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KEY WORDS Abstract  Cytochrome P450 enzymes play a crucial role as catalysts in the biosynthesis of numerous
plant natural products (PNPs). Enhancing the catalytic activity of P450s in host microorganisms is
essential for the efficient production of PNPs through synthetic biology. In this study, we engineered
Saccharomyces cerevisiae to optimize the microenvironment for boosting the activities of P450s,
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hinee including coexpression with the redox partner genes, enhancing NADPH supply, expanding the

11,20- endoplasmic reticulum (ER), strengthening heme biosynthesis, and regulating iron uptake. This created
Dihydroxyferruginol a platform for the efficient production 11,20-dihydroxyferruginol, a key intermediate of the bioactive

compound tanshinones. The yield was enhanced by 42.1-fold through 24 effective genetic edits. The
optimized strain produced up to 67.69 £ 1.33 mg/L 11,20-dihydroxyferruginol in shake flasks. Our work
represents a promising advancement toward constructing yeast cell factories containing P450s and paves
the way for microbial biosynthesis of tanshinones in the future.
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1. Introduction

Cytochrome P450 (P450) enzymes were initially identified in the
early 1960s and constitute one of the largest and most diverse
protein superfamilies known, present widely across various life
kingdoms' . The indispensable roles of P450s in mammalian drug
metabolism underscore their significant implications in medicine
and pharmacology™. In plants, the rapidly expanding P450 family
serves as versatile oxidase biocatalysts in the synthesis of diverse
natural productsm. For instance, P450s are involved in more than
97% of diterpene biosynthesis™’. Multiple P450s participate in
various pathways for the synthesis of pharmacologically active
PNPs'?, such as paclitaxel, a key anti-cancer ingredient, involving
eight P450s (T5aH, TI0BH, T2aH, T78H, T13aH, T2 aH, TOT,
and T9aH )"'. Notably, the pharmacological activities of many
PNPs are mediated by their complex oxidative groups, which are
formed by P450s, such as alkaloids'?, isoflavonoids'?, and terpe-
noids'*'®. However, heterologous expression of plant P450s often
results in poor chemical and regional selectivity in microbial
hosts, hampering the bioproduction of PNPs. Furthermore, P450-
mediated catalytic reactions in microbial hosts frequently serve as
the rate-limiting steps in PNP biosynthesis, constraining product
yields in microbial cell factories. Thus, enhancing the expression
level and catalytic performance of P450s is imperative for
increasing PNP production in microbial hosts.

The reaction catalyzed by P450s typically involves a mixed-
function oxidase process comprising several components, such as
heme-thiolate-containing enzymes P450s, cofactors (reduced
nicotinamide adenine dinucleotide phosphate, NADPH), and
redox partners (such as cytochrome P450 reductase, CPR), which
act as electron transfer shuttles'’. To harness the catalytic
potential of P450s, scientists have explored various strategies for
their functional expression in the preferred chassis S. cerevisiae.
These strategies include protein engineering, codon optimization,
metabolic engineering to enhance NADPH supply, expand the ER,
strengthen heme biosynthesis in S. cerevisiae, and so on (Fig. 1).
Additionally, CPRs harbor two flavin domains, flavin-adenine
dinucleotide (FAD) and flavin mononucleotide (FMN)'®. How-
ever, the potential of metabolic engineering targeting the FAD(H,)
pathway to enhance CPR activity in yeast remains unexplored.
Moreover, iron is an important component of P450s and an
essential factor in various oxidation—reduction reactions in yeast.
However, there is currently limited research on the effect of iron
regulation on improving P450 catalytic activity, which deserves
further investigation. Based on these studies and regulatory stra-
tegies that need to be validated, we combined multiple strategies
to comprehensively modify the expression environment of P450s
in yeast to ensure the efficient expression and continuous catalysis
of multiple exogenous P450 proteins.
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Tanshinones, the principal bioactive diterpenoid constituents
found in Salvia miltiorrhiza Bunge, exhibit notable
pharmacological properties, including cardiovascular effects and
antitumor activities”'. The biosynthesis of tanshinones involves a
series of enzymatic reactions, with P450 enzymes playing a
crucial role in modifying the characteristic phthaloquinone
structure of these compounds. Geranylgeranyl diphosphate
(GGPP), serving as the common precursor of diterpenoids,
initiates the biosynthetic pathway of tanshinones®>. Specifically,
GGPP is catalyzed by bycopalyl diphosphate synthase (SmCPS1)
and kaurene synthase-like (SmKSL1) from S. miltiorrhiza Bunge
to form miltiradiene, a crucial intermediate in tanshinone
biosynthesis”>.  Then,  three  P450s  SmCYP76AHI,
SmCYP76AH3, and SmCYP76AK1 from S. miltiorrhiza Bunge
catalyze hydroxylation at carbon-12 (C12), CI11, and C20,
yielding 11,20-dihydroxyferruginol”*** (Fig. 2). The catalytic
versatility of P450 enzymes results in the formation of a complex
network of tanshinone biosynthesis, generating various
intermediate products. 11,20-Dihydroxyferruginol has been iden-
tified as a pivotal intermediate in the biosynthetic pathway of
tanshinones, and is further processed into tanshinones through the
various enzymes including P450s****, In recent decades, signifi-
cant efforts have been directed toward the efficient production of
tanshinone precursors in engineered yeast. Zhou et al. successfully
employed a modular pathway engineering strategy to enhance
miltiradiene production, achieving a titer of 365 mg/L in a 15-L
bioreactor culture’®. Similarly, Hu et al. engineered a high-yield
GGPP chassis strain and identified diterpene synthases with
optimal efficiency, notably truncated SmKSL1 (tSmKSL1) protein
fused with diterpene synthase CfTPS1 from Coleus forskohlii,
resulting in a final yield of 550.7 mg/L miltiradiene in shake
flasks”’. However, incorporating the first P450 module (SmCY-
P76AHI coexpressed with SmCPRI) into the aforementioned
miltiradiene chassis led to the heterologous production of ferru-
ginol at 10.5 mg/L*. The subsequent introduction of the second
P450 module (the SmCYP76AH3 and SmCYP76AKI assembly
module) resulted in the simultaneous expression of three P450s in
the engineered yeast, leading to a decreased yield of 11,20-
dihydroxyferruginol to 1.2 mg/Ly'. This significant reduction in
end products indicated inefficient utilization of substrates by the
P450 enzymes, thereby limiting the metabolic flow of the
tanshinone biosynthetic pathway. Consequently, optimizing the
catalytic environment and efficiency of P450 enzymes in yeast is
crucial and challenging for the bioproduction of tanshinones.

