TS via 2 rounds of genome editing, leading to
the construction of CAT2 and TAB3. Without the supplemen-
tation of any MIA biosynthetic pathway precursors, we were
able to detect the production of catharanthine (225.3 pg‘liter_l)
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and tabersonine (9.0 pgliter ') in CAT2 and TAB3, respec-
tively (Fig. 2C and D). The production of tabersonine was more
than one order of magnitude lower than that of catharanthine,
which was consistent with previous studies that CS was much
more active than TS [22]. Although de novo biosynthesis of
catharanthine and tabersonine has been achieved, their titers
were still far from satisfactory and should be further improved
by pathway engineering.

Because of the difficulty in quantifying pathway intermedi-
ates, we chose to identify and debottlenecked the rate-limiting
steps by integrating an additional copy of each pathway gene.
As shown in Fig. 2E and F, GS (CAT3) and DPAS (CAT9) were
determined to be the rate-limiting enzymes of the catharan-
thine biosynthetic pathway, whose additional copy increased
the production to 527.1 and 488.5 pg-liter_l, respectively; GS
(TAB4), DPAS (TAB10), and TS (TAB11A) were found to be
the major bottlenecks for efficient tabersonine biosynthesis and
the introduction of an additional copy increased the production
to 18.0, 18.9, and 14.2 pg-liter ', respectively. While the path-
way optimization results were almost consistent between catha-
ranthine and tabersonine, with the last step (CS/TS) as the only
exception (Fig. 2E and F). Although CS was not the bottleneck,
the low activity of TS [22] made it one of rate-limiting enzymes
of the tabersonine biosynthetic pathway. As the first enzyme
converting the general yet unstable precursor (strictosidine
aglycone) to the downstream MIA pathways, GS with an extra
copy was beneficial for the biosynthesis of both catharanthine
and tabersonine. Therefore, TAB4 with 2 copies of GS expres-
sion cassette integrated into the yeast chromosome was chosen
for the construction of vindoline-producing strains.

Reconstitution and optimization of VIN module for

de novo biosynthesis of vindoline

With an aim to achieve de novo biosynthesis of vindoline, we
further introduced the VIN module genes (including T16H2,
160MT, T30, T3R, NMT, D4H, and DAT) via 2 rounds of
CRISPR/Cas9-based genome editing, leading to the construc-
tion of strain VIN3 (Fig. 3A). After galactose induction, we
were able to detect the production of vindoline in the fermen-
tation broth of VIN3 (Fig. 3B), representing one of the first 2
reports on the production of vindoline in a heterologous host
and one of the most complicated pathways ever reconstituted
in microbial cell factories. Postinduction fermentation profile
revealed that the highest production (16.1 pgliter ") was achieved
in 48 h (Fig. 3C), which was chosen as the time point to take
samples for LC-MS analysis.

Although the vindoline production level was not sufficient
for industrial applications, tabersonine was completely con-
sumed and almost converted to vindoline. More importantly,
although only one copy of each pathway gene was integrated
into the yeast genome, no VIN module intermediates or
by-products were accumulated to detectable levels in VIN3
(Fig. 3D). On the contrary, in our previously constructed taber-
sonine to vindoline conversion strains, pathway intermediates
(e.g., 16-hydroxy-tabersonine and 3-hydroxy-16-methoxy-2,3-
dihydrotabersonine) were accumulated to high levels and mul-
tiple copies of the pathway genes (4 copies of TI16H2 and
160MT as well as 2 copies of T30, T3R, NMT, D4H, and DAT)
should be integrated to achieve high-yield tabersonine conver-
sion [13]. The discrepancy might result from different modes
of tabersonine supply, which was gradually synthesized inside
the yeast cells at a low level (<20 pg-liter™") in the present study
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Fig.3.Reconstitution of VIN module for de novo biosynthesis of vindoline. (A) Schematic diagram for the construction of vindoline-producing strain based on the tabersonine-
producing strain. (B) LC-MS analysis of de novo production of vindoline in S. cerevisiae. MRM spectra (m/z=457.05>188.05) of vindoline standard, VIN1 (control strain) sample,
and VIN3 (vindoline-producing strain) sample. (C) Time-course fermentation profile of vindoline production in VIN3. Samples were taken every 24 h after galactose induction
for LC-MS analysis. (D) Effect of tabersonine concentration (with or without exogenous supplementation) on the accumulation of VIN module intermediates. Tabersonine was
supplemented into the fermentation broth at a final concentration of 50 mg-liter* after galactose induction of VIN3, and the pathway intermediates were analyzed by LC-MS.
16-Hydroxy-tabersonine, 16-methoxy-tabersonine, 3-hydroxy-16-methoxy-2,3-dihydrotabersonine, desacetoxyvindoline, and deacetylvindoline were detected with m/z of 353,
367,385, 399, and 415, respectively.
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and externally supplemented at relatively high concentration
(>15 mg-liter ") in the previous study. To test our hypothesis,
we supplemented tabersonine (50 mg-liter™') after galactose
induction to the fermentation broth and found several pathway
intermediates (Fig. 3D) and by-products (Fig. S2) to accumu-
late to high levels in VIN3. These results indicated that contin-
uous supply of tabersonine at a low concentration was beneficial
for vindoline production and the VIN module with one copy
of each gene integrated into the yeast genome was efficient
enough to convert all tabersonine to vindoline. In other words,
the availability of tabersonine was the bottleneck for de novo
biosynthesis of vindoline, and the TAB module should be fur-
ther engineered.

