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Taxadiene is an important precursor of paclitaxel. However, its low yield in eukaryotic systems limits its
biosynthesis. This study found that the low yield of taxadiene is likely due to the degradation of expressed
taxadiene synthase (TS) in Saccharomyces cerevisiae. The TS expression degradation problem was
improved by the knockout of protease PRB1, and the yield of taxadiene was increased by 97% from
19.8 mg L™* to 39.2 mg L% Furthermore, multi-copy integration of the TS gene and enhancement of the
geranylgeranyl diphosphate (GGPP) precursor pathway increased the taxadiene titer to 282.4 mg L™t in a
shake flask. Interestingly, enhancing TS expression also decreased the competitive synthesis of geranyl-
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geraniol (GGOH). Finally, the taxadiene titer reached 878.5 mg L™ after optimising the fed-batch fermen-
tation, which is the highest taxadiene titer reported for eukaryotic microbes. This study alleviated the pro-
blems associated with the expression and degradation of heterologous proteins and provided an efficient
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1. Introduction

Paclitaxel is a natural product biosynthesized from the bark
extract of Taxus brevifolia (evergreen needle-leaf trees of
Taxaceae).! Owing to its unique chemical structure and
pharmacological characteristics, this compound exhibits
potent anti-proliferative activity. Hence, clinically approved
chemotherapeutic agents have proved to be effective in treating
refractory ovarian carcinoma, metastatic breast malignancy,
advanced non-small cell lung cancer, and other solid tumours.
Paclitaxel was originally isolated from the bark of T. brevifolia;
however, this species has a prolonged growth period, short
cycling, poor regeneration capacity, and an extremely low pacli-
taxel content in the bark.” Chemical and semi-chemical syn-
thesis methods were used to produce paclitaxel.® Concurrently,
the chemical synthesis of paclitaxel faces obstacles such as
more than 20 steps of the synthetic route, low yields, stringent
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and green strategy to produce complex natural compounds.

reaction conditions, and significant generation of toxic waste
streams, rendering it economically unfeasible for commercial
production.” Currently, the industrial production of paclitaxel
primarily adopts a semi-synthetic approach.” This involves iso-
lating the key intermediate (10-deacetylbaccatin III) first from
the needles and leaves of the yew tree, followed by a four-step
chemical transformation to synthesize paclitaxel.® However,
owing to the structural complexity of paclitaxel, the precursors
used for its semi-chemical synthesis are still derived from the
extraction of artificially planted trees and, thus, are still unable
to alleviate the shortage of raw materials for paclitaxel
synthesis.

In recent years, the utilisation of microbes to produce high-
value plant compounds has become a promising alternative
approach owing to rapid advances in synthetic biology and
metabolic engineering.””® Furthermore, compared to the pro-
duction processes of natural product chemical synthesis,
microbial synthesis utilizes renewable biomass to produce the
target compounds via green and sustainable means.’
Taxadiene is the key intermediate in the paclitaxel biosynthetic
pathway and high-yield taxadiene production is an essential
prerequisite for efficient paclitaxel biosynthesis.'® Taxadiene is
formed by the cyclisation of geranylgeranyl diphosphate
(GGPP) by taxadiene synthase (TS). Ajikumar et al used a
multivariate modular pathway engineering approach for divid-
ing taxadiene synthesis into an upstream native IPP synthesis
module and downstream GGPP and taxadiene synthesis
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modules. By combining these two modules with different pro-
moters and gene copy numbers, they identified an optimal
combination that increased taxadiene production in a 2 L bio-
reactor by 15000-fold to 1 g L™"."" In the paclitaxel biosyn-
thetic pathway, the intermediate taxadiene undergoes a series
of complex reactions, including hydroxylation, acetylation, and
epoxidation.'> Compared to prokaryotic systems, the eukary-
otic system Saccharomyces cerevisiae (S. cerevisiae) possesses
complete membrane systems and post-translational protein
modification machinery, giving it an advantage for expressing
P450 enzymes.'® Therefore, S. cerevisize have tremendous
potential as a platform for the green bio-synthesis of
paclitaxel.