In this study, we aimed to engineer S. cerevisiae to create an
optimal microenvironment for three P450s in the biosynthesis of the
tanshinone precursor 11,20-dihydroxyferruginol. Our approaches
included several strategies: strengthening the MVA pathway, co-
expressing with redox partner genes, integrating TRPI, LYS2 and
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Schematic representation of the metabolic engineering strategies of plant P450 and CPR in yeast .
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Figure 2 Biosynthesis of 11,20-dihydroxyferruginol in S. cerevisiae. FPP: farnesyl pyrophosphate, GGOH: geranylgeraniol,
acetyl-CoA: acetyl-coenzyme A, HMG-CoA: hydroxymethylglutaryl-coenzyme A, ERGI0: acetoacetyl-CoA thiolase gene, ERGI3:
genehydroxymethylglutaryl-CoA synthase gene, tHMGI: truncated hydroxymethylglutaryl-CoA reductase 1 gene, ERG2: mevalonate kinase
gene, ERGS: phosphomevalonate kinase gene, ERG19: mevalonate pyrophosphate decarboxylase gene, IDI1: isopentenyl diphosphate isomerase
gene, ERGY: squalene synthase gene, ERG20: farnesyl diphosphate synthase gene, LPPI: lipid phosphate phosphatase gene, DPP1: bifunctional
diacylglycerol diphosphate phosphatase/phosphatidate phosphatase gene, BTS1:geranylgeranyl diphosphate synthase gene. The curve represents
the peptide linker GGGS and the dotted line represents multistep reactions.

LEU? genes, enhancing the supply of NADPH and heme, expanding
the ER, and regulating iron uptake. The expression efficiency of
P450s was evaluated by the yield of 11,20-dihydroxyferruginol.
Through the systematic integration of these strategies to optimize the
overall catalytic microenvironment of P450s in yeast, we achieved a
remarkable 42.1-fold increase in 11,20-dihydroxyferruginol
production. Our research indicated that regulating the metabolic
flow of iron significantly enhanced the catalytic activity of P450s,
providing valuable insights into the mechanism underlying the
interaction between iron uptake and the catalytic activity of P450s.

2. Materials and methods
2.1.  Strains, plasmids and reagents

The S. cerevisiae strain BYHZ16 (MAT o, LEU240,LYS240, MET1S5,
URA340, TRP1A4::HIS3-PGKIp-BTS1/ERG20-ADHIt-TDH3p-
SaGGPS-TPIIt-TEFIp-tHMG1-CYCIt, ROXI14, ERG94218-
175, YILO64w A, and YPLO62wA) used as the background strain for
strain construction in this study and the p426-URA3-gRNA plasmid*’
were obtained from Professor Wei Gao. Both pECAS9-gRNA-
KanMX-tHFD1?® and pgRNA-KanMX were kind gifts from Profes-
sor Yongjin Zhou. Escherichia coli DH5« was used for plasmid
construction and amplification. The plasmids and strains utilized in
this study were listed in Supporting Information Tables S1 and S2,
respectively. Kod One Master Mix was purchased from TOYOBO
(Beijing, China). High-fidelity PrimeStar DNA polymerase was
purchased from TaKaRa (Beijing, China) and used for routine DNA
fragment amplification. PrimeSTAR Max premix (2x ) and PrimeStar
DNA polymerase for in vitro fusion PCR and T4-ligase kits used for
gRNA plasmid construction were purchased from TaKaRa (Beijing,
China). YeaStarTM genomic DNA kits were purchased from Zymo
Research (Beijing, China). Total RNA from S. miltiorrhiza Bunge was
extracted using a Total RNA Kit (TIANGEN, China). The total RNA
above was then reverse-transcribed into cDNA using Superscript™ IV
according to the manufacturer’s protocol (Invitrogen, USA). DNA gel

purification and plasmid extraction kits were purchased from
TransGen Biotech (Beijing, China).

