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KEY WORDS Abstract Yeast has been an indispensable host for synthesizing complex plant-derived natural
compounds, yet the yields remained largely constrained. This limitation mainly arises from overlooking

Cell suitability; the importance of cell and pathway suitability during the optimization of enzymes and pathways. Herein,

Ph;)qsi;;lrlgigionmem; beyond conventional enzyme engineering, we dissected metabolic suitability with a framework for
Cytochrome P450; simultaneously augmenting cofactors and carbon flux to enhance the biosynthesis of heterogenous
Triterpenoids; triterpenoids. We further developed phospholipid microenvironment engineering strategies, dramatically
Saccharomyces cerevisiae improving yeast’s suitability for the high performance of endoplasmic reticulum (ER)-localized, rate-

limiting plant P450s. Combining metabolic and microenvironment suitability by manipulating only three
genes, NHMGR (NADH-dependent HMG-CoA reductase), SIP4 (a DNA-binding transcription factor)and
GPP1 (Glycerol-1-phosphate phosphohydrolase 1), we enabled the high-level production of 4.92 g/L rare
licorice triterpenoids derived from consecutive oxidation of $-amyrin by two P450 enzymes after
fermentation optimization. This production holds substantial commercial value, highlighting the critical
role of establishing cell suitability in enhancing triterpenoid biosynthesis and offering a versatile
framework applicable to various plant natural product biosynthetic pathways.
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1. Introduction

Over the past decade, the de novo biosynthesis of natural phar-
maceutical compounds in microbes has been achieved through the
introduction of heterologous genes'”. Saccharomyces cerevisiae
has emerged as a main host for this purpose due to its safety,
genetic manipulability, and intrinsic endomembrane system,
particularly suited for the production of complex natural products
reliant on membrane-localized cytochrome P450 enzymes (P450),
such as plant triterpenoids, cannabinoids, and alkaloids™°. Despite
these advancements, the titers of natural pharmaceutical com-
pounds remain to be significantly improved, notably due to the
limited efficiency of heterogeneous biosynthesis pathways in
yeast’, exemplified by licorice triterpenoids®.

Licorice triterpenoids, comprising diverse oleanolic-type tri-
terpenoids with notable physiological benefits, are derived from
the roots of the renowned licorice plant, long esteemed in tradi-
tional medicinal practices. Among these compounds, 11-0x0-3-
amyrin, glycyrrhetaldehyde, and glycyrrhetinic acid stand out as a
rare subset of licorice triterpenoids with low abundance in licorice
roots but exhibit a wide spectrum of physiological and pharma-
ceutical activities’ . Although heterologous biosynthesis within
Saccharomyces cerevisiae has been demonstrated as a feasible
approach, its industrial application remains challenging due to the
inefficiencies of the biosynthetic pathway™'¢.

Pathway engineering has been extensively employed to bolster
production; however, current research predominantly focuses on
pathway refinement, often overlooking the critical role of cell and
pathway compatibility in enhancing microbial production of nat-
ural products. Despite the implementation of various strategies
aimed at amplifying precursor supply, downregulating ERG7
expression, and reinforcing NADPH regeneration to elevate tri-
terpenoid biosynthesis, limited efficacy persists in the biosynthesis
of many plant triterpenoids, including 11-oxo-8-amyrin'?, gly-
cyrrhetinic acid® and oleanolic acid'’, etc. Moreover, approaches
aimed at promoting precursor synthesis by enhancing MEP and
MVA pathways and overexpressing numerous related genes may
impose metabolic burden and threaten genomic stability in engi-
neered strains™*'®'°. Notably, strategies aimed at creating a
suitable metabolic framework for heterologous biosynthesis in
pathway refinement remain sparse. Unraveling the metabolic
suitability for natural product biosynthesis in yeast holds signifi-
cant promise to expand the scope of metabolic engineering en-
deavors, facilitating the efficient production of phytochemicals
with minimal genetic manipulation.

Together with the unelucidated metabolic suitability, the
limited performance of key enzymes also considerably restricts
biosynthetic efficiency. The notably limited functionality of P450
enzymes within microbial cell factories is widely acknowledged
as the principal rate-limiting factor in the biosynthesis of many
plant natural products. For instance, the low activity of G8H
(geraniol 8-hydroxylase) leads to the production of strictosidine at
exceedingly low titers in yeast”. The biosynthesis of rare licorice

triterpenoids faces a similar bottleneck due to low P450 enzyme
performance. This process begins with the conversion of §-amyrin
into 11-oxo-(-amyrin through the oxidation of C-11 by Uni25647.
Next, CYP72A63 oxidizes the C-30 of 11-oxo-B-amyrin to form
glycyrrhetaldehyde and glycyrrhetinic acid, consecutively®'®2!,

In previous studies, efforts were made to mitigate this limita-
tion by redesigning CYP72A63 and creating a high-activity
mutant, CYP72A63 (T338S), to enhance glycyrrhetinic acid pro-
duction. Despite these interventions, the achieved titer remained
confined to 36 mg/L*'. While protein engineering holds promise
in enhancing the activity of plant enzymes in yeast, the enzyme
microenvironment exerts significant influence on catalytic activ-
ities”>>.  As endoplasmic reticulum (ER)-located NADPH-
dependent enzymes, P450 performance is largely affected by
intracellular NADPH availability and the surrounding phospho-
lipid microenvironment. Nevertheless, the importance and neces-
sity of engineering the host’s internal microenvironment,
especially the phospholipid microenvironment, to facilitate high
performance of heterologous P450 enzymes, are often overlooked
in engineering endeavors.

To address these challenges and enhance phytochemical pro-
duction, we devised systematic strategies integrating conventional
protein engineering and elucidated cell suitability, simultaneously
enhancing precursor supply, cofactor availability to heterologous
pathways, and microenvironment suitability for heterologous en-
zymes with minimal strain burden. This comprehensive approach
resulted in increased enzymatic activity, robust cofactor supply,
enhanced carbon flux provision, and tailored phospholipid
microenvironment, thereby facilitating exceptional performance
of plant P450 enzymes and significantly intensifying the efficiency
of heterologous biosynthesis pathways (Fig. 1). Notably, these
achievements were accomplished through the manipulation of
only three genes, NHMGR, SIP4, and GPPI. When combined
with fermentation engineering, this approach yielded high-level
licorice triterpenoid production with promising commercial
applicability. Our findings present innovative avenues for
enhancing heterologous biosynthetic pathways and offer novel
strategies for efficiently producing natural products in yeast.

