T

updates

BIOMOLECULAR ENGINEERING, BIOENGINEERING, BIOCHEMICALS, BIOFUELS, AND FOOD

Biosynthesis of Ursolic Acid and Oleanolic Acid in Saccharomyces
cerevisiae

Chunzhe Lu’, Chuanbo Zhang', Fanglong Zhao and Dashuai Li
Dept. of Biological Engineering, School of Chemical Engineering and Technology, Tianjin University, Tianjin, 300072, China

Wenyu Lu*
Dept. of Biological Engineering, School of Chemical Engineering and Technology, Tianjin University, Tianjin, 300072, China
and Key Laboratory of system bioengineering (Tianjin University), Ministry of Education, Tianjin, 300072, China and
Collaborative Innovation Center of Chemical Science and Engineering (Tianjin), Tianjin, 300072, China

DOI 10.1002/aic.16370
Published online August 27, 2018 in Wiley Online Library (wileyonlinelibrary.com)

Ursolic acid and oleanolic acid are pentacyclic triterpenoid compounds with a variety of biological activities. A mixture of
ursolic acid and oleanolic acid has higher antitumor activity than the individual acids. We have developed a simultaneous
biosynthesis pathway for different proportions of ursolic acid and oleanolic acid in Saccharomyces cerevisiae. The
ScLCZ08 strain produced 175.15 mg/L of the ursolic acid precursor a-amyrin, the highest amount reported. Ursolic and
oleanolic acid titers and proportions were optimized using Medicago truncatula amyrin C-28 oxidase and Arabidopsis
thaliana cytochrome P450 reductase. Using glucose and ethanol fed-batch fermentation strategies, the final ursolic acid
and oleanolic acid titers were 123.27 and 155.58 mg/L, respectively, demonstrating 4.77-fold and 4.95-fold higher produc-
tion than the parent strain. The ScLCZI1 strain displayed the highest ursolic acid production obtained via microbial fer-
mentation in fed-batch culture to date. © 2018 American Institute of Chemical Engineers AIChE J, 64: 3794-3802, 2018
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Introduction

Ursolic acid (UA) and its isomer, oleanolic acid (OA), are
widely distributed in plants and fruits."* Ursolic acid exhibits
a variety of biological activities, including anti-inflammatory,’
anti-oxidation,6 antidiabetic,’ antibacterial,8 antimetastatic,
antiangiogenic,'® and antitumorigenic activities."' Oleanolic
acid possesses many of these activities, and its most important
pharmacological activity is its remarkable hepatoprotective
effect.'>'® Besides, ursolic acid and oleanolic acid show the
synergistic activity; a mixture of the two acids (UA/OA = 1:1)
possesses higher antitumor and antimicrobial activities than
those of the individual acids.'*

The various biological activities of ursolic acid and oleano-
lic acid and their pharmacological mechanisms have attracted
the interest of many researchers. However, only a few studies
have been performed regarding their biosynthesis, and their
main source for commercial and industrial application is still
plant extraction.*!> Two triterpene biosynthesis pathways
have been reported in plants: the methylerythritol-phosphate
pathway (MEP) and the mevalonate pathway (MVA). In Sac-
charomyces cerevisiae, triterpene acids are synthesized via
glycolysis and the MVA pathway. Mevalonate is converted
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into isopentenyl diphosphate (IPP) and its isomer dimethylal-
lyl diphosphate (DMAPP) via multiple reactions. The reduc-
tion of hydroxymethylglutaryl (HMG)-CoA by HMG-CoA
reductase to generate mevalonate is a key limited step. Biosyn-
thesis of the triterpene skeleton begins with the condensation
of DMAPP and 2 IPP molecules, producing farnesyl diphos-
phate (FPP). Two molecules of FPP are condensed to produce
squalene, which is subsequently converted into 2,3-oxidosqua-
lene, a common precursor of the triterpene skeletons, a-amyrin
and B-amyrin, by squalene monooxygenase. Heterologous bio-
synthesis of ursolic acid and oleanolic acid was previously
accomplished in S. cerevisiae by introducing multifunctional
amyrin synthase, amyrin C-28 oxidase, and cytochrome P450
reductase (CPR), but the yields were low, especially for
ursolic acid. The BY-OA strain constructed by Dai et al., pro-
duced 71.0 mg/L oleanolic acid.'® However, yeast cells
expressing CrAS/CrAO only produced 0.1 mg/L ursolic acid
and 0.045 mg/L  oleanolic acid.'"” The cyclization of
2,3-oxidosqualene is the key step in pentacyclic triterpene bio-
synthesis. Monofunctional f-amyrin synthases have been iden-
tified in many different plants.lg'22 For example, the f-amyrin
synthase from Glycyrrhiza glabra has been expressed in
S. cerevisiae to produce f-amyrin.”> However, no monofunc-
tional a-amyrin synthase has been found, and some
researchers believe that such an enzyme does not exist in
nature.>*® The compounds, a-amyrin and p-amyrin, not only
display many bioactivities,”’>* but can also be further trans-
formed into triterpenoids and saponins: o-amyrin can be
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converted to ursolic acid and centellosides, and f-amyrin can
be oxidized to biologically active compounds such as oleano-
lic acid and glycyrrhetinic acid.