Although taxadiene production in Escherichia coli (E. coli)
has made significant progress, its yield in S. cerevisiae remains
very low. Compared to other terpene synthases, TS not only
has lower expression levels but also relatively lower activity,
with a turnover rate 70-fold lower than that of plant diterpene
synthases with higher sequence homology.'* Engels et al.
introduced GGPP synthase (SaGGPPS) from Sulfolobus acidocal-
darius and TS from Taxus into S. cerevisiae and overexpressed
tHMG1. Through TS codon optimisation, the final taxadiene
titer reached 8.7 mg L™."> According to previous studies, the
expression of soluble TS in S. cerevisiae is poor. Nowrouzi et al.
increased the expression of soluble TS by utilising solubility
enhancement tags, thereby increasing the taxadiene titer in
S. cerevisiae to 129 mg L™.'® TS protein expression was
enhanced by the fusion of GGPPS and TS in our previous
study.”” Although previous studies have proposed various
engineering strategies to improve TS protein expression and
activity, including N-terminal truncation, solubility-enhancing
tags, subcellular relocalization, and copy number amplifica-
tion, taxadiene production has not yet reached the expected
level in S. cerevisiae. Progress has been made regarding the
downstream modification pathways of taxadiene to paclitaxel
and the latest studies have revealed the key missing enzymes
in the biological pathway of paclitaxel, clarified a new mecha-
nism of oxidative rearrangement in paclitaxel oxetane for-
mation, and discovered multiple related genes in the hetero-
geneous synthesis pathway of paclitaxel.'® The exploration of
taxadiene and its downstream pathways in eukaryotic systems
has garnered considerable attention.'® Therefore, finding new
strategies and tools to improve the expression in S. cerevisiae
and increase the taxadiene yield is worthy of further
investigation.

Many studies have addressed the problem of low heter-
ologous protein expression in S. cerevisiae. To increase the
yield of haemoglobin in S. cerevisiae, Ishchuk et al. knocked
out the VPS1 gene encoding the vacuolar protein sorting recep-
tor and the PEP4 gene encoding vacuolar protease A to reduce
the degradation of haemoglobin.?® Moreover, disrupting the
PAH1 encoding phospholipid phosphatase by CRISPR/Cas9
caused endoplasmic reticulum stress (ERS), thereby stimulat-
ing the production of recombinant triterpene biosynthetic
enzymes and ultimately promoting the accumulation of triter-
pene compounds and triterpene saponins.>' Yap et al
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knocked out PRB1 and PEP4 genes in S. cerevisiae BJ5464,
improved the expression of sesquiterpene synthetase derived
from tiger milk mushroom Lignosus rhinocerotis, and increased
the yield of a-cadinol.>® Tang et al. enhanced the expression of
monacolin-j acid (MJA) biosynthesis genes and increased the
MJA titer to 75 mg L™ by deleting PYC2, PRB1, and PEP4 pro-
teases.”® The productivity of heterologous proteins in
S. cerevisiae can be effectively improved by inhibiting the
activity of related proteases to prevent their degradation.>*

In previous studies, we had successfully constructed a high-
producing GGPP strain by screening metabolic pathway genes
and controlling key gene promoters, thereby providing an
excellent basis for taxadiene biosynthesis.>® In this study, we
aimed to verify the abnormal protein expression of TS and the
phenomenon of TS protein cleavage in the expression system
of S. cerevisiae. Subsequently, we knocked out the endogenous
protease PRB1 of S. cerevisiae and improved the expression
level of the intact TS protein, which resulted in a significant
increase in the production of taxadiene. Then, we further
increased the titer of taxadiene to 282.4 mg L' in a shaking
bottle by enhancing the GGPP precursor pathway and integrat-
ing the multi-copy TS gene into the TY1 site. Finally, the titer
of taxadiene was increased to 878.5 mg L' in a 5 L bioreactor
under optimised fed-batch fermentation conditions, which is
the highest taxadiene yield reported in eukaryotes (Fig. 1).

2. Materials and methods
2.1 Strains and culture media

The yeast strains used in this study are listed in Table 1.
Plasmid construction and amplification were performed using
E. coli Top10 (TransGen Biotech, Beijing, China). S. cerevisiae
CEN.PK2-1C (MAT a, ura3-52, trp1-289, leu2-3,112, his3A1,
MAL2-8C, SUC2) (Table 1), obtained from EUROSCARF
(Frankfurt, Germany), was employed for the development of
taxadiene producing strains as listed in Table 1.>°

The E. coli top 10 strain was cultured in LB medium (0.5%
yeast extract, 1% tryptone, and 1% NaCl) supplemented with
either 50 pg mL™" kanamycin or 100 pg mL™" ampicillin at a
temperature of 37 °C for the propagation of recombinant plas-
mids. S. cerevisiae strains devoid of plasmids were cultured in
yeast extract-peptone-dextrose (YPD) medium. The selected
plasmids carrying nutritional screening tags were introduced
into S. cerevisiae cells and cultured in a synthetic complete
(SC) medium lacking the corresponding amino acids. All
medium formulations were the same as those used in a pre-
vious study."”