The codon-optimized SmKSLI, CfTPSI1, Bacillus subtilis
BsRIBBA and Thermotoga maritima TmBiFADS genes were chemi-
cally synthesized by GenScript (Nanjing, China). Other foreign genes
used in this study are preserved in our laboratory-and listed in
Supporting Information Table S3. Sterile 50% (w/v) PEG3350,
glucose and lithium acetate were purchased from Yuanye Biotech
(Shanghai, China). 11,20-Dihydroxyferruginol was synthesized ac-
cording to a previously reported method®. Sugiol, ferruginol,
GGOH, and hemin were purchased from Yuanye Biotech (Shanghai,
China). Riboflavin was obtained from Sigma—Aldrich (Beijing,
China). Miltiradiene and 11-hydroxysugiol were separated from
strains YT004 and YTO16 by removing the SmCYP76AKI gene,
respectively. Synthetic complete medium without uracil (SC-URA)
and SC medium were purchased from FunGenome (Beijing, China).
G418 was purchased from Sangon Biotech (Beijing China). Other
chemicals, including analytical standards, were procured from Yua-
nye Biotech (Shanghai, China) unless otherwise specified.

2.2.  Genetic manipulation

For gene overexpression and deletion, donor DNA fragments were
assembled in vitro and integrated at target genomic loci using the
CRISPR/Cas9 system™. Specific chromosomal loci (Supporting
Information Table S4) were chosen for the expression of heter-
ologous genes, resulting in stable and high-level gene expres-
sion”"**. The downstream pathway biosynthetic genes were
transcriptionally controlled by strong galactose regulatory (GAL)
promoters (GALps). And other overexpressed genes, including
CPRs, were operated by strong constitutive promoters. The donor
DNA fragments were assembled in vitro via an overlapping
extension PCR procedure®®. The genomic DNA of strains BY4741
and BYHZ16 was extracted with a YeaStar genomic DNA kit and
served as a template for the amplification of native promoters,
genes and terminators.
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The specific target 20 bp sequences of the genomic loci were
designed with the CHOPCHOP webtool (http://chopchop.cbu.uib.
no) for gRNA plasmid construction. The p426-URA3-gRNA
plasmid was digested by Aarl (NEB, Beijing, China) to obtain a
linear double—strand DNA skeleton and then recombined with
specific target 20 bp sequences that contained 4 bp DNA sequence
parts of gRNA in vitro. All primers used to construct the donor
DNA fragments, PCR identification and gRNA vectors were
synthesized by Sangon Biotech (Beijing, China) and are listed in
Supporting Informations Tables S5-S7, respectively.

The optimized lithium acetate-mediated yeast transformation
protocol34 was used in this study (Supporting Information Table
S8). SC-URA, with 20 g/L glucose and 20 g/L agar, was used
for the selection of yeast transformants for selecting correct col-
onies. Yeast colonies with genetic modifications were verified by
colony PCR using Kod One Master Mix to identify correct
transformants. Partial colonies of correct transformants were
transferred to 20 pL of 20 mmol/L NaOH, boiled for 20 min at 99
°C, and centrifuged for 2 min, after which 2 pL of each super-
natant was used as a template for yeast colony PCR. Then, the
remaining correct colonies were scribed on SC supplemented with
1 g/ 5-fluoroorotic acid (5-FOA, Sigma—Aldrich, Beijing,
China) plates and cultured at 30 °C to remove the p426-URA3-
gRNA plasmid.

2.3.  Strain fermentation in shake flasks

YPD medium, consisting of 20 g/L. peptone (OXOID, Beijing,
China), 10 g/L yeast extract (OXOID, Beijing, China), and 20 g/L
glucose was used for yeast cultivation and preparation of
competent cells. The defined minimal medium contained 7.5 g/L
(NH4),SO,4, 14.4 g/ KH,PO4, 0.5 g/ MgSO,4-7H,0, 20 g/L
glucose, 2 mL of trace metal solution, and 1 mL of vitamin so-
lution, which were prepared according to a reported procedure’”.

For shake flask batch fermentations, YPD medium supple-
mented with 20 g/L glucose and 10 or 20 g/L galactose was used
to induce the transcription of genes under the control of GALps. A
defined minimal medium was also utilized for shake flask batch
fermentation. When required, the minimal medium was supple-
mented with 60 mg/L of uracil or other amino acids. The strains
were seeded into the medium to an initial ODgq (optical density
at 600 nm) of 0.2 measured with a UV spectrophotometer (Meixi,
Shanghai) in this study. Shake flask batch fermentations were
cultured at 30 °C with 200 rpm agitation. The biomass of engi-
neered S. cerevisiae was monitored by ODgg at the end of
fermentation. A flowchart of the construction of all strains used in
this study was shown in Supporting Information Fig. SI.