To further enhance the production of vindoline in yeast, we
integrated extra copies of the rate-limiting enzyme encoding
genes of the TAB module (i.e., GS, DPAS, and TS) both indi-
vidually and combinatorially. As expected, an extra copy of
GS (VIN7), DPAS (VINS), or TS (VIN5) expression cassette
increased the production of vindoline by 3.6-, 4.4-, and 1.2-fold,
respectively. Additional integration of 2 expression cassettes,
GS and TS for VIN10, DPAS and TS for VIN11, and GS and
DPAS for VIN12, further increased the production of vindoline
to 149.3, 118.2, and 220.2 pg-liter ', respectively. Nevertheless,
the highest production was achieved when all 3 genes were
simultaneously integrated, indicating a synergistic effect in
engineering of the rate-limiting enzymes of TAB module (Fig.
4). The optimal strain VIN13 was able to produce vindoline
(305.1 pg-liter‘l) from simple carbon sources in 48 h, without
the accumulation of tabersonine and VIN module intermedi-
ates to detectable levels.

Discussion

Plant natural products play important roles in medicine, cos-
metics, and food industries and are featured with complex
chemical structures [16,24]. The development of synthetic biol-
ogy enables scalable production of these value-added com-
pounds in microbial cell factories, a promising alternative to
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Fig.4.Metabolic pathway engineering for enhanced de novo production of vindoline.
Additional copies of the rate-limiting enzyme encoding genes (i.e., GS, DPAS, and TS)
were integrated into the chromosome of yeast individually and combinatorially to
further increase the production of vindoline. The results represent the means + SD
of biological triplicates (n=3).
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the traditional plant extraction methods [25,26]. As for the
biosynthesis of vinblastine precursors, although the Keasling’s
group and our group both reported the complete biosynthesis
of vindoline and catharanthine in S. cerevisiae, their production
levels were still far from industrial applications. In other words,
grand challenges in the manipulation of long biosynthetic path-
ways and the compatibility between plant enzymes and micro-
bial cells should be readily addressed for broad applications.

In nature, vindoline biosynthesis happens in at least 5 com-
partments [8], with GES in the plastid, CYPs and their reduc-
tases in the endoplasmic reticulum, SGD in the nucleus, STR
and PAS in the vacuole, and most of the remaining enzymes in
the cytoplasm. While most of the vindoline and catharanthine
biosynthetic pathway enzymes are localized in the cytoplasm
of yeast, with the exception for GO, T16H2, and T30 in endo-
plasmic reticulum as well as PAS in vacuole, compartmentali-
zation engineering has demonstrated advantages in minimizing
competing pathways, increasing the availability of biosynthesis
precursors, and providing unique environment for some spe-
cific enzymes [17,27]. For example, compartmentalization of
the mevalonate pathway into mitochondrion [28,29] and/or
peroxisome [30,31] dramatically increased the production of
monoterpenes including geraniol, mainly due to the enhanced
availability of acetyl-coenzyme A and less competition with the
steroid pathway. In addition, the compartmentalization of a
key enzyme (norcoclaurine synthase) into peroxisome allevi-
ated the cytotoxicity and increased the production of a ben-
zylisoquinoline alkaloid [32]. Therefore, compartmentalization
engineering of the vindoline biosynthetic pathway will be car-
ried out to boost production in our future studies.