Cytochrome P450 enzymes, dehydrogenases, and other
functional enzymes can further modify the triterpenoid skele-
ton. A number of cytochrome P450 enzymes related to triter-
pene biosynthesis have been confirmed. CYP88D6 from
G. glabra catalyzes the C-11 oxidation of P-amyrin during
glycyrrhetinic acid biosynthesis.>® CYP716ALI1 from Cathar-
anthus roseus is responsible for catalyzing a three-step succes-
sive oxidation reaction at the C-28 positions of a-amyrin and
f-amyrin, producing ursolic acid and oleanolic acid, respec-
tively.'” CYP716A12 from Medicago truncatula® and
CYP716A15 and CYP716A17 from Vitis vinifera possess the
same catalytic activity as CYP716AL1.* Three-step successive
oxidation appears to be common in terpene synthesis. Several
enzymes, such as Pinus taeda CYP720B1 in resin acid bio-
synthesis®® and Artemisia annua CYP71AV1 in artemisinin
biosynthesis** catalyze successive oxidation reactions.

In this study, we aimed to efficiently synthesize ursolic acid
and oleanolic acid in S. cerevisiae (Figure 1). To increase the
yields, precursor supplies were enhanced by overexpressing
key enzymes in the MVA pathway, and electron transfer effi-
ciency was optimized by combining plant cytochrome P450
enzymes and different P450 reductases. The production of
ursolic acid in engineered yeast is a potential alternative to
plant extraction. The results of this study provide a framework
for the production of various pentacyclic triterpenes, which
could be used in anticancer research.

Materials and Methods
Strains, genes, vectors, and media

S. cerevisiae W303-1a was used as the host strain for all
engineered yeast strains. Engineered yeast strains were cul-
tured in SD medium>* lacking adenine, histidine, leucine, and
uracil where appropriate, and then grown in yeast extract pep-
tone dextrose (YPD) medium. Escherichia coli Transl-T1
cells (Transgen Biotech, Beijing, China) were used for plas-
mid DNA extraction and gene transformation. All constructed
plasmids are listed in Supporting Information Table S1. The
pRS304, pRS405, and pXP320 plasmids were acquired from
the American Type Culture Collection. Genes (CrMAS
(GenBank: JIN991165), CrOAS (GenBank: JIN565975), MtOAS
(GenBank: ABC59076.1), AtCPRI (GenBank: BT008426.1),
and LjCPRI (GenBank: AB433810.1)) were synthesized by
GENECREATE (Wuhan, China) with codon optimization.
The synthesized genes were cloned into the pUCS57 vector to
generate the p-CrMAS, p-CrOAS, p-MtOAS, p-AtCPR1, and
p-LjCPR1 plasmids, respectively.

Plasmid and strain construction

The tHMG1, ERG20, and ScERG1 genes were cloned from
S. cerevisiae W303-1a. CaERG1 was cloned from Candida
albicans. Primers used for plasmid and strain construction are
summarized in Supporting Information Tables S2-S5. Yeast
promoters (PPGKh PTEFI’ PGALI: PTDH3) and terminators
(Teyet, Tapui, Tapus) were amplified from the genomic
DNA of S. cerevisiae W303-1a. The CrMAS, CrOAS, MtOAS,
AtCPRI, and LjCPRI genes were amplified from the p-
CrtMAS, p-CrOAS, p-MtOAS, p-AtCPR1, and p-LjCPR1 plas-
mids, respectively. CrMAS was subcloned into plasmid
pXP320 using Spel and Xhol sites to produce
pXP320-CrMAS. The gene expression cassette Prppsz-
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Figure 1. Biosynthetic pathway of ursolic acid and olea-
nolic acid in engineered Saccharomyces
cerevisiae.