2.4.  Product extraction, analysis and quantification

For the extraction of GGOH, miltiradiene and ferruginol, 0.5 mL
of culture broth from shake flask batch fermentation was added to
an equal volume of n-hexane, vortexed thoroughly for 5 min, and
centrifuged at 13,000 x rpm for 12 min. The n-hexane phase was
collected and diluted in an equal volume of n-hexane for analysis
by gas chromatography-mass spectrometry (GC—MS, Thermo
Fisher Scientific, USA) equipped with a TR-5 ms capillary col-
umn (30 mm x 0.25 mm i.d., 0.25 pm film thickness, Thermo
Fisher Scientific, USA). The parameters used for GC—MS anal-
ysis was described in Supporting Information Table S9. For the
extraction of 11,20-dihydroxyferruginol and other products, 0.5
mL of culture broth were added to an equal volume of ethyl

acetate, vortexed thoroughly for 5 min, and centrifuged at 13,000
x rpm for 5 min, after which 0.3 mL of the ethyl acetate phase
were collected, dried, and resuspended in methanol and centri-
fuged at 13,000 x rpm for 12 min for UPLC or LC-MS analysis.
The products were quantified on an ultimate high-performance
liquid chromatograph (UPLC, Waters, Germany) equipped with
a BEH 5 cm x 2.1 mm column (particle size 1.7 pm, Waters,
Germany) connected to a photodiode array (PDA) detector (280
nm). An Agilent Eclipse Plus C18 column (RRHD 1.8 pm, 2.1
mm x 100 mm) was used for LC coupled to quadrupole time-of-
flight MS (LC-QTOF-MS, Agilent Technologies, USA) in
negative ion mode to detect products. The parameters for me-
tabolites quantification by UPLC and LC-MS/MS are shown in
Supporting Information Table S10. Standard deviations were
calculated from three biologically independent samples using
GraphPad Prism version 9.4.0 (GraphPad Software, USA).
The statistical significance was determined via t—tests (*P < 0.05,
**P < 0.01, **P < 0.001 and ****P < 0.0001, ns, not signifi-
cant). The standard curves of metabolites are shown in Supporting
Information Fig. S2.

2.5.  Quantification of the NADPH/NADP™" ratio, heme and
riboflavin contents in yeast

NADP" and NADPH assays were performed using a CheKine
NADP'/NADPH assay kit (catalog no. WST-8, Abbkine,
‘Wuhan, China). For the extraction of riboflavin, 0.5 mL of culture
broth from shake flask batch fermentation was centrifuged at
13,000 x rpm for 5 min, and the yeast cells and supernatant were
isolated. The supernatant was transferred to a new tube, added to
an equal volume of methanol, and vortexed thoroughly for 5 min
for analysis of extracellular riboflavin. Then, 0.5 mL of methanol
was added to the isolated yeast cells, which were then subjected to
bead-heating for 8 min at 60 Hz (broken for 1 min and paused for
1 min for a total of 8 min) for analysis of intracellular riboflavin.
The extract solution was filtered through a 0.22 pum organic
membrane before UPLC analysis. The method of analyzing
riboflavin was designed and performed according to the procedure
described in Ref. 35 (Supporting Information Table S11). The
intracellular heme concentration was measured by oxalic acid
treatment as described in previous reports*®*’. The fluorescence
was detected on a Varioskan LUX plate reader spectrophotometer
(Thermo Fisher Scientific, USA).

3. Results and discussion

3.1.  Modular construction of the 11,20-dihydroxyferruginol
biosynthetic pathway in S. cerevisiae

BYHZ16 is a genetically modified yeast strain capable of bio-
synthesizing the diterpenoid precursor GGPP?’. To establish a
robust platform for multi-gene manipulation, SpCas9 and KanMX
gene cassettes were integrated into the genomic XI-5°' locus in
strain BYHZ16. Subsequently, we used a guide RNA (gRNA)
targeting the KanMX marker gene to excise it’", resulting in the
generation of strain BYHZ16::Cas9. This strain served as our
foundational chassis for subsequent engineering endeavors. In the
engineered strain BYHZ16::Cas9, we established the biosynthetic
pathway for miltiradiene production, serving as the pivotal pre-
cursor for 11,20-dihydroxyferruginol (Fig. 3A). One and two
copies of codon-optimized tSmKSLI and CfTPSI fusion genes,
driven by the strong promoter GALIOp, were integrated into two
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diffferent genomic loci resulted in YT001 and YTO0O02, respec-
tively. Product analysis revealed that strain YT002 yielded 19.93
+ 4.22 mg/L of miltiradiene in the YPD medium supplemented
with 20 g/L of galactose, which was 2.6 times higher than strain
YTOO1 (Fig. 3B). To further enhance miltiradiene production, one
additional copy of the tSmKSLI and CfTPSI fusion genes were
overexpressed, and the galactose-utilizing GAL1/10/7 genes were
knocked out in strain YT002, resulting in strain YT004. The re-
sults demonstrated that the miltiradiene titer in strain YT004 was
increased to 31.88 £ 0.53 mg/L in the YPD medium supple-
mented with galactose (Fig. 3B).