Other than the division into different compartments, micro-
bial consortia system divides multigene biosynthetic pathways
into 2 or more host cells, emerging as a promising strategy to
expand microbial capacity in utilizing complex and hard-to-use
substrates and/or synthesizing complex products [33]. For exam-
ple, an E. coli-S. cerevisiae coculture was established for de novo
biosynthesis of oxygenated taxanes [34]; an E. coli- Trichoderma
reesei coculture was engineered for the production of isobutanol
from cellulosic biomass directly [35]. Nevertheless, the stability
and tunability of population compositions are essential for opti-
mal performance and process scale-up. Recently, Li et al. [36]
established a multimetabolite cross-feeding strategy for micro-
bial consortia design, which was demonstrated for the design
and construction of a 3-strains coculture system for de novo bio-
synthesis of silybins. In terms of the intermediates of the vindo-
line biosynthetic pathway, strictosidine and tabersonine can be
both exported out of the producing cells [22] and imported into
the neighboring cells for downstream conversion [13], which
can be employed as the branching points for the design of micro-
bial consortia systems.

Overall, we constructed yeast strains for de novo biosynthe-
sis of vindoline and catharanthine, representing the first 2
reports on the reconstitution of such long and complex biosyn-
thetic pathways. In combination with cofactor supply engineer-
ing and pathway optimization strategies, our engineered yeast
strains were able to produce catharanthine (527.1 pg-liter™")
and vindoline (305.1 pg-liter™'), laying a solid foundation for
large-scale fermentative production of vinblastine and vincris-
tine in near future. In addition, the strictosidine aglycone (SAG
module) platform strain and CRISPR/Cas9-based modular
pathway engineering strategy can be employed for bulk pro-
duction of MIAs and other plant natural products.


https://doi.org/10.34133/bdr.0002

BioDesign Research

Acknowledgments

We acknowledge V. De Luca from Brock University (Canada)
for providing the tabersonine to vindoline pathway genes
(T16H2, 160MT, T30, T3R, NMT, D4H, and DAT). We thank
S.E. O’Connor from Max Planck Institute of Chemical Ecology
(Germany) and Y. Qu from University of New Brunswick
(Canada) for suggestions. We also would like to thank iBio-
Foundry and Core Facility of Institute for Intelligent Bio/Chem
Manufacturing, ZJU-Hangzhou Global Scientific and Tech-
nological Innovation Center (China) for analytical support.
Funding: This work was supported by the National Key Research
and Development Program of China (2018YFA0901800 and
2021YFC2103200), the Natural Science Foundation of Zhejiang
Province (LR20B060003), the Natural Science Foundation of
China (22278361), and the Fundamental Research Funds for the
Central Universities (226-2022-00214). Author contributions:
D.G. performed the experiments, analyzed the data, and drafted
the manuscript. D.G., T.L,, and ].G. designed and constructed
the vindoline and catharanthine biosynthetic pathways. D.G.,
J.G., and D.L. performed LC-MS analysis. D.G., Y.G., and Y.P.
selected and characterized the integration sites. J.L. conceived
the study and revised the manuscript. All authors approved the
manuscript. Competing interests: The authors declare that they
have no competing interests.

Data Availability

The data involved in the research are included in the manuscript
and the Supplementary Materials. All relevant data are available
upon reasonable request from the corresponding author.

Supplementary Materials

Fig. S1. Strain construction procedures.

Fig. S2. Effect of tabersonine concentration on the accumula-
tion of VIN module by-products.

Table S1. List of plasmids.

Table S2. List of sgRNA plasmids as well as spacer sequences.
Table S3. List of primers.

Table S4. List of pathway gene encoding sequences.

References

1. O’Connor SE, Maresh JJ. Chemistry and biology of monoterpene
indole alkaloid biosynthesis. Nat Prod Rep. 2006;23(4):532-547.

2. Feng L-W, Ren H, Xiong H, Wang P, Wang L, Tang Y. Reaction
of donor-acceptor cyclobutanes with indoles: A general
protocol for the formal total synthesis of (+)-strychnine and
the total synthesis of (+)-akuammicine. Angew Chem Int Ed.
2017;56(11):3055-3058.

3. Smith JM, Moreno J, Boal BW, Garg NK. Cascade reactions:
A driving force in akuammiline alkaloid total synthesis.
Angew Chem Int Ed. 2015;54(2):400-412.

4. TIshikawa H, Colby DA, Seto S, Va P, Tam A, Kakei H, Rayl TJ,
Hwang I, Boger DL. Total synthesis of vinblastine, vincristine,
related natural products, and key structural analogues. ] Am
Chem Soc. 2009;131(13):4904-4916.