2.2 Plasmid construction

All plasmids and primers used in this study are listed in
Tables S1 and S2,7 respectively. The yeast expression plasmids
pRS416 and pRS426, obtained from ADDGENE (USA), were
used for the construction of all the cassettes used in this
study. The TS gene (Accession Q41594) was codon optimised
for expression in S. cerevisice and synthesised using
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Fig. 1 Biosynthesis pathway of taxadiene and optimization of key enzyme expression. HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; tHMG1,
a truncated HMG-CoA reductase 1; IPP, isopentenyl pyrophosphate; DMAPP, dimethylallyl pyrophosphate; GGPP, geranylgeranyl diphosphate; TS,

taxadiene synthase; GGOH, geranylgeraniol.

GenScriptInc (China) (Table S37). The yeast strains were trans-
formed with plasmids using the LiAc/ssDNA carrier DNA/
PEG3350 method.”” The S. cerevisiae strains used in the
present study are listed in Table 1.

2.3 Knockout of yeast endogenous protease

According to the gene sequences of the proteases PEP4, YAP3,
PRB1, and CYM1 in S. cerevisiae, 500 bp were taken from both
ends of the genes as homologous arms, a Leu2 nutritional tag
was used to replace the related protease genes in the genome,
and monoclonal strains were screened in SC-Leu nutritive
deficiency medium.

2.4 Expression and purification of TS protein in S. cerevisiae

The TS expression plasmid (PRS416-t60TS or PRS426-t60TS)
was transformed into the PRB1 single-knock chassis and the
control chassis. Colonies were selected on synthetic dextrose
minus leucine medium (SD-Ura, 2% dextrose, 0.67% yeast
nitrogen base, 1x amino acids minus Ura). Seed activation and
culture of the proteome detection strain were consistent with
the culture conditions described in section 2.6. Yeast cells
were harvested by centrifugation at 5000g for 10 min at 40 h
when ODgq, reached about 10 (ethanol consumption phase).
The centrifuged yeast cells were washed three times with PBS
buffer. The harvested cells were suspended in buffer A (50 mM
Tris-HCI pH 7.5, 200 mM NaCl, 5% glycerol) and were lysed by
sonication on ice. The supernatant was obtained after centrifu-
gation at 12 000g for 30 min and was then applied onto a Ni**-
nitrilotriacetate affinity resin (Ni-NTA, GENvien). Impurities
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were washed away with buffer B (50 mM Tris-HCl pH 7.5,
200 mM NaCl, 5% glycerol, 20 mM imidazole) and buffer C
(50 mM Tris-HCI pH 7.5, 200 mM NacCl, 5% glycerol, 40 mM
imidazole). The TS protein was eluted using buffer D (20 mM
Tris-HCI pH 7.5, 200 mM NaCl, 5% glycerol, 300 mM imid-
azole). The elution protein was estimated by 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE).*®

2.5 Western blot

The procedure for protein extraction and western blotting ana-
lysis was based on our previous research scheme.”® 1 mL of
fermentation broth (cultured for 40 hours) was centrifuged to
remove the supernatant, and then washed with pre-cooled 0.01
M PBS, centrifuged at 4 °C 3000g for 5 min, and the super-
natant was removed. An appropriate amount of lysis buffer was
added to the cell precipitation, blown and mixed, and placed
on ice for lysis for 30 min. After centrifugation to remove the
supernatant, the lysed cells were washed with 1 mL of sterile
water. Finally, the collected cells were resuspended in 100 pL
of SDS sample buffer, heated at 100 °C for 10 minutes, and
after centrifugation, the supernatant was the prepared sample
of the target protein. The protein concentration of the pre-
pared sample can be quantified using a Coomassie (Solarbio)
protein assay kit compatible with detergents.

After diluting the total protein concentrations to the same
level across different experimental groups, 40 pL of protein
sample was taken and mixed thoroughly with 10 pL of 5x
SDS-PAGE protein sample buffer. The protein sample was