2. Materials and methods

2.1.  Molecular docking and substrate tunnel analysis

The 3D structures of Uni25647 were constructed by Alphafold 2.
ADFRsuite-1.0 and Autodock vina were used for molecular
docking. A grid box of 20 x 20 x 20, which encompassed the
active pocket of Uni25647, was set as the search space to explore
suitable compound I binding modes*'. The PDBQT format was
employed for both the input and output of molecular structures.
The models with docked compound I in appropriate position were
used for analysis. The substrate tunnel was then analyzed with
Caver_analyst2 using the oxygen atom of the compound I as the
starting point.
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2.2.  Construction of gene expression cassettes

The sequences used for the construction of the expression cassette are
listed behind. Gibson assembly was used for the plasmid construc-
tion. Fragments of promoter, terminator and the sequence of the ho-
mologous domain were amplified from the genomic DNA of
Saccharomyces cerevisiae SynV. PrimeSTAR HS DNA polymerase
(TaKaRa, China) was used for DNA cloning. The resulting DNA
fragments and plasmids were purified using a TTANgel Midi Purifi-
cation Kit and a TTANprep Midi Plasmid Kit (TTANGEN BIOTECH,
China). Original candidate genes were amplified with PCR. The
constructed DNA fragments were ligated into a pMD19-T vector and
were subsequently sequenced for confirmation.

2.3.  Site-specific mutagenesis

The site-specific mutagenesis library was constructed by the Fast
Mutagenesis System (FM111, TransGen Biotech, China). The
primers were listed in Supporting Information Table S1.

2.4.  Construction of yeast strains

The S. cerevisiae SynV>* was used as the host strain in this study.
The LiAc/SS carrier DNA-PEG method was used for the yeast
transformation. The synthetic pathway for the licorice triterpe-
noids was constructed using the DNA assembler strategy as
described by the Zhao group?. Briefly, the coding sequences for
B-amyrin synthase (GgbAS), Uni25647, CYP72A63(T338S) were
codon-optimized according to yeast codon preference. For each
cassette, the OREF, its corresponding promoter and terminator,
together with the homologous domain were connected by adjacent
parts. For genome integration, the HIS3, Leu2, URA3 auxotrophic

markers, G418 and ble (Bleomycin resistance gene) markers were
used. The strains used in this study are listed in Supporting In-
formation Table S2. All the strains used for the verification of the
mutants were derived from SynV carrying the synthesized chro-
mosome V. The Uni25647 mutant was introduced into the SynV8
(Table S2) together with GghAS, GuCPRI1(P450 reductase), and
ERGI. The genotype of the constructed strain was as followed:
SynV8:4HO::FBAIp-bAS-CYCIt-Gal7p-Uni25647mutants-
TYS1t-PGK1p-GuCPRI-PGKIt-HSP12p-ERG1-PYKI1t-G418.

2.5.  Medium and growth conditions for yeast harboring licorice
biosynthetic pathway

YPD medium containing 10 g/L yeast extract, 20 g/L peptone and
20 g/L glucose and the optimized medium containing 10 g/L yeast
extraction, 20 g/L glucose and 10 g/L corn steep liquor were used
in this work. The engineered yeast strains were pre-cultured in
2 ml YPD medium at 30 °C, 200 rpm for 24 h. Then, the strains
were inoculated into 50 mL fresh YPD or optimized medium in
flasks. Subsequently, the strains were cultivated for 120 h for the
accumulation of target compounds.

2.6.  Invitro enzymatic activity assay

In vitro enzymatic activity assay of P450s was conducted using
microsome, which were prepare as previously described”’.
Microsomal membranes were suspended in storage buffer con-
taining 50 mmol/L Tris-HCI (pH 7.5), 1 mmol/L EDTA, and 20%
(v/v) glycerol. Initial in vitro oxidation assays were conducted in a
total volume of 500 pL, containing 1 mmol/L NADPH, 1 mg of
microsomal protein, and 100 pmol/L. G-amyrin. The assays were
incubated with shaking for 24 h at 30 °C, and the reactions were
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terminated by extraction with 1 mL of ethyl acetate. These ex-
tracts were then analyzed with GC—MS.

2.7.  Fed-batch fermentation

For larger-scale cultures, a 5 L fermentor (Parallel-Bioreactor Co.,
Ltd., China) containing 2.5 L of fermentation medium was adopted.
The recombinant yeast strain precultured in YPD or the optimized
medium in shake flask was used as the inoculum and the inoculation
volume was 10%. The composition of the fermentation medium was
YPD or the optimized medium containing 10 g/L yeast extraction,
20 g/L glucose and 10 g/L corn steep liquor. To obtain a high cell
density, the strains were auxotrophically recovered before used in
larger-scale cultures. Fermentations were carried out at 30 °C, and pH
was controlled at 5.0 by the automatic addition of 5 mol/L. ammonia
hydroxide. Dissolved oxygen (DO) was maintained at 25%—40%
saturation by adjusting the agitation rate (300—800 rpm) and airflow
rate (1—3 vvm).

2.8.  Compound extraction and analysis

After cultivation, 1 mL of yeast cell culture was treated by a
sample grinder, and then were extracted using ethyl acetate. The
resulting extracts and aqueous-phase were respectively pooled,
dried, and trimethylsilylated with pyridine and N,O-bis (trime-
thylsilyl) trifluoroacetamide (BSTFA) for analysis of licorice tri-
terpenoids and the metabolites derived from central carbon
metabolism and gluconeogenesis such as succinate, malate,
fumarate and trehalose by GC—MS.