To construct a basal strain, we established the downstream
pathway comprising P450s and CPRs within the miltiradiene
chassis YT004. Strong promoters GAL2p and GAL7p were
employed to drive the expression of SmCYP76AHI, SmCY-
P76AH3 and SmCYP76AKI genes in yeast. Integration of a
single copy of these three genes and SmCPRI at different
genomic loci’” in strain YT004 resulted in a 1.57 £ 0.48 mg/L
production of 11,20-dihydroxyferruginol, 4.16 + 2.03 mg/L of

miltiradiene, and 8.32 £ 4.01 mg/L of ferruginol in
strain YT009 (Fig. 3C and Supporting Information Fig. S3).
In addition, AtCPRI from Arabidopsis thaliana has been
reported to be compatible with many P450s'*. A copy of
AtCPRI was overexpressed in strain YTO009 to generate
strain YT010. YTO10 strain exhibited an 81% increase
compared to that of control strain YT009, which produced 2.84
£ 0.19 mg/L of 11,20-dihydroxyferruginol (Fig. 3C). The yield
of products demonstrates a close correlation with the number
of gene copies, highlighting the potency of overexpressing
multiple gene copies as a strategy for enhancing the product
yields. Due to the accumulation of ferrugiol in strain YT010
(23.39 £ 3.11 mg/L, Fig. S3), an additional copy of SmCY-
P76AH3 and SmCYP76AKI were integrated into the genomic
YPRC615 locus in strain YTO010. This adjustment led to a slight
increase in the titer of 11,20-dihydroxyferruginol to 3.24 =+
0.50 mg/L (strain YTO11, Fig. 3C). This strain was used as
the base strain for 11,20-dihydroxyferruginol production for
pathway optimization.
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Figure 3  Modular construction of the 11,20-dihydroxyferruginol biosynthetic pathway in S. cerevisiae. (A) Overview of the engineered

metabolic pathway for the biosynthesis of 11,20-dihydroxyferruginol in S. cerevisiae. The blue characters indicate genes with deletions. The blue
lines represent negative regulation, and the red lines represent positive regulation. The dotted line represents multistep reactions. It includes the
overexpression of key genes and GALp-mediated (GALI0Op, GAL2p/7p) genes. GAL4: galactose-responsive transcription factor, GAL3: tran-

scriptional regulator, GALI/10/7: galactose utilizing genes. ~:

linker GGGS. (B) Optimized gene dosages of the tSmKSLI~ CfTPSI and

knockout GALI/10/7 genes to construct the miltiradiene chassis. (C) The titers of 11,20-dihydroxyferruginol were measured after the over-
expression of three P450s, two CPRs and the BTSI~ CfTPSI fusion genes in engineered strains. (D) The titers of GGOH and 11,20-
dihydroxyferruginol after overexpressing the MVA pathway genes in engineered yeast. (E) Effects of the overexpression of TRPI, LEU2,
LYS2 and deletion of DPP] gene on the titer of 11,20-dihydroxyferruginol. The ODgo was measured at the end of fermentation.



Enhancing the efficiency of P450s by engineering microenvironment in yeast 4613

Adequate precursor supply is a prerequisite for downstream
modification. We first focused on the upstream biosynthetic
pathway to increase the synthesis of the precursors, including
GGPP and miltiradiene. Apoptosis-inducing factor (AIFI)
reportedly mediates chemical-induced apoptosis in S. cer-
evisiae*™*', and deletion of AIFI might weaken this apoptosis.
One copy of the tSmKSLI and CfTPSI fusion genes was overex-
pressed and AIF1 was deleted in strain YTO11, However, this
modification  didn’t  enhance the yield of 11,20-
dihydroxyferruginol, as evidenced by the comparable titer
observed in strain YT012 (3.17 £ 0.58 mg/L) (Fig. 3C and
Supporting Information Fig. S4). The fusion of GGPPS and TPS
genes has been reported to improve the flux from DMAPP to the
initial diterpene diphosphate product*’. BTSI and CfTPSI fusion
genes were then overexpressed in the strain YTO12. This led to a
further 15% improvement (3.64 £+ 0.76 mg/L, Fig. 3C) on 11,20-
dihydroxyferruginol production in strain YT016 compared to that
of strain YTO12. For enhancing GGPP supply, four key genes
(ERGI10, ERG13, tHMGI, and ERG12) from the MVA pathway
were overexpressed, which resulted in strain YT034. The over-
expression of these genes resulted in a notable increase of 11,20-
dihydroxyferruginol production, yielding a higher titer of 6.09 +
0.96 mg/L in strain YT034 (Fig. 3D). Notably, the titer of GGOH
and miltiradiene in strain YTO034 was significantly improved
compared to that of strain YTO016 (Fig. 3D and Supporting
Information Figs. S3 and S5).

To reduce fermentation costs and improve the strain growth
in amino acid autotrophic status, TRPI, LEU2 and LYS2 genes
were overexpressed and DPPI was knocked out to decrease
GGOH competing for GGPP precursor in strain YT034, which
resulted in strain YT060. 11,20-Dihydroxyferruginol production
of strain YT060 was significantly increased to 25.22 + 2.98
mg/L in minimal medium, representing a 314% improvement
compared with that of strain YT034 in YPD medium (Fig. 3E).
Strain YT060 was used as a chassis for optimizing microenvi-
ronment for P450s.

3.2.  Enhancing electron transfer and cofactor supply in the
P450 electronic cycle system in yeast

P450 requires electron transfer, and we aimed to enhance its
electron transfer efficiency from two aspects, the electron transfer
proteins FDR (ferredoxin reductase) and FDX (ferredoxin) and
cofactors. FDXs constitute a large family of iron-sulfur proteins
that shuttle electrons from FDRs into diverse biological pro-
cesses’”. To test the function of FDR and FDX involving in
electrons transfer, we introduced SmFDR and SmFDX from S.
miltiorrhiza Bunge into the yeast strain harboring the three P450s
while without CPR, and SmCPRI was used as a positive control to
evaluate the electron transfer efficiency. The data showed that
compared with the strain harboring SmCPRI, the SmFDR and
SmFDX overexpressed strain produced extremely low levels of
11,20-dihydroxyferruginol (Supporting Information Fig. S6).
Based on this, SmFDR and SmFDX were overexpressed in strain
YTO060 resulting in strain YT067. However, there was no signifi-
cant difference between strain YT060 and strain YT067 (Fig. 4A).
Furthermore, to reduce the fermentation cost, GAL80 was knocked
out in strain YT067, resulting in strain YTO71. The yield of 11,20-
dihydroyferruginol was 22.69 + 1.85 mg/L of strain YTO71
without galactose in minimal medium (Fig. 4A).