This journal is © The Royal Society of Chemistry 2024
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heated in a boiling water bath for 10 minutes to denature the
protein completely, then the sample was placed on ice to cool
to room temperature and centrifuged for 5 minutes. Equal
volumes of each sample containing the same amount of total
protein were loaded into 15% SurePAGE gel. Protein electro-
phoresis was divided into two stages. In the first step, a con-
stant voltage of 80 V was applied for 20 min and in the second
step, a constant voltage of 120 V was applied for
60-70 minutes. For transfer (blotting), the conditions were: a
constant voltage of 110 V for approximately 70 minutes. After
sealing the PVDF membrane with 5% BSA solution at room
temperature for 4 h, a mixture of 20 pL of the primary antibody
(anti-His mouse monoclonal antibody for the target protein
and anti-GAPDH mouse monoclonal antibody for the reference
gene GAPDH) at a ratio of 1:2000 was added into the same
5% BSA solution and incubated overnight at 4 °C. The PVDF
membrane was washed three times with 40 mL of pre-cooled
TBST buffer. Subsequently, the PVDF membrane was incu-
bated with goat anti-mouse IgG(H + L) and HRP conjugate
(diluted at 1:3000) in TBST buffer at room temperature for
3 hours. After incubation with the secondary antibody, the
membrane was washed three times with buffer C. The PVDF
membranes were washed three times with pre-cooled TBST
buffer (Solarbio, China) and incubated for 50 s using the
EasySee western-blotting kit (TransGen, China). Then protein
expression was detected using an Azure Biosystems C280 che-
miluminescent blot imaging system (USA). The gray values of
protein bands were quantitatively analyzed using Image]J.

2.6 Preparation of samples for protein group analysis

The seed culture of the proteome detection strain was consist-
ent with the culture conditions described in section 2.8. The
seed culture solution was transferred to a shaker and cultured
for 16 hours at 220 rpm until the logarithmic growth phase
was reached. The temperature was then reduced to 20 °C while
maintaining 220 rpm agitation speed. Taxadiene production
was induced by the addition of dodecane 20% (v/v) and galac-
tose (20 g L™"). The samples were collected at time points
when taxadiene production differed substantially between the
control and experimental groups, as determined by the
product accumulation curves. The cells were harvested by cen-
trifugation (with consistent cell pellet volumes between the
control and experimental groups), washed rapidly three times
with pre-chilled phosphate-buffered saline (PBS), and then
centrifuged at 4 °C and 5000 rpm for 5 min after each wash.
The supernatant was discarded completely, and the cell pellets
were collected in 2 mL cryovials, snap-frozen in liquid nitrogen
for 30 min, and stored at —80 °C until transport on dry ice.

All samples were sent to Novozymes (Tianjin, China) for
data-independent acquisition (DIA) quantitative proteomics
analysis. Significantly differentially expressed proteins were
screened according to the criteria of an expression fold change
of more than 1.2 times (up-regulated more than 1.2 times or
down-regulated less than 0.83 times) and P-value <0.05.
Proteomic DIA sequencing data were obtained from three bio-
logical replicates. Raw data files were searched against the
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Baker’s yeast (S. cerevisiae ATCC 204508/S288c) reference pro-
teome database downloaded from UniProt (UP000002311,
6060 sequences, 20211018) and supplemented with
QJX58297.1(NCBI), which is a frequently observed contami-
nant. At least two peptides were required for protein identifi-
cation, of which at least one peptide was required to be unique
in the database. Identified proteins were quantified with
MaxQuant’s LFQ algorithm. Proteomic samples were tested
using Novo, and the experimental results were processed and
analysed using Novogene (Novogene, Tianjin, China).

2.7 Multiple-copy site integration

The TY1 multiple-copy sites in the S. cerevisiae genome were
selected and the TS gene expression module was coupled with
the G418 (Geneticin) expression module induced by the weak
promoter pycl. The high-copy strains of the TS gene were
screened on the plate with different concentrations of G418.%°
The concentration of taxadiene was determined.

2.8 Fermentation conditions

For shake-flask fermentation, a single colony of the engineered
strain was selected from YPD or SC agar plates and inoculated
into tubes containing 4 mL of YPD or SC medium and cul-
tured for 24 hours at 30 °C and 250 rpm. Subsequently, the
overnight cultures from 0.05 mL of YPD medium or 0.1 mL of
SC medium were inoculated into tubes containing 4 mL of
fresh YPD or SC medium and cultured again for 14-16 hours
at 30 °C and 250 rpm. Then, the initial YPD or SC seed suspen-
sion (ODggo = 0.2) was transferred to 250 mL flasks containing
25 mL of fresh YPD or SC medium for growth and fermenta-
tion. These flasks were cultured at 30 °C and 220 rpm. After
10 hours of fermentation, a two-phase culture strategy was
implemented by adding 20% (v/v, 10 mL) sterile n-dodecane to
the fermentation broth to promote the extraction of products
into the organic phase and reduce the toxic effects on cells.?
The feeding batch fermentation conditions were the same
as those used for shaking bed fermentation, with a seed inocu-
lation amount of 10% (v/v) in the fermentation tank.
Subsequently, 200 mL of the seed culture was transferred to
1.8 L of YPD medium containing 2% (w/v) glucose, 1% (w/v)
yeast extract, and 2% (w/v) peptone and inoculated at an ODgg,
of 1. The initial culture conditions were set at 300 rpm with a
stirring-dissolved oxygen linkage mode to maintain the dis-
solved oxygen at 30%. The temperature was maintained at
30 °C. Oxygen was supplied to the fermentation tank by sup-
plying 2 vvm of gas, and the pH was adjusted to 6.0 using 5 M
NaOH. In addition, adding nitrogen sources to batches could
increase the fermentation biomass and late accumulation of
taxadiene. Glucose was used as the carbon source, and forty-
four hours before fermentation, 500 g L™ glucose was added
to the fermentation tank to maintain its concentration below
5.0 g L', A nitrogen source containing 1% (w/v) yeast extract
was added every 8 h. After 44 hours of fermentation, the temp-
erature was lowered to 20 °C and 20% (v/v) n-dodecane was
added for two-phase extraction fermentation, switching the
carbon source from glucose to ethanol. Cell growth and