The GC—MS analysis was performed using an Agilent 8890-
5977B GC/MSD Ultra (Agilent Technologies) equipped with an
Agilent 190915-433. J&W  HP-5ms GC Column
(30 m x 0.25 mm x 0.25 um, Agilent, USA) GC column with a
carrier gas helium flow of 1.5 mL/min, using a split mode; split
ratio was 5:1. For the detection of licorice triterpenoids, the
compound separation procedure was as follows: injector temper-
ature 250 °C; column temperature start with 80 °C for 1 min,
290 °C for 38 min at a 20 °C/min increase; ion source temperature
200 °C and interface temperature set to 290 °C, using scan mode
and monitoring the m/z range from 50 to 700 with a solvent delay
of 18 min. For the detection GC—MS based metabolomics, the
compound separation procedure was as follows: injector temper-
ature 250 °C; column temperature start with 60 °C for 1 min,
310 °C for 14 min at a 10 °C/min increase; ion source temperature
200 °C and interface temperature set to 290 °C, using scan mode
and monitoring the m/z range from 50 to 800 with a solvent delay
of 3.8 min. Squalene, organic acids, ergosterol, lanosterol, (-
amyrin, glycyrrhetinic acid standard (purchased from Sigma-
—Aldrich), 11-oxo-G-amyrin (purchased from BioBioPha, China)
standard were used for quantification. Glycyrrhetaldehyde purified
from the products by yeast strain GA184. For its extraction, the
culture was smashed by High Pressure Homogenizer (1500 MPa).
Ethyl acetate was used to extract the triterpenoids from the smash,
and the supernatant was collected and dried by rotary evaporators.
Methanol was used to dissolve the dried material. The solution
was used for separation of glycyrrhetaldehyde on semi-preparing
liquid chromatography (DGU-12AM, Shimadzu Scientific In-
struments) equipped with a PRC-ODS (H) column (Shimadzu
Scientific Instruments) after filtration by 0.22 um filter membrane.
Mobile phase A was 0.6% acetic acid solution, mobile phase B
was methanol, A:B = 1:4, flow rate = 5 mL/min, detection
wavelength was 254 nm. Calculation of the concentration was

based on external standard method. In this study, total licorice
triterpenoids included, 11-oxo-G-amyrin, glycyrrhetaldehyde and
glycyrrhetinic acid.

The concentration of glucose, succinate, ethanol, glycerol and
trehalose was detected by HPLC analysis which was performed
using an Agilent 1260 Infinity II equipped with a Aminex HPX-
87H (300 mm x 7.8 mm) column and a RID detection. Mobile
phase 5 mmol/L H,SOy, flow speed 0.6 mL/min, RID temperature
50 °C, column temperature 55 °C. The standard curves were listed
in Supporting Information Fig. S1.

2.9.  Transcriptome profiling

Strains were incubated in YPD media at 30 °C, 200 rpm for proper
time. Samples for RNA-seq were taken and stored at —80 °C.
Samples were determined in duplicates from the individual in-
cubations. The RNA-seq test was conducted using the Illumina
TruSeq platform. RSEM was used to calculate FPKM values.
Analysis of differential expression was performed using
PossionDis. Differentially expressed genes were defined as genes
with a Ilog2foldchangel >1.0, and significantly different genes
were defined as genes with a Ilog2foldchangel >1.5. The RNA-
seq data were deposited to NCBI with an accession number
PRINA967798.

2.10. Assays of NADPH, NADH and ATP

NADPH content was determined using the Coenzyme II
NADP(H) Content Assay Kit (Solarbio, China). NADH content
was determined using NAD'/NADH Assay Kit with WST-8
(Beyotime, China). ATP content was determined using the ATP
Content Assay Kit (Solarbio, China).

2.11.  Real-time reverse transcription-PCR

The total RNA was extracted from yeast cells by Trizol and served
as the template to obtain complementary DNA using the
TransScript First-Strand cDNA Synthesis Kit (Trans, China). The
converted cDNA and the specific primers were added to Top/Tip
Green qRCR SuperMix to subject RT-PCR analysis employing the
Roche LightCycler 96 Real-Time PCR System (Cal, USA). ACT1
was selected as the internal reference gene. Primes used for gPCR
were listed in Supporting Information Table S3.

2.12.  Lipidomics analysis

To analyze the changes in phospholipid of membrane, lipidomics
analysis was conducted for GA184, and strains overxpressing
GPPI. Cells cultivated in YPD for 48h were collected for lipid
detection. The ER was firstly extracted using an ER extraction kit
(beibokit, China), which was subsequently used for lipid extrac-
tion. Total ER lipids were extracted according to methods
described previously”® and detected by the UPLC system was
coupled to a Q-Exactive HFX orbitrap mass spectrometer
(Thermo Fisher, CA, USA) equipped with a heated electrospray
ionization (HESI) probe. Lipid extracts were separated by a
Cortecs C18 100 mm x 2.1 mm column (Waters). A binary sol-
vent system was used, in which mobile phase A consisted of ACN:
H20 (60:40), 10 mmol/L ammonium acetate, and mobile phase B
of IPA: ACN (90:10), 10 mmol/L. ammonium acetate. A 35-min
gradient with flow rate of 250 pL/min was used. Column cham-
ber and sample tray were held at 40 and 10 °C, respectively. Data
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Pathway enhancement by P450 engineering in yeast. (A, B) 3D structure of Uni25647 (the first rate-limiting P450 in licorice tri-

terpenoid biosynthesis) was predicted using Alphafold2, and the substrate tunnel was analyzed using CAVER_Analyst 2; the color bar length
indicates the scope of influence on the tunnel of each residue. (C) F374, F371 and F222 formed the bottleneck of the tunnel and F222 had
maximum range of influence on the tunnel. (D) The alanine scanning of the bottleneck residues F374, F371 and F222 revealed that perturbation on
F222 had the most significant impact on enzyme activity. (E) The Relative activity of Uni25647 mutants at F222 site compared with the wild type
(WT, 100% activity) and the substrate binding energy (calculated by AutoDock Vina) of wild type and mutant F222Y. (F) Y222 mutant
significantly downregulated the hydrophobicity in the tunnel. Data are presented as mean = SD (n = 3 biologically independent samples).

with mass ranges of m/z 240—2000 and m/z 200—2000 was ac-
quired at positive ion mode and negative ion mode with data
dependent MSMS acquisition. The full scan and fragment spectra
were collected with resolution of 60,000 and 15,000, respectively.
The source parameters are as follows: spray voltage: 3000 v;
capillary temperature: 320 °C; heater temperature: 300 °C; sheath
gas flow rate: 35 Arb; auxiliary gas flow rate: 10 Arb. Data
analysis and lipid identification were performed by the software
lipidsearch (Thermo Fisher, CA, USA). All of molecular identi-
fications were based on MS2, with a MS1 mass error of <5 ppm
and MS2 mass error of <8 ppm. Relative lipid content was used in

this study, which was calculated by the ratio of peak area between
g DCW.