NADPH is an important cofactor for P450s. Improving
NADPH regeneration is anticipated to be advantageous for the

biosynthesis of PNPs in which P450s are involved'****. Over-
expression of ZWFI and the phosphofructokinase (PFK) mutant
genes PFKI5"*P and PFK257'%P had been shown to decrease
upper glycolytic metabolic flux and increase the supply of
NADPH in S. cerevisiae® (Fig. 4B). To improve the supply of
NADPH in strain YT071, we overexpressed ZWFI by replacing its
promoter with the strong constitutive promoter PGKIp, and
overexpressed the mutants PFKIS"**P  and PFK257'8P
(Supporting Information Fig. S7). After engineering, it was found
that the intracellular NADPH/NADP™ ratio was increased by 13%
in engineered strain YT080 compared to parent strain YT071 (Fig.
4C). Strain YTO080 produced 29.43 £+ 3.01 mg/L of 11,20-
dihydroxyferruginol, which was increased by 30% (Fig. 4D and
Supporting Information Fig. S8).

CPRs play a crucial role in shuttling electrons from NADPH
through the FAD and FMN cofactors into the central heme group
of P450s'®. In this study, we aimed to enhance FAD(H,) biosyn-
thesis to improve the activity of CPRs, thereby increasing the
productivity of PNPs in yeast. RIBI and FLXI involved native
FAD(H,) biosynthesis, BsRIBBA and TmBiFADS involved in
bacterial FAD(H,) biosynthesis, and native MCHS5 importing
riboflavin from extracellular into intracellular were overexpressed
to strengthen the metabolic flux of FAD(H,)*> (Fig. 4B). Then,
riboflavin kinase FMNI and the FAD synthetase gene FADI were
overexpressed in strain YT081 to drive metabolic flux to FAD(H,)
biosynthesis. However, the FAD(H,)-targeting modification
exhibited no beneficial effects on 11,20-dihydroxyferruginol pro-
duction (strains YT077, YT079 and YTOS81, Fig. 4E). We found
that most of the riboflavin was excreted outside the cell, which
might be the reason for the lack of increase in 11,20-
dihydroxyferruginol production (Supporting Information Figs.
S9 and S10). Thus, this modification was given up in the next
microenvironment engineering for P450s.

3.3.  Engineering ER and increasing heme biosynthesis for the
improvement of the P450 catalytic environment

Most eukaryotic P450s are ER-localized proteins, and studies have
shown that ER expansion facilitates the functional expression of
membrane-localized proteins in S. cerevisiae'>*’. The phospho-
lipid biosynthesis regulatory factors /INO2 and OPII have been
proven to regulate the size of the ER, thereby affecting the
localization and expression of membrane-localized proteins such
as P450s*"*%. We engineered S. cerevisiae to expand the ER by
overexpressing INO2, deleting OPIl and PAHI encoding phos-
phatidate phosphatase which was supposed to compete with the
precursor phospholipid in ER membrane synthesis®’ (Fig. 5A).
Results have shown that the deletion of OPII led to a higher
11,20-dihydroxyferruginol production of 36.40 £ 2.09 mg/L in
strain YT086. However, compared with the control strain YTO080,
overexpression of /NO2 and deletion of PAHI had no or negative
effects on 11,20-dihydroxyferruginol titer (Fig. 5B). Finally, to
evaluate the overexpression of /INO2 and deletion of OPII, over-
expressing INO?2 in strain YT086 to construct strain YT097. The
strain ' YT097 produced 39.12 £+ 335 mg/L of 11,20-
dihydroxyferruginol, resulting in a 25% improvement over strain
YTO080 and a slight increase compared to parent strain YT086.
The overexpression of rate-limiting enzymes within the
endogenous heme biosynthetic pathway has been shown to pro-
mote heme synthesis’’ and provide more heme for the formation
of active center of P450s. And it may also alleviate the pressure
caused by excessive exogenous P450 expression™. In this study,
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Figure 4