This journal is © The Royal Society of Chemistry 2024
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glucose and ethanol concentrations were continuously moni-
tored throughout fermentation. The organic layer was selected
for taxadiene analysis. After centrifugation at 12 000 rpm for
10 min, an appropriate amount of anhydrous sodium sulphate
was added to remove the water. After filtering through an
organic 0.22 pm filter to remove impurities, the sample could
be directly used for GC-MS analysis.

2.9 Analytical and preparation methods

Taxadiene was extracted as previously described. Before gas
chromatography-mass spectrometry (GC-MS) analysis, the pro-
cessed organic layer (40 pL) was diluted with n-hexane (360 pL).
Subsequently, the sample was subjected to analysis using a GC/
MS system comprising of a SHIMADZU GC-2010 PLUS gas
chromatography instrument equipped with a fused-silica capil-
lary column (30 m x 0.25 mm, 0.25 mm DB-5MS, J&W Scientific,
Folsom) and a SHIMADZU GCMS-QP2020 mass spectrometer.
The relevant parameters for the sample detection method were
designed and set. The injector temperature was set to 260 °C,
the ion source temperature was set to 250 °C, and the mass
scanning range was set between 50 and 800 m/z.

The split ratio for the GC-TOF/MS analysis of taxadiene and
GGOH was set to 50:1. The column temperature was initially
held constant at 70 °C for 1 min, followed by a ramping rate of
30 °C min™' to reach 180 °C, which was maintained for an
additional minute. Subsequently, the temperature was
increased to 265 °C at a rate of 10 °C min~" and held steady
for a duration of 4 minutes. The total run time encompassed a
period of precisely 19.95 minutes. Taxadiene identification
relied on mass fragments with m/z values of 109 and 122, with
peak elution occurring at approximately 12.24 min. In con-
trast, GGOH detection involved mass fragments with m/z
values of 69, 93, and 119 (Fig. S17). The peak retention time
corresponded to approximately 13.46 min.>®> The standard
curve of GGOH (Solarbio) was constructed as shown in
Fig. S2.f

After fermentation, the organic phase containing taxadiene
products was collected by centrifugation. The taxadiene
sample in the organic phase was purified using modified silica
gel flash chromatography, followed by concentration under
reduced pressure at room temperature to obtain taxadiene.
After "H NMR and ">C NMR testing, comparison with literature
carbon spectra confirmed the isolated compound as taxadiene
(Fig. S3, S4 and Table S47). And the purity of the prepared taxa-
diene was up to 98.45%, which was confirmed by gas chrom-
atography according to the peak area normalization (Fig. S57).
Finally, the purified taxadiene was regarded as the standard to
construct a standard curve to determine the taxadiene yield

(Fig. S67).

3. Results and discussion
3.1 Abnormal TS expression in S. cerevisiae

TS gene fragments from sequence-optimised Taxus brevifolia
(t60TS) were inserted into the expression vector PRS416 to con-
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struct the PRS416-t60TS plasmid. The plasmid was introduced
into the chassis of the high-yielding GGPP (yZCL078), resulting
in the construction of the primary taxadiene-producing strain
yZCLO080 (Fig. 2A). Strain yZCL080 was then cultured in SC-Ura
medium for 5 days. And taxadiene and geranylgeraniol
(GGOH) were detected in the production strain yZCL080 by
GC-MS. The GC-MS results confirmed that taxadiene was suc-
cessfully obtained in the strain yZCL080 with a distinct peak at
12.24 min, the same retention time as the taxadiene standard
(Fig. 2B). The MS results for the taxadiene standard and the
production of the strain yZCL080 were also shown (Fig. 2C).