3. Results

3.1.  Bioreaction enhancement by P450 engineering in yeast

In microbial cell factory, carbon partition is frequently hindered
by the low-flux biosynthetic pathways, which result from meta-
bolic rigidity of host cells”. Specifically, the restricted
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biosynthetic flow is attributed to the limited performance of key
enzymes, such as the P450 enzymes involved in rare licorice tri-
terpenoids biosynthesis. Uni25647 is the first committed P450 in
biosynthesis of 11-oxo-B-amyrin, glycyrrhetaldehyde, and gly-
cyrrhetinic acid (Fig. 2A, Supporting Information Fig. S2A). To
increase the metabolic flux toward the desired pathways, we
engineered this rate limiting enzyme for higher catalytic activity.
Previously we found the substrate tunnel’s high hydrophobicity
limits the binding of compound with hydrophilic groups®'. To
investigate the potential influence of substrate tunnel microenvi-
ronment on substrate binding and catalytic activity, we generated
the 3D model of Uni25647 using AlphaFold2*’. Substrate tunnel
analysis identified the exposed residues to be F222, F371, F374,
F90, F59, L474, A372, A370, Y117, 1121, P118, L56, and 160
(Fig. 2A and B). Among these, the five hydrophobic amino acid
residues, F222, F371, F374, F90, and F59, formed the main body
of the tunnel, while F371, F374, and F222 formed a bottleneck
and contributed most to the tunnel’s hydrophobicity (Fig. 2A and
C). Among them, F222 produced a hydrophobic effect within the
tunnel from entrance tail to the active pocket (Fig. 2A and C). The
hydrophobic nature of the tunnel may repel the hydrophilic hy-
droxy group at the C-3 tail of S-amyrin. Therefore, we hypothe-
size slight downregulation of the hydrophobicity in tunnel
promotes the enzyme activity.

The alanine scanning of F371, F374, F222 showed that
perturbation on F222 generated the greatest impact on Uni25647
activity (Fig. 2C and D), further suggesting the key role of this
site on substrate recognition and binding. Therefore, site-
directed saturation mutagenesis was conducted on F222. Cata-
Iytic activity of all mutants was assessed through 11-oxo-3-
amyrin production in Saccharomyces cerevisiae SynV carrying
B-amyrin and P450 reductase (Table S2). Notably, mutant
F222Y was identified with 2.08-fold increased catalytic activity
in yeast with a 1l-oxo-f-amyrin  production  of
154.64 £ 4.76 mg/L and no significant change on protein
expression levels (Fig. 2E, Figs. S2B and S2C). Introducing a
hydrophilic hydroxy group in F222Y mutant results in reduced
hydrophobicity in the substrate tunnel (Fig. 2F). Substrate
binding energy was decreased from —9.6 kcal/mol (wild type) to
—10.7 kcal/mol (mutant F222Y), indicating refined substrate
binding affinities (Fig. 2E). As a result, the catalytic activity of
Uni25647 was doubled in F222Y mutant, enhancing the meta-
bolic flux to licorice triterpenoid biosynthesis. Upon introducing
tHMGI1, the commonly used strategy to enhance precursor
supply in triterpenoid biosynthesis, the resultant strain GA11-O
could produce 178.54 £+ 8.86 mg/L 11-oxo-B-amyrin in flask and
1598.53 £+ 98.81 mg/L 11-oxo-@B-amyrin in a SL fermenter,
representing the highest level at present (Fig. S2B and S2D).

3.2.  Decoding the metabolic framework suitable for triterpenoid
biosynthesis

Based on the enhanced 11-oxo-B-amyrin production, the high-
efficiency 11-oxo-B-amyrin oxidase CYP72A63(T338S) was
introduced into the HO loci of strain GA11-O to produce gly-
cyrrhetaldehyde and glycyrrhetinic acid, resulting in the strain
GA182 (Table S2, Fig. S2A). However, the strain GA182 pro-
duced only 79.13 £ 2.55 mg/L rare licorice triterpenoids, less than
GA11-O (178.54 + 8.86 mg/L), including 48.12 + 1.47 mg/L
glycyrrhetinic acid and 5.81 + 0.61 mg/L glycyrrhetaldehyde
(Supporting Information Fig. S3A). Evidently, strain GA183, in
the absence of tHMGI1, exhibited elevated NADPH levels and

better growth performance when compared to strain GA182
(Fig. 3A, Fig. S3B). This suggests that the current engineering
endeavors focusing on reinforcing the associated biosynthetic
pathway without due consideration of the suitable metabolic
framework would lead to poor suitability to the licorice triterpe-
noid biosynthesis.

Of note, we found an enhanced rate of total licorice triterpe-
noid accumulation at 48 h as compared to the 24 h point in
GA183, suggesting a reconfigured cellular metabolic framework
better suited for triterpenoid biosynthesis at 48 h (Fig. 3B).
Transcription analysis revealed down-regulation in the Embden-
Meyerhof-Parnas (EMP) pathway, the Pentose Phosphate
Pathway (PPP), and even the endogenous MVA pathways, while
the licorice triterpenoid pathway remained unaltered (Fig. 3C),
suggesting that the pivotal factors underpinning efficient tri-
terpenoid biosynthesis extend beyond these commonly considered
pathways.