The effect of improving the supply of the cofactors NADPH and FAD (H,) on the catalytic activity of P450s. (A) The 11,20-

dihydroxyferruginol production by overexpression SmFDR and SmFDX and deletion of GALS0. (B) Schematic illustration of engineering
NADPH and FAD(H,) in yeast. Riu-5-P: ribulose 5-phosphate, G-6-P: glucose-6-phosphate, F-2,6-P,: fructose-2,6-bisphosphate, F-1,6-P,:
fructose-1,6-bisphosphate, F-6-P: fructose-6-phosphate, PGI!I: glucose-6-phosphate isomerase, GNDI: phosphogluconate dehydrogenase gene,
ZWF1: glucose-6-phosphate dehydrogenase gene, GTP: guanosine triphosphate, DHBP: 3,4-dihydroxy-2-butanone-4-phosphate, DRsAP: 2,5-
diamino-6-ribosylamino-4(3H)-pyrimidinone 5’-phosphate, FLXI: mitochondrial FAD exporter gene, RIBI: GTP cyclohydrolase II gene,
BsRIBBA: bifunctional DHBP synthase/GTP cyclohydrolase II gene, TmBiFADS: bifunctional riboflavin kinase/FAD synthase gene, MCHS5:
riboflavin transporter gene, FMNI:riboflavin kinase gene, FADI: FAD synthetase gene. (C) The intracellular NADPH/NADP™ ratio in strains
YTO071 and YTO080. (D) 11,20-Dihydroxyferruginol production by engineering NADPH generation. (E) The titer of 11,20-dihydroxyferruginol by
engineering FAD(H,) pathway. The ODg(, was measured at the end of fermentation.

we selected several key genes involved in heme biosynthesis to
improve the intracellular content of heme (Fig. 5C). First, we
overexpressed the rate-limiting gene HEMI3, deleted heme
degradation gene HMX1, and knocked out heme precursor glycine
utilizing gene SHMI (encoding mitochondrial serine hydroxyl
methyltransferase) in strain YTO80, respectively. The over-
expression of HEM 13 resulted in a slight enhancement, increasing
the production of 11,20-dihydroxyferruginol to 34.71 + 4.08
mg/L in stain YTO89 (Fig. 5D). However, when HMX1 and SHM ]
were deleted, the titer of 11,20-dihydroxyferruginol was decreased
(Fig. 5D). We also tested several key target genes to regulate heme
biosynthesis in strain YTO089 (Supporting Information Fig.
S11). However, there was no or even a slight decrease in the
titer of 11,20-dihydroxyferruginol in the resultant strain (Fig.
S11). The heme content was quantified in these strains
(Supporting Information Fig. S12). The results indicated that the
titer of 11,20-dihydroxyferruginol did not show a simultaneous
increase with the heme content. It suggested that these might be
related to metabolic flux balance that required further investiga-
tion. Finally, overexpressing HEM13 in the previous ER modified
strain YT097 to construct strain YT107. This resulted in a slight

increase in the 11,20-dihydroxyferruginol titer of 41.49 + 5.41
mg/L (Fig. SE).

3.4.  Improving the production of 11,20-dihydroxyferruginol by
engineering iron uptake and the iron-sulfur cluster biosynthetic
pathway

Iron-sulfur clusters serve as the active centers of FDXs which are
responsible for transferring electrons to several P450s during
catalytic reactions™. In yeast, there are two different iron-sulfur
cluster (ISC) biogenesis machineries, the mitochondrial ISC
biogenesis machinery and the cytosolic iron-sulfur cluster as-
sembly (CIA) machinery’. Tron-sulfur cluster biosynthesis has
been shown to improve the enzymatic activity of iron-sulfur en-
zymes®’, such as XyID®'. Tron plays a pivotal role as a micro-
nutrient in both iron-sulfur cluster and heme biosynthesis, as well
as in other functional processes’”. In yeast, iron uptake is tightly
regulated by the transcriptional control of iron acquisition sys-
tems, predominantly orchestrated by iron-responsive transcription
factors Aftl/2p and Yap5p, along with a siderophore-mediated
iron acquisition system’. Under iron-replete conditions, the
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Figure 5 Engineering ER and heme supply to improve 11,20-dihydroxyferruginol biosynthesis. Schematic illustration of genetic modifications

resulting from ER engineering (A) and heme engineering (C) to improve the activities of P450s. The blue arrow represents genes that repress a
metabolic gene. PA: phosphatidic acid, DAG: diacylglycerol, Ino2 and Ino4: transcriptional activator that binds to a conserved upstream activating
sequence (UAS|no) residing in the promoters of phospholipid biosynthetic genes, Opil: the transcriptional repressor of Ino2 and Ino4 hetero-
dimer, Pahl: PA phosphatase, HEMI: 5-aminolevulinate (ALA) synthase gene, HEM?2: 5-ALA dehydratase gene, HEM3: 4-porphobilinogen
deaminase gene, HEM2: uroporphyrinogen decarboxylase gene, HEM13: coproporphyrinogen III oxidase gene, HEM15: ferrochelatase gene,
FET4: low-affinity Fe*" transporter gene, HEM14: protoporphyrinogen oxidase gene, HEM25: mitochondrial glycine transporter gene, SHMI:
mitochondrial serine hydroxymethyltransferase gene, HMX/: heme oxygenase gene. (B) The titer of 11,20-dihydroxyferruginol is influenced by
optimizing the genes to expand ER. (D) The effect of overexpression HEM13, deletion of SHM1, and HMXI genes on the yield of 11,20-
dihydroxyferruginol. (E) The yield of 11,20-dihydroxyferruginol after overexpressing HEM13 of strain YT107. The ODgoy was measured at

the end of fermentation.