Meanwhile, the collected yeast cells of strain yZCL080 were
washed, cleaved, purified by nickel affinity, and identified by
SDS-PAGE. The control group included the expression and
purification of the TS gene in E. coli BL21(DE3), and the
SDS-PAGE results showed an obvious intact band of TS, which
was consistent with the theoretical molecular weight (MW) of
TS (MW: 93KD) (Fig. 2D). While in S. cerevisiae, SDS-PAGE
results for TS protein showed three distinct cleaved bands
(MW: 53KD, 35KD and 15KD) besides the intact bands of TS
(Fig. 2D). Therefore, it is speculated that the TS protein
expressed in S. cerevisiae (TS-S.C) may be degraded. The four
protein bands of the TS-S.C sample were analyzed by protein
mass spectrometry, and the residue sequence of each protein
band sample matched the continuous specific sequence of the
target protein TS within a certain range, which suggested that
these protein samples should contain fragments of TS
sequences. However, the low coverage scores of the residue
sequence of the four protein band samples of TS-S.C were
obtained by matching the full-length sequence of the TS
protein, and the coverage scores were only 39.4%, 15.5%, 7.5%
and 8.7% respectively (Fig. S7t). This result may be due to the
unsatisfactory purity of SDS-PAGE protein bands for the TS-S.C
sample. Therefore, further validation by western blotting (WB)
is required, and the results of WB confirmed the phenomenon
of TS protein cleavage in the expression system of S. cerevisiae.
In Fig. 2E, four distinct protein bands are observed, including
an intact TS band and three cleaved bands, and the proportion
of the intact TS band is only 13.7% (intact TS/TS-S.C). In our
opinion, the abnormal expression of TS will limit the synthesis
of taxadiene in S. cerevisiae which may be the key to the low
production of taxadiene in S. cerevisiae.

Compared to prokaryotic expression systems (e.g. E. coli),
S. cerevisiae has more abundant post-protein modification and
degradation systems.*' Moreover, TS is a heterologous complex
protein with fused afy multi-domain structures and a class I
terpene cyclase catalytic motif (DXDD), which is even more
unfavourable for its correct folding and expression in
S. cerevisiae.>** For the above reasons, the heterozyme TS
introduced in S. cerevisiae may be easily degraded by
proteases.

3.2 Effects of knockout of proteases on TS expression and
taxadiene synthesis in S. cerevisiae

In this study, we successfully obtained a strain capable of taxa-
diene synthesis. However, the TS protein was disrupted and
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abnormally expressed, resulting in limited production of taxa-
diene. We speculated that the proteases in S. cerevisiaze may
have degraded the heterologous TS protein (Fig. 3A). Studies
using proteases to improve heterologous protein expression
have yielded promising results. Guan et al. showed a 2.58-fold
increase in bFGF levels after knocking out four yeast proteases:
PEP4, CYM1, YAP3, and PRB1. Knocking out endogenous pro-
teases in yeast helps reduce cytokine degradation in
S. cerevisiae cells and promotes cytokine expression and
accumulation.>® Moreover, taxadiene synthase is a plant-
sourced protein and its intrinsically disordered sequence at
the N-terminus may trigger degradation by yeast proteases
when expressed in S. cerevisiae.>*

To investigate the impact of the four proteases (CYM1,
PEP4, PRB1, and YAP3) on the expression of taxadiene
synthase and taxadiene synthesis, single-deletion strains were
generated by disrupting the endogenous proteases CYM1,
PEP4, PRB1, and YAP3 individually using homologous frag-
ments containing a LEU2 nutritional marker (Fig. 3B). As
shown in Fig. 3C, the taxadiene yield was increased to 39.2 mg
L' in the PRB1 protease knockout (APRB1) strain yZCL101,

10610 | Green Chem., 2024, 26, 10604-10616

with approximately 97% higher than that of the control strain
(yZCL080). Subsequently, we also inserted the t60TS gene into
the multi-copy plasmid PRS426, then introduced it into the
PRB1 protease knockout chassis and constructed the APRB1
strain yZCL110. As shown in Fig. 3D, the taxadiene yield was
further increased to 78.4 mg L™" in the APRB1 strain yZCL110,
which was approximately 74% higher than that of the control
strain (yZCL107) with the multi-copy plasmid of the t60TS
gene. In addition, we also evaluated the expression levels of
the TS protein in the APRB1 strain yZCL110 and the control
strain yZCL107 by western blotting assay (Fig. 3E). The
expression level of the intact TS protein was significantly
improved by knocking out the endogenous protease PRB1 of
S. cerevisiae, even though the cleavage of TS was not comple-
tely eliminated (Fig. 3E). And the relative intensity analysis
showed that the expression of the intact TS protein increased
by 371% in PRB1 protease single knockout chassis, compared
with that in the control strains (Fig. 3F), which resulted in a
significant increase in the production of taxadiene. Moreover,
the quantification of the expression of TS by RFP is consistent
with the above results (Fig. S8f). Therefore, PRB1 protease