Notably, the predominant carbon source employed in tri-
terpenoid production was ethanol, as glucose was entirely con-
verted into ethanol before 24 h (Fig. 3B). Consequently, the
glyoxylate cycle and gluconeogenesis-linked pathways play
pivotal roles in both facilitating strain growth and replenishing
crucial cofactors. The related transcriptional analysis revealed
three pivotal enzymes—two involved in the glyoxylate cycle,
MLSI (malate synthase) and ICLI (isocitrate lyase), and PCKI
(phosphoenolpyruvate carboxykinase) governing gluconeogene-
sis—that serve as central connectors, bridging a metabolic
framework fine-tuned for efficient triterpenoid biosynthesis. This
role is further validated as the deletion of these enzymes results in
a sharp reduction in both licorice triterpenoid production and cell
growth (Fig. 3D and E, Fig. S3B). In this metabolic framework,
significantly upregulated IDP2 and ALD6 contribute to the supply
of essential NADPH, and the production of 2-oxoglutarate and
succinate can be translocated to the mitochondria by SFC1 and
YHM?2 to support the energy requirements essential for cell
growth. Concurrently, the up-regulation of PCK1, PDC6, ALD6,
and ACSI facilitates the redirection of metabolic flux towards
triterpenoid precursor acetyl-CoA (Fig. 3E).

As a result, directing the acetyl-CoA into triterpenoid effi-
ciently while boosting the NADPH availability, especially in rapid
synthesis phase of triterpenoid, would build the metabolic suit-
ability for triterpenoid biosynthesis. To achieve this goal in the
most concise and effective manner possible, we used NHMGR, a
NADH-dependent HMG-CoA reductase (NADH-HMGR) from
Silicibacter pomeroyi’"** instead of tHMGI to strengthen the
MVA pathway and liberate more NADPH (Fig. 3E). Of note, the
resultant strain GA184 exhibited a dramatically promoted per-
formance. The glycyrrhetinic acid and glycyrrhetaldehyde pro-
duction increased up to 111.40 + 10.35 and 66.61 + 2.14 mg/L
respectively, and the total licorice triterpenoids production
increased by 3.84-fold—303.49 + 16.67 mg/L (Fig. 3F, Fig. S3A
and S3C), while the conversion rate of glucose to licorice tri-
terpenoids increased from 0.40% to 1.52%. The production of
precursor 3-amyrin increased by 2.80-fold (Fig. 3G) accompanied
with improved cell growth by 21.42%. The intracellular NADPH/
NADP™ ratio was significantly rescued in GA184, unlocking the
NADPH limitation for performance of P450s and enhanced
metabolic flux to the target compound (Fig. 3H). Compared with
GA182, 0.50 mmol/LL more licorice triterpenoids were produced,
indicating at least an additional 0.50 mmol/L NADPH was
directed to Uni25647(F222Y) and CYP72A63(T338S). Impor-
tantly, not only did the NADPH level increase, but its level at 48 h
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also elevated, when the triterpenoids were rapidly synthesized and
significantly exceeding those at 24 h in GA184; this contrasts with
GA182, where NADPH levels were notably lower at 48 h
compared to 24 h (Fig. 3H). However, due to the high availability
and recovery capability of NADH in Saccharomyces cerevisiae™,
overexpressing NHMGR had no significant reduction on the
NADH/NAD™ ratio in GA184 compare to that in GAI182
(Fig. S3D). These findings indicated enhanced metabolic suit-
ability of yeast for heterogenous triterpenoids pathway. Moreover,
the production of the common triterpenoid precursor squalene was
also significantly enhanced (Fig. 31) while the expression level of
related genes in MVA pathway showed no significant difference
(Fig. 3]) between GA184 and GA183, suggesting the increased
triterpenoids production was mainly due to the metabolic suit-
ability created by the overexpression of NHMGR. These results
highlighted the importance of creating host-pathway suitability in
enhancing heterogenous biosynthesis pathway in yeast. Through
this scheme, a more suitable metabolic framework was established
with simultaneously enhanced precursor supply, cofactor avail-
ability and P450 performance for intensified production and sub-
strate conversion efficiency by overexpressing a single gene.

3.3.  Redesigning yeast metabolism to enhance the metabolic
suitability

To further refine the metabolic framework, we pursued a con-
current overexpression approach involving MLSI, ICLI and PCK1
in GA184, resulting in the strain GA185. However, this strategy of
over-enhancement decreased the licorice triterpenoid production
(Fig. 4A). Production of succinate, fumarate and malate largely
increased, forming a metabolic imbalance that favored primary
metabolism  over triterpenoid  biosynthesis  (Supporting
Information Fig. S4A).

To circumvent this issue and tenderly regulate these
pathways to redirect more metabolic flux to triterpenoids
biosynthesis, related transcription factors were screened using
SGD database’*>°. We identified transcription factor SIP437,
known to regulate /CL/ and gluconeogenesis, and TOGI>> which
regulates MLSI, ICLI and PCKI. SIP4 and TOGI were thereby
overexpressed and deleted in GA184 to mildly regulate these
pathways. Contrary to our expectations, deleting S/P4 not only
significantly promoted licorice triterpenoids production (Fig. 4A
and B), but also slightly promoted the endogenous lanosterol pro-
duction (Fig. S4B), indicating enlarged metabolic flux to triterpe-
noid biosynthesis and enhanced suitability for triterpenoids
biosynthesis. To track the cellular metabolic rearrangement, tran-
scriptome analysis was conducted for GA184 and GA184-ASIP4 at
48 h when the licorice triterpenoid was rapidly produced. A mod-
erate metabolism change was found with only 123 differentially
expressed genes (Fig. S4C). Interestingly, deleting SIP4 did not
show global changes in gluconeogenesis regulation. Among the key
genes involved in the glyoxylate cycle and gluconeogenesis (ICL1,
MLSI andPCKI), onlyPCKI showed an up-regulation (Fig. 4B,
Fig. S4C). Indeed, overexpressing PCKI increased the licorice

triterpenoid production (Fig. 4C), but the enhancement achieved
through PCK1 overexpression was relatively modest compared to
that observed upon SIP4 deletion (Fig. 4C). This observation sug-
gests that PCK1 may not be the principal factor driving production
enhancement, implicating the involvement of other factors with
substantial influence on metabolic suitability.

In order to find out these factors, all significantly differentially
expressed genes with a proper transcriptional level (Ilog2fold
changel >1.5, FPKM >20.0) in GA184-4SIP4 were tested.
Considering that the FPKM values of the significantly down-
regulated genes fell below 5.0, we focused on the significantly
upregulated genes by overexpressing them in the GA184 strain to
assess their impact on triterpenoid production (Supporting
Information Table S4).