low-affinity system is modulated by YapSp, which activates the
expression of specific target genes, including the vacuolar iron
importer gene CCCI, the Aftl/2p funactional inhibitor genes
GRX3 and GRX4°*>, and TYWI gene which regulating intracel-
lular iron content to protect cells from high iron toxicity .
Additionally, Yap5p indirectly suppresses and inhibits iron trans-
port gene FET3”'. In response to iron deficiency, S. cerevisiae
activates the iron regulon via two low-iron-sensing transcriptional
activators, Aftlp and its paralog Aft2p>>. These activators induce
the expression of a suite of genes, including those encoding
components of the reductive iron uptake system (e.g., FET3,
FTRI, and FIT2), as well as mRNA-binding genes CTHI and
CTH2 which limit the expression of genes encoding for iron-
containing proteins or that participate in iron-using processes’".
Analysis of the transcriptome data of strain YTO11 overex-
pressed with and without P450s (data not shown in this study)
revealed that genes involved in iron-sulfur cluster biosynthesis and
iron uptake were upregulated. However, few studies have verified
whether engineered iron uptake can enhance the catalytic activity
of P450s. Here, we tried to engineer iron uptake and iron-sulfur
cluster biosynthesis to increase the catalytic activity of P450s in
yeast. These strategies include, (1) enhancing iron uptake from the
environment by overexpressing FIT2, FET3, FTRI, AFTI, trun-
cated TYWI (tTYWI, which could enhance the expression of

AFTI/AFT2™), and deleting BOL2, (2) weakening iron competi-
tive pathways by deleting YAP5, GRX3 and GRX4 and down-
regulating CCC/ expression to reduce iron transport into the
vacuole, (3) improving iron-sulfer cluster biosynthesis through
overexpressing ISU and CIA machinery genes NFSI, ISU2,
CFDI, and CIA2 (Fig. 6A).

Firstly, the genes related to enhancing iron uptake were engi-
neered. The results showed that overexpression of FI72, FET3 and
FTRI led to an increase in the production of 11,20-
dihydroxyferruginol to 45.48 + 13.25 mg/L (strain YT113 in
Fig. 6B and Supporting Information Fig. S13). The strain YT113
was further engineered targeting BOL2 and tTYWI to construct
stains YT125-YT127. While the most productive strain was
YT125, and the production of 11,20-dihydroxyferruginol was
56.63 £ 2.43 mg/L by deleting BOL2 (Fig. 6C).

Secondly, the deletion of GRX3 and GRX4 and the replacement
the native promoter of CCCI with a weak promoter” to increase
the intracellular level of iron were employed to engineer in strain
YT125. The deletion of GRX3 and GRX4 in strain YT125 did not
increase the titer of 11,20-dihydroxyferruginol (Supporting
Information Fig. S14). Replacing the native promoter of CCCI
with the CYB2p promoter produced an 8% increase in 11,20-
dihydroxyferruginol production in strain YT133 (60.98 £+ 5.24
mg/L, in Fig. 6D and Supporting Information Table S12).
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Lastly, YAP5, GRX3 and GRX4 were deleted in strain YT133,
respectively. Deletion of YAPS5, GRX3 and GRX4 led to an
improvement on the yield of 11,20-dihydroxyferruginol in

Table 1  The titers of 11,20-dihydroxyferruginol in deleting
GRX3, GRX4, and YAP5 genes in engineered strains.

engineered strain (Table 1). While there was no increase in the Stain Genotype Titer (mg/L)
production after deleting GRX3 or GRX4 in the YAP5 deleted YT139 YT133, GRX34 65.45 + 2.40
strain (Supporting Information Fig. S14). Additionally, the YT141 YT133, GRX44 65.90 £+ 1.42
overexpression of genes involved in iron-sulfur cluster YT142 YTI33, YAP5A 67.69 & 1.33
biosynthesis and AFT! did not demonstrate any positive effects on

the production of 11,20-dihydroxyferruginol (Fig. S14). Here, the

deletion of YAPS resulted in the greast improvement of 11,20- 4. Conclusions

dihydroxyferruginol production in strain YT142 which was

67.69 = 1.33 mg/L in shake flasks (Table 1 and Supporting
Information Fig. S15). However, further systematic investigation
regarding the coordination of different genes remains necessary
(Supporting Information Figs. S16 and S17).

P450s represent one of the largest and most diverse protein
superfamilies known for catalyzing a broad spectrum of
regiospecific, stereospecific, and irreversible reactions within the
biosynthetic pathways of various pharmacologically active PNPs
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used in human therapeutics. Moreover, P450s act as crucial
rate-limiting factors in both PNP biosynthesis and synthetic
biology approaches for PNP production. In this study, to enhance
the catalytic activity of P450s in S. cerevisiae, we adopted
effective strategies to optimize the overall catalytic microenvi-
ronment of three P450s involved in the biosynthesis of 11,20-
dihydroxyferruginol, the precursor of tanshinones. By
enhancing MVA pathway, coexpressing with redox partner genes,
overexpressing TRPI, LEU2, and LYS2 genes, deleting GALSO,
engineering NADPH and heme supply, expanding the ER, and
regulating iron uptake, we achieved a remarkable 42.1-fold
improvement in 11,20-dihydroxyferruginol titer compared to
that of the starting strain YT009. Our findings demonstrated that
regulat iron uptake could promote the active expression of P450s
and lead to improving their catalytic activity. Overall, this study
makes progress in the development of synthetic yeast cell fac-
tories harboring multiple P450s and paves the way for microbial
biosynthesis of tanshinones.
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