5. Miettinen K, Dong L, Navrot N, Schneider T, Burlat V, Pollier J,
Woittiez L, van der Krol S, Lugan R, Ilc T, et al. The seco-iridoid
pathway from Catharanthus roseus. Nat Commun. 2014;5:3606.

Gao et al. 2022 | https://doi.org/10.34133/bdr.0002

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Sharma A, Amin D, Sankaranarayanan A, Arora R, Mathur AK.
Present status of Catharanthus roseus monoterpenoid indole
alkaloids engineering in homo- and hetero-logous systems.
Biotechnol Lett. 2020;42(1):11-23.

Caputi L, Franke ], Farrow SC, Chung K, Payne RME,
Nguyen T-D, Dang T-TT, Soares TCI, Koudounas K,

Dugé de Bernonville T, et al. Missing enzymes in the
biosynthesis of the anticancer drug vinblastine in Madagascar
periwinkle. Science. 2018;360(6394):1235-1239.

Qu Y, Easson MLAE, Froese ], Simionescu R, Hudlicky T,

De Luca V. Completion of the seven-step pathway from
tabersonine to the anticancer drug precursor vindoline

and its assembly in yeast. Proc Natl Acad Sci USA.
2015;112(19):6224-6229.

Qu Y, Safonova O, De Luca V. Completion of the canonical
pathway for assembly of anticancer drugs vincristine/
vinblastine in Catharanthus roseus. Plant J. 2019;97(2):257-266.
Qu Y, Thamm AMK, Czerwinski M, Masada S, Kim KH,
Jones G, Liang P, De Luca V. Geissoschizine synthase controls
flux in the formation of monoterpenoid indole alkaloids in a
Catharanthus roseus mutant. Planta. 2018;247(3):625-634.
Brown S, Clastre M, Courdavault V, O’Connor SE. De novo
production of the plant-derived alkaloid strictosidine in yeast.
Proc Natl Acad Sci USA. 2015;112(11):3205-3210.

Liu T, Gou Y, Zhang B, Gao R, Dong C, Qi M, Jiang L, Ding X,
Li C, Lian J. Construction of ajmalicine and sanguinarine

de novo biosynthetic pathways using stable integration sites in
yeast. Biotechnol Bioeng. 2022;119(5):1314-1326.

Liu T, Huang Y, Jiang L, Dong C, Gou Y, Lian J. Efficient
production of vindoline from tabersonine by metabolically
engineered Saccharomyces cerevisiae. Commun Biol.
2021;4(1):1089.

Kulagina N, Guirimand G, Melin C, Lemos-Cruz P,
Carqueijeiro I, De Craene J-O, Oudin A, Heredia V,
Koudounas K, Unlubayir M, et al. Enhanced bioproduction of
anticancer precursor vindoline by yeast cell factories. Microb
Biotechnol. 2021;14(6):2693-2699.

Costa MM, Hilliou F, Duarte P, Pereira LG, Almeida I, Leech M,
Memelink ], Barcelé AR, Sottomayor M. Molecular cloning
and characterization of a vacuolar class III peroxidase involved
in the metabolism of anticancer alkaloids in Catharanthus
roseus. Plant Physiol. 2008;146(2):403-417.

Jiang L, Huang L, Cai J, Xu Z, Lian J. Functional expression

of eukaryotic cytochrome P450s in yeast. Biotechnol Bioeng.
2021;118(3):1050-1065.

Lian J, Mishra S, Zhao H. Recent advances in metabolic
engineering of Saccharomyces cerevisiae: New tools and their
applications. Metab Eng. 2018;50:85-108.

Paddon CJ, Westfall PJ, Pitera D], Benjamin K, Fisher K,
McPhee D, Leavell MD, Tai A, Main A, Eng D, et al. High-
level semi-synthetic production of the potent antimalarial
artemisinin. Nature. 2013;496:528-532.

Liu Q, Liu Y, Li G, Savolainen O, Chen Y, Nielsen J. De novo
biosynthesis of bioactive isoflavonoids by engineered yeast cell
factories. Nat Commun. 2021;12(1):6085.

Galanie S, Thodey K, Trenchard IJ, Interrante ME, Smolke CD.
Complete biosynthesis of opioids in yeast. Science.
2015;349(6252):1095-1100.

Srinivasan P, Smolke CAO. Biosynthesis of medicinal tropane
alkaloids in yeast. Nature. 2020;585(7826):614-619.