Of note, this investigation led to the discovery of PHOS9, a
phosphate (Pi) transporter gene, whose overexpression in GA184
resulted in a licorice triterpenoid production identical to SIP4-
deleted strain (Fig. 4C). Compared to GA184, the inner Pi content
was significantly increased both during the rapid synthesis stage of
licorice triterpenoids at 48 h and by the end of fermentation at
120 h when deleting SIP4 or overexpressing PHOS89 (Fig. 4D).
The increased inner Pi would facilitate the carbon source entering
into catabolic pathway such as glycolysis rather than the ‘storage’
carbohydrate®, which promoted more metabolic flux towards
product synthesis. Consequently, we observed a notable reduction
in the accumulation of trehalose, a major ‘storage’ carbohydrate
that accumulates in cells’”, in strains with SIP4 deletion and
PHOS89 overexpression at 48 h and 120 h (Fig. 4E). In contrast,
there was a significant decrease in licorice triterpenoid production
when trehalose synthesis was enhanced through the over-
expression of TPSI (Fig. S4D and E).

Increased phosphate absorption can also enhance ATP pro-
duction, leading to higher energy levels within the yeast cells. This
can positively impact cellular processes that require energy, such
as MVA pathway. Producing 1mol licorice triterpenoids from
MVA would consuming 12 mol ATP *°. Compared to GA184,
0.32 mmol/L more licorice triterpenoids were produced by
GA182-4S8IP4, indicating at least 3.84 mmol/L more ATP was
produced. However, due to the dynamic consumption of ATP, the
ATP assay displayed no significant difference in these strains
(Fig. S4F).

These findings suggested that the manipulation of phosphate
absorption can serve as a means to reconfigure yeast metabolism,
redirecting metabolic flux away from the accumulation of “stor-
age” carbohydrates in favor of heightened product synthesis,
concomitant with an augmentation in ATP generation (Fig. 4F).
This concerted effect substantially bolstered yeast’s suitability for
the biosynthesis of diverse compounds. Notably, such metabolic
reprogramming can be readily accomplished through the
straightforward deletion of SIP4, thereby unveiling an innovative
and simple metabolic engineering strategy. Consequently, by
merely operating two genes, NHMGR and SIP4, we successfully
established a favorable framework in yeast, resulting in a sub-
stantial increase in licorice triterpenoid production.

triterpenoids production that involves the upregulation of a set of genes (in green and orange) governing key processes within the glyoxylate
cycle, gluconeogenesis, cytoplasmic acetyl-CoA supply, mitochondrial transporters (left); and the scheme for deploying NHMGR (right). (F)
Overexpression of NHMGR sharply increased the licorice triterpenoid production. (G) Overexpression of NHMGR sharply increased the
precursor G-amyrin production. (H) The NADPH level of GA182 and GA184 at 24 and 48 h. (I) The production of squalene in GA182 and
GA184. (J) Overexpression of NHMGR did not influence the transcriptional level of MVA pathway. Asterisks indicate statistical significance as
determined by paired Student’s r-test (¥*P < 0.05; **P < 0.01). Data are presented as mean = SD (n = 3 biologically independent samples).
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3.4.  Creating microenvironment suitability to further intensify
triterpenoid biosynthesis

In addition to the promoted rare licorice triterpenoid biosynthetic
pathway, it is noteworthy that GA184 exhibits an augmented
production of the competitive product lanosterol (Supporting
Information Fig. S5A). This observation highlighted the con-
straints associated with the ability of heterogenous pathway to
divert carbon flux away from the competitive pathway. Apart from
the enzymes themselves, the microenvironment surrounding en-
zymes also plays a significant role in their catalytic activities*>>*.
As endoplasmic reticulum (ER) located membrane proteins, the
membrane composition becomes a critical aspect of the micro-
environment. As a result, beside the fundamental considerations of
NADPH provision and carbon flux regulation, it is imperative to
recognize the influence of the ER phospholipid microenvironment
on the performance of ER-located plant P450s in yeast (Fig. 5A).
Assessing the suitability of yeast phospholipid microenvironment
for facilitating the high performance of plant P450s has been a
relatively overlooked dimension. In pursuit of identifying poten-
tial regulation targets to optimize phospholipid microenvironment,
transcriptional analysis was conducted from the reconfigured
cellular metabolic profile of GA184 at the 24 and 48 h.

This analysis encompassed pathway genes involved in licorice
triterpenoid biosynthesis, namely GgbAS, Uni25647 (F222Y), and
CYP72A63 (T338S), as well as key genes associated with phos-
pholipid biosynthesis and turnover, including PIS1, CHOI1, CHO2,
OPI3, PSD1, and PSD2 (Fig. 5A). Notably, only the expression of
PISI, encoding the enzyme phosphatidylinositol synthase,
exhibited a significant down-regulation, while the expression
levels of the remaining genes showed no significant difference
between the 24 and 48 h time points (Fig. 5B). The observed
decrease in phosphatidylinositol (PI) content (Fig. S5B),
concomitant with the down-regulation of PISI, suggests a poten-
tial preference for decreased PI content by Uni25647 and
CYP72A63 (T338S). Additionally, it is well-established that
glycerol plays a crucial role in maintaining P450 stability*'. The
transcriptional analysis of key genes involved in glycerol syn-
thesis, specifically GPPI and GPP2, revealed a significant up-
regulation of GPPI expression (Fig. 5B).