This journal is © The Royal Society of Chemistry 2024
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knockout will promote the stable expression of taxadiene
synthase and increase the yield of taxadiene in S. cerevisiae.

3.3 Proteomic analysis of the effect of protease PRB1
knockout on the taxadiene synthesis pathway

Recent studies have shown that knocking out relevant pro-
teases can effectively improve the stable and efficient
expression of target proteins. Deletion of the vacuolar protease
PEP4p has been demonstrated to significantly increase the
production of several proteins, whereas similar deletions of
other proteases have also led to improved accumulation of the
desired proteins.*® Yoshinori Ohsumi et al. found that vacuo-
lar hydrolases PEP4 and PRB1 are involved in the activation of
other hydrolytic enzymes and are essential for the degradation
of the autophagic material.>® Proteomic analysis is of great
importance to elucidate the mechanisms underlying protein
synthesis and stabilised expression after PRB1 knockout.

To further characterise the effects of PRB1 protease knock-
out on taxadiene biosynthesis, we performed proteomic ana-
lysis of the expression of key enzymes in the MVA pathway and
taxadiene synthase in the APRB1 strain yZCL110 and the
control strain yZCL107. We first conducted differential analysis
of proteins closely related to product synthesis pathways in
S. cerevisiae (Fig. S91). The introduction of a heterologous ter-
penoid synthesis pathway may lead to acetyl-CoA deficiency.
Moreover, acetyl-CoA may be involved in cofactor balance and
redox balance in S. cerevisize.”’ GO enrichment analysis
(Fig. 4A) revealed significant changes in important biological
processes. Enhanced carbohydrate metabolism generates
energy and provides intermediates for biosynthesis.
Additionally, enhanced redox processes are likely related to an
increased acetyl-CoA supply, achieving a balance between ana-
bolism and catabolism (Fig. S101). The heatmap (Fig. 4B)
shows that enzymes related to glycolysis were upregulated in
the PRB1 protease-knockout strain, consistent with acetyl-CoA
being mainly derived from glycolysis and taxadiene biosyn-
thesis, potentially draining metabolic flux from glycolysis.
Compared to the control, tHMG1, ERG20 and BST1 were
endogenous proteins of S. cerevisiae, and their expression was
relatively stable without significant improvement. The abnor-
mal expression of the TS protein may be more closely related
to the PRB1 protease. TS expression was enhanced in the PRB1
knockout strain, alleviating the key problem of low TS
expression in S. cerevisiae (Fig. 4C).

Although PRB1 protease knockout can enhance the
expression of genes related to the taxadiene synthesis pathway
and taxadiene synthase, the excess taxadiene precursor GGPP
still accumulates, producing large amounts of the by-product
GGOH. Therefore, increasing the TS protein expression in the
PRB1 knockout strain to reduce the accumulation of GGOH
may have a positive effect on the taxadiene yield. Endogenous
proteases are essential for the maintenance of normal cell
growth and viability. Environmental and intracellular factors
can cause DNA damage. Proteases play a crucial role in DNA
repair.*® The ubiquitin-proteasome system plays an important
role in the DNA repair pathway in S. cerevisiae.>® Abnormal
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folding of proteins occurs because of folding failure and
mutations in coding genes during protein translation. These
abnormally folded proteins are ubiquitinated and eventually
degraded by the proteasome, thereby ensuring the stability of
S. cerevisiae.*® Therefore, several protease-knockout modifi-
cations could not be performed. Subsequently, the expression
of the TS protein should be further improved.