Zhang J, Hansen LG, Gudich O, Viehrig K, Lassen LMM,
Schriibbers L, Adhikari KB, Rubaszka P, Carrasquer-Alvarez E,


https://doi.org/10.34133/bdr.0002

BioDesign Research

23.

24.

25.

26.

27.

28.

29.

30.

Chen L, et al. A microbial supply chain for production of the
anti-cancer drug vinblastine. Nature. 2022;609:341-347.

Gietz RD, Schiest] RH. High-efficiency yeast transformation
using the LiAc/SS carrier DNA/PEG method. Nat Protoc.
2007;2:31-34.

Rodrigues T, Reker D, Schneider P, Schneider G. Counting on
natural products for drug design. Nat Chem. 2016;8(6):531-541.
Lv X, Xue H, Qin L, Li C. Transporter engineering in microbial
cell factory boosts biomanufacturing capacity. BioDesign Res.
2022;2022:Article 9871087.

Shi Z, Liu P, Liao X, Mao Z, Zhang J, Wang Q, Sun ], Ma H, Ma Y.
Data-driven synthetic cell factories development for industrial
biomanufacturing. BioDesign Res. 2022;2022:Article 9898461.
Hammer SK, Avalos JL. Harnessing yeast organelles for
metabolic engineering. Nat Chem Biol. 2017;13(8):823-832.
Yee DA, De Nicola AB, Billingsley JM, Creso ]G,
Subrahmanyam V, Tang Y. Engineered mitochondrial
production of monoterpenes in Saccharomyces cerevisiae.
Metab Eng. 2019;55:76-84.

Zhang Y, Wang ], Cao X, Liu W, Yu H, Ye L. High-level
production of linalool by engineered Saccharomyces cerevisiae
harboring dual mevalonate pathways in mitochondria and
cytoplasm. Enzym Microb Technol. 2020;134:109462.
Dusseaux S, Wajn WT, Liu Y, Ignea C, Kampranis SC.
Transforming yeast peroxisomes into microfactories for the

Gao et al. 2022 | https://doi.org/10.34133/bdr.0002

31.

32.

33.

34.

35.

36.

efficient production of high-value isoprenoids. Proc Natl Acad
Sci USA. 2020;117(50):31789-31799.

Gerke ], Frauendorf H, Schneider D, Wintergoller M,
Hofmeister T, Poehlein A, Zebec Z, Takano E, Scrutton

NS, Braus GH. Production of the fragrance geraniol in
peroxisomes of a product-tolerant baker’s yeast. Front Bioeng
Biotechnol. 2020;8:582052.

Grewal PS, Samson JA, Baker JJ, Choi B, Dueber JE.
Peroxisome compartmentalization of a toxic enzyme improves
alkaloid production. Nat Chem Biol. 2021;17(1):96-103.

Song H, Ding M-Z, Jia X-Q, Ma Q, Yuan Y-J. Synthetic
microbial consortia: From systematic analysis to construction
and applications. Chem Soc Rev. 2014;43(20):6954-6981.
Zhou K, Qiao K, Edgar S, Stephanopoulos G. Distributing

a metabolic pathway among a microbial consortium

enhances production of natural products. Nat Biotechnol.
2015;33(4):377-383.

Minty JJ, Singer ME, Scholz SA, Bae C-H, Ahn J-H, Foster CE,
Liao JC, Lin XN. Design and characterization of synthetic
fungal-bacterial consortia for direct production of

isobutanol from cellulosic biomass. Proc Natl Acad Sci USA.
2013;110(36):14592-14597.

LiX, Zhou Z, Li W, Yan Y, Shen X, Wang ], Sun X, Yuan Q.
Design of stable and self-regulated microbial consortia for
chemical synthesis. Nat Commun. 2022;13(1):1554.

10


https://doi.org/10.34133/bdr.0002

	De Novo Biosynthesis of Vindoline and Catharanthine in Saccharomyces cerevisiae
	Introduction
	Materials and Methods
	Strains, media, and reagents
	Plasmid construction
	Strain construction
	Fermentation
	Analytical methods

	Results
	Establishment of a strictosidine aglycone platform strain
	Reconstitution and optimization of CAT/TAB module for de novo biosynthesis of catharanthine and tabersonine
	Reconstitution and optimization of VIN module for de novo biosynthesis of vindoline

	Discussion
	Acknowledgments
	Data Availability
	Supplementary Materials
	References