Due to the essential nature of PISI gene, the lethality of its
deletion, and its tendency to be downregulated to extremely low
levels (Fig. 5B), GPP1 was selected as a target for regulation and
subsequent overexpression in the GA184 strain, aiming to further
enhance the P450 performance. Notably, this approach resulted in
a substantial increase in licorice triterpenoid production, reaching
856.05 £ 16.27 mg/L, accompanied by reduced precursor squa-
lene levels and diminished lanosterol production (Fig. 5C-E).
These findings indicated a redirection of metabolic flux towards
the desired rare licorice triterpenoids biosynthesis and improved
P450s performance. Higher catalytic activity of P450s were
observed in microsomes derived from strains overexpressing
GPPI compared to GA184 (Fig. S5C). Despite the observed
elevation in glycerol production resulting from GPPI over-
expression (Fig. S4D), the addition of glycerol in the culture
medium did not exert a significant influence on triterpenoid pro-
duction (Fig. S5E), suggesting that the enhanced production is not
attributable to increased glycerol availability. Considering sn-
glycerol 3-phosphate as a precursor for phospholipid synthesis,
the augmented conversion of sn-glycerol 3-phosphate to glycerol
may also impact cellular phospholipid content. Lipidomics anal-
ysis of the endoplasmic reticulum (ER) revealed a remodeled

phospholipid profile characterized by a notable decrease in
phosphatidylinositol (PI) and phosphatidylcholine (PC) contents
upon GPP] overexpression (Fig. 5F, Fig. S5F).

Previous studies have shown that adding phospholipid pre-
cursors can promote phospholipid synthesis****. Hence, the pre-
cursor molecules, inositol and choline chloride, were added in the
culture medium to promote synthesis of PI (phosphatidylinositol)
and PC (phosphatidylcholine) in GA184 and the GPPI over-
expressing strain, respectively. The results indicated that
increasing PI inhibited P450s performance, and increasing PC had
no effect (Fig. S5G). Therefore, downregulating PI syntheses was
key to create a phospholipid microenvironment favorable for
P450s performance for rare licorice triterpenoids synthesis. The
decreased content of anionic phospholipids PI up-regulated the
membrane charge which may promote the electron transferring
from CPR to P450s, leading to promoted P450 performance.
These findings indicated that manipulating the membrane micro-
environment is an effective strategy for enhancing the efficiency
of membrane-bound P450s in yeast. In addition, up-regulating
GPPI extends the lifespan of yeast, which implies better robust-
ness and genomic stability****, implicating the overexpression of
GPP] would be favorable for high-level licorice triterpenoid
production.

Finally, combining the metabolic and microenvironmental
suitability by the deletion of SIP4 coupled to overexpressing
GPPI (strain GA188), We achieved an increased titer up to
919.47 £+ 15.77 mg/L in flask, and the conversion rate of glucose
to licorice triterpenoids further increased from 1.52% to 4.60%
(Fig. S5H).

3.5.  Fermentation optimization enabled high-level production of
rare licorice triterpenoids

The use of YPD-based medium, containing expensive peptone and
a previously described synthetic medium by van Hoek et al.*°
including a series of growth factors, is a common practice in
fermentation for terpenoids. However, the high cost of peptone
and the complexity of the synthetic media made it unsuitable for
commercial production. In order to reduce the medium costs and
optimize the production of rare licorice triterpenoids, the impact
of various nitrogen sources on the production was evaluated by
conducting flask experiments. Substituting 10 g/l of corn steep
liquor for 20 g/L of peptone significantly increased the production
of licorice triterpenoids to 1209.27 £ 7.37 mg/L, while promoting
cell growth (Fig. 6A and B). This substitution resulted in a 47.31%
reduction in medium cost, providing a more practical commercial
production scheme.

To evaluate the performance of GA188, a two-stage fed-batch
strategy was employed in 5 L bioreactors using the optimized
medium. In the first stage, glucose was added at 12 h after the
initial glucose was completely consumed and maintained below
0.1 g/L. concentration to avoid repression of the Gal promoters,
which controlled the expression of Uni25647(F222Y) and
CYP72A63(T338S). The resultant biomass had an ODgqq level of
approximately 140 at 48 h. In the second stage, ethanol was fed at
48 h with a concentration maintained at about 7 g/L, and a con-
stant flow velocity of 5 mL/h was maintained for the nutrient
solution containing 10 g/L yeast extraction and 10 g/L corn steep
liquor throughout the second stage. Finally, a high-level licorice
triterpenoid production of 4.92 g/L. was achieved with a produc-
tivity of 41.04 mg/L/h, including 0.96 g/L of 11-oxo-B-amyrin,
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Figure 6

Fermentation optimization enabled high-level production of licorice triterpenoids. (A) Substituting 10 g/L of corn steep liquor for

20 g/L of peptone significantly increased the production of licorice triterpenoids. SD, the cultural medium described previously*®; Y, Yeast

extraction; P, peptone; D, p-glucose; YD, the cultural medium containing 1

0 g/L yeast extraction, 20 g/L glucose. Ammonium sulfate (5 g/L) and

corn steep liquor (10 and 15 g/L) were added in YD as substitutive nitrogen sources. (B) The influence of various nitrogen source on cell growth.
Substituting 10 g/L of corn steep liquor for 20 g/L of peptone significantly increased the cell growth. (C) Fed-batch fermentation of GA188 in 5 L
fermenter. Data are presented as mean + SD (n = 3 biologically independent samples).

2.94 g/L of glycyrrhetaldehyde, and 1.02 g/L glycyrrhetinic acid
(Fig. 6C), possessing a great potential for commercial application.
4. Discussions

Despite advancements in pharmaceutical chemical production
through microbial cell factories, significant challenges persist
due to the restricted availability of highly active enzymes and
incomprehensive understanding of cell and pathway compati-
bility, both of which hinder high productivity. P450 enzymes
play a pivotal role in the biosynthesis of diverse natural
pharmaceutical compounds, encompassing terpenoids, flavo-
noids, and alkaloids. P450 performance within microbial cell
factories is widely acknowledged as the primary limiting factor.
Two principal approaches have emerged for augmenting P450
functionality: modulation of the P450: CPR ratio and enzyme
engineering. The fine adjustment of the P450: CPR expression
ratio stands as a direct method to enhance P450 activity.
Implementation of this approach resulted in a notable advance in
the production of 11-ox0-B-amyrin, yielding 810.6 mg/L in fed-
batch fermentation. Nevertheless, this strategy encounters
constraints in achieving further activity enhancement due to
inherent limitations stemming from enzyme structural
characteristics.