3.4 Multi-copy integration enhanced TS expression and the
supply of GGPP precursors, improving the yield of taxadiene

According to previous studies, the expression level of TS
protein in S. cerevisiae is low and increasing the copy number
of TS can significantly improve the taxadiene yield. In our pre-
vious study, by enhancing the expression of the GGPPS-t60TS
fusion protein module with a multi-copy plasmid, the taxa-
diene yield increased by 38.9%."7 Xu et al. increased the taxa-
diene yield by 173% after three rounds of iterative integration
to increase the copy number of taxadiene synthase.*' Although
the multi-copy plasmid improved the taxadiene yield, the
GGPP precursor in the chassis was not fully converted, result-
ing in the accumulation of GGOH. To increase the copy
number of taxadiene more effectively, we designed a high-copy
screening system to integrate the expression module of taxa-
diene synthase TS into the yeast genome for stable
expression.”” The G418 resistance gene screening module
driven by the weak promoter pycl was combined with the TS
expression module and integrated at the multi-copy site Ty1 in
the yeast genome (Fig. 5A). The high-copy TS integrated strains
were screened for resistance to different concentrations of
G418. Strains with high copy numbers were screened using the
weak promoter Pycl carrying a G418 resistance tag and
selected from plates containing different concentrations of
G418. The taxadiene yield of each strain was determined using
a fermentation culture. The results showed the screening con-
centration of G418 to be 800 mg L™, and the taxadiene yield
reached the highest value of 131.97 mg L' (Fig. 5B).
Compared to the multi-copy PRB1 strain (yZCL110), the yield
increased by 93%. Moreover, the yield of taxadiene in strain
yZCL124 exceeded that of the precursor by-product GGOH. A
decrease in GGPP, the precursor of taxadiene synthesis in
S. cerevisiae, may limit taxadiene synthesis in the high-copy TS
strain.

N-terminally truncated HMG1 (tHMG1) effectively relieves
feedback inhibition and increases the production of monoter-
penes, sesquiterpenes, and triterpenes in yeast.*> Ohto et al.
promoted GGPP synthesis by fusing the FPP synthase ERG20
with BTS1 while reducing the loss of the ERG20 catalytic
product FPP to the squalene synthesis pathway.’! After TS
multi-copy integration, we constructed a precursor enhance-
ment expression module, GGPP (Fig. 5C), and gradually inte-
grated the GGPP precursor synthesis module into the HO and
TKL2 sites of the high-producing PRB1 strain yZCL124, suc-
cessfully constructing the GGPP module-enhanced strains
yZCL136 and yZCL137. The results showed that with an
increase in the copy number of the GGPP precursor module,
the taxadiene yield increased significantly. The taxadiene yield
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was increased by 113.9% from 131.97 mg L™" to 282.4 mg L™
gradually (Fig. 5D). The highest taxadiene titer in S. cerevisiae
was obtained. Simultaneously, with the enhanced GGPP syn-
thesis pathway, the yield of GGOH increased from 76.9 mg L™
to 110.4 mg L™,

3.5 Highest reported titer of taxadiene in yeast by fed-batch
fermentation

To evaluate the production performance of the optimal taxa-
diene-producing strain (yZCL137) in fed-batch fermentation, a
5 L bioreactor was used with YPD as the batch medium. As
shown in Fig. 6, the total titer reached 878.5 mg L™'. The
maximum taxadiene titer was obtained at an ODgy, of 133,
which is the highest titer reported in eukaryotic cells. The
temperature was controlled at 30 °C with an initial glucose
concentration of 20 g L. Glucose feeding was started after
8 h of cultivation. The taxadiene strain entered the rapid
growth phase and reached the stationary phase after 44 h.
Since glucose represses the GAL promoter expression of the TS
protein, the carbon source was switched from glucose to
ethanol to favour taxadiene synthesis and accumulation.*’
Additionally, 20% dodecane extractant was added to the fer-
menter, and the temperature was reduced to 20 °C to induce
TS protein expression at low temperatures and increase TS
stability. After 180 hours of cultivation, the taxadiene titer
reached 878.5 mg L' (Fig. 6), representing a 5.7-fold increase
over the initial shake-flask titer. In the product preparation
system, the recovery rate of taxadiene was 57.3%. However,
under nutrient-rich fermentation conditions, the taxadiene
strain biomass was slightly lower than expected, potentially
due to the growth effects of the PRB1 protease knockout on
the long-pathway product-synthesis strain. This study success-
fully achieved the highest taxadiene titer reported for
S. cerevisiae.

4. Conclusion

In this study, we improved the chassis environment for TS
expression in the taxadiene biosynthesis pathway by knocking
out the endogenous protease PRB1 of S. cerevisiae.
Sequentially, by multi-copy integration of the TS gene and
enhancement of the precursor supply pathway, a high-yield
taxadiene strain, yZCL137, was obtained with a titer of
282.4 mg L™". Interestingly, enhancing the expression of TS
not only improved the target product yield of taxadiene but
also decreased the competitive synthesis of the by-product
GGOH. Ultimately, in 5 L fed-batch fermentation, the titer of
taxadiene reached 878.5 mg L™".
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