Protein engineering has emerged as a successful strategy to
surmount these limitations. Nonetheless, for membrane-bound
enzymes such as P450s, the absence of crystal structures and high-
throughput detection methods poses a formidable challenge to
efficient engineering. In this investigation, we leveraged the
recently developed AlphaFold2 to predict the three-dimensional
structure of Uni25647 and elucidate its interaction with the sub-
strate 3-amyrin. Our analysis unveiled the role of the hydrophobic
microenvironment within the substrate tunnel in repelling the
hydroxy group of (-amyrin, with F222 identified as a pivotal
determinant of tunnel characteristics. These insights led to the

discovery of mutant F222Y, which exhibited substantially
enhanced activity and was derived from a compact mutagenesis
library focusing solely on saturation mutagenesis at the F222 site.
This modification led to a remarkable elevation in 11-oxo-3-
amyrin production, reaching 1598.53 mg/L, doubling the output of
prior research endeavors. Our findings advocate for an efficacious
strategy to amplify the microbial synthesis of natural pharma-
ceutical compounds by optimizing the performance of key P450s
through aligning the substrate tunnel microenvironment with
substrate properties.

Besides the inherent characteristics of enzymes, their catalytic
efficacy is extensively influenced by the surrounding microenvi-
ronment. Therefore, manipulating the microenvironment around the
enzymes presents a tertiary avenue to fortify their performance.
Particularly, membrane-bound enzymes are susceptible to modu-
lation of the phospholipid microenvironment, thereby exerting a
pronounced influence on their activity. However, engineering en-
deavors often overlook the crucial aspect of regulating membrane
phospholipids to render the host cell microenvironment more
conducive for heterologous enzymes, notably the rate-limiting
P450s. The intricate regulatory mechanisms governing the synthe-
sis and turnover of glycerophospholipids and glycerolipids pose
significant challenges in pinpointing suitable regulatory targets
directly from their biosynthetic pathways, which is crucial for
constructing a specific phospholipid model conducive to achieving
desired outcomes in vivo®*®, Despite these challenges, our inves-
tigation elucidated that overexpression of GPPI induces alterations
in phospholipid composition, culminating in the establishment of a
microenvironment characterized by reduced PI content within the
ER membrane. This engineered milieu further enhanced the per-
formance of engineered P450s, resulting in a marked increase in
licorice triterpenoid production. This discovery holds considerable
significance as it unveils the potential for manipulating the mem-
brane microenvironment to enhance P450 performance in yeast.
Additionally, these findings offer insights into potential targets for
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modulating lipid biosynthesis. In the future, genome-scale meta-
bolic engineering strategies targeting all relevant genes could
represent a viable approach to identify engineering targets aimed at
establishing phospholipid homeostasis conducive to key enzymes in
plant natural product biosynthesis. Notably, enhancing the host
internal microenvironment suitability for heterologous enzymes can
serve as an efficient strategy to amplify their performance in pro-
ducing natural pharmaceutical compounds.

In the realm of pathway optimization, the limited comprehen-
sion of metabolic suitability for plant triterpenoid biosynthesis has
rendered many conventional strategies somewhat uninformed and
complicated, often necessitating extensive gene editing®. For
instance, prior metabolic engineering endeavors aimed at aug-
menting the metabolic flux towards triterpenoids primarily
concentrated on enhancing acetyl-CoA derived from glucose
metabolism®. However, glucose undergoes rapid conversion to
ethanol during the initial phases of fermentation, thereby estab-
lishing ethanol as the principal carbon source (Fig. 3B) when yeast
exhibits superior suitability for plant triterpenoid biosynthesis.
Through meticulous tracking of metabolic rearrangements, we
delineated the metabolic framework underpinning this suitability,
which revolves around gluconeogenesis and the glyoxylate cycle,
accompanied by augmented cofactor and acetyl-CoA provisioning.
Building upon this understanding, we devised an exceedingly
straightforward strategy to establish a conducive metabolic frame-
work for intensified plant triterpenoid biosynthesis, concurrently
enhancing precursor supply, cofactor availability, and P450 per-
formance, by overexpressing a single gene, the NADH-dependent
HMG-CoA reductase (NHMGR) from Silicibacter pomeroyi®'~>.
Fostering metabolic compatibility between the biosynthetic
pathway and the host cell holds immense promise for constructing
microbial cell factories efficiently and succinctly, thereby facili-
tating the proficient synthesis of natural product drugs. Addition-
ally, given the notable efficiency of the direct pathway refinement
strategy, exemplified by its success in bolstering the MVA pathway
to produce triterpenoid precursors like squalene, which achieved a
titer of 9472 mg/L*, there is also potential for enhancing natural
product production by optimizing the synergy between the host
organism that produces precursors and the target pathways.

Furthermore, within the fermentation process, trehalose accu-
mulates in response to alterations in culture conditions. However,
its accumulation entails a diversion of carbon flux away from
triterpenoid biosynthesis and disrupts the reactivation of denatured
proteins facilitated by heat shock proteins>”. Herein, these chal-
lenges were effectively addressed, and the metabolic landscape
conducive to efficient triterpenoid biosynthesis was further
enhanced through the deletion of the transcriptional factor SIP4.
The removal of SIP4 facilitated a redirection of carbon flux to-
wards licorice triterpenoids rather than trehalose accumulation,
achieved by augmenting phosphate uptake via the upregulation of
PHOS89, which encodes a phosphate transporter. Our findings
propose a novel paradigm for enhancing the production of target
compounds: orchestrating the redirection of carbon flux from
storage sugars such as trehalose to target compounds through the
optimization of phosphate homeostasis.

5. Conclusions

In summary, a Uni25647 mutant with higher activity was created
by enzyme engineering. By manipulating only 3 genes, NHMGR,
GPPI and SIP4, the yeast’s cell suitability was established for

plant triterpenoid biosynthesis with simultaneously enhanced
carbon flux, cofactor availability and performance of ER-
localized, rate-limiting plant P450s. Combined with fermenta-
tion optimization, the production of rare licorice triterpenoid
reached up to 4.92 g/L with a productivity of 41.04 mg/L/h,
including 0.96 g/L of 11-oxo-B-amyrin, 2.94 g/L of glycyr-
rhetaldehyde and 1.02 g/L of glycyrrhetinic acid, and the
fermentation medium cost was significantly decreased by 47.31%
via substituting the expensive peptone with corn steep liquor.
These results demonstrate the commercial potential and provide
new perspectives for efficient heterologous biosynthesis of plant
natural products in yeast.
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