Truncated 3-hydroxy-3-methylglutaryl coenzyme A
reductase (tHMG1), farnesyl diphosphate synthetase
(ERG20), squalene monooxygenase (ERG1), multifunc-
tional amyrin synthase from Catharanthus roseus
(CrMAS), amyrin C-28 oxidase from Medicago truncatula
(MtOAS), and cytochrome P450 reductase from Arabi-
dopsis thaliana (AtCPR1) were overexpressed in
S. cerevisiae. IPP, isopentenyl pyrophosphate; DMAPP,
dimethylallyl pyrophosphate; FPP, farnesyl diphosphate.
[Color figure can be viewed at wileyonlinelibrary.com]

tHMGI-Tcycy was digested with Apal and Pstl, and ligated
into the corresponding sites in pRS304 to produce
pRS304-tHMGI. The gene expression cassette Ppgki-
ERG20-Tcycy was digested with Pstl and BamHI, and ligated
into pRS405 to produce pRS405-ERG20.

The standard lithium acetate method was used for
S. cerevisiae transformations.’ Each gene expression cassette
was developed by overlap extension PCR.*® S. cerevisiae
strain WTE was constructed by sequentially transforming the
recombinant plasmids pRS304-tHMGI and pRS405-ERG20
into S. cerevisiae W303-la. The ScLCZ01 and ScLCZ02
strains were constructed by transforming an empty vector
(pXP320) and the pXP320-CrMAS construct into S. cerevisiae
WTE, respectively. All expression cassettes (Ppgyi-CrMAS-
Tapni>, Ppok1-CrMAS-Tceyci, Prepi-SCERGI-Tapui, Preri-
CaERGI-Tapu1, PoaL1-CrMAS-Tapu1, PoaLi-CrMAS-Teyci,
Tapnszs  Ppri-LiCPRI-Tapns,  Proki-LjCPRI-Tcycr,  and
Prpu3-CrOAS-Tapus) were constructed by fusion PCR. The
construction strategy for the genome-integrated strains
ScLCZ03-14 is illustrated in Figure 2. All developed strains
are listed in Table 1.

Quantification of genes copy numbers in S. cerevisiae
by qPCR

According to the absolute quantification method,”” copy
numbers of genes were quantified by qPCR. Open reading
frames of ScERGI, CaERGI, CrMAS, MtOAS, CrOAS,
LjCPRI, AtCPRI1, and ARG4 were amplified and quantified to
draw standard curves, respectively. The housekeeping gene
ARG4 was selected as a reference gene. The TIANamp Yeast
DNA kit (Tiangen, Beijing, China) was used to extract the

genomic DNA of the different colonies. Based on Zhang’s
description,®® TagMan probe-based ~determinations were
Published on behalf of the AIChE DOI 10.1002/aic 3795
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Figure 2. Construction strategy for engineered strains
ScLCZ03-14.
The black arrows, arrow boxes, orange boxes, and blue
boxes represent the promoters, target genes, terminators,
and selective markers, respectively. [Color figure can be
viewed at wileyonlinelibrary.com]

conducted. Primers used for the qPCR are summarized in Sup-
porting Information Table S6.

Extraction, identification, and quantitation of metabolites

Yeast cultures (5 mL) were centrifuged for 10 min at
5000 x g. The cells were washed twice with sterile water and
then resuspended in 1 mL hexane and vortexed with quartz
sand. The hexane phase was derivatized as previously
described before gas chromatography-mass spectrometry (GC-
MS) analysis.'” The culture supernatant was extracted with
5 mL ethyl acetate at 30°C and 200 rpm for 12 h. The ethyl
acetate phase was evaporated for 5 min, and then resuspended
in 1 mL ethyl acetate and used in high-performance liquid
chromatography (HPLC) analysis. Squalene, o-amyrin,
p-amyrin, ursolic acid, and oleanolic acid standards were pur-
chased from Sigma-Aldrich (Shanghai, China).

GC-MS analysis was performed on an Agilent 7890A GC
machine and an Agilent 5975C mass selective detector with
an HP-5ms column (0.25 mm X 30 m X 0.25 pm). Each sam-
ple (1 pL) was analyzed with a 20:1 split ratio. The carrier gas
was helium, at a flow rate of 1 mL/min. The injection tempera-
ture was 250°C. The GC oven temperature was set to 80°C
for 2 min after injection, followed by a 20°C/min ramp up to
260°C, then a 5°C/min ramp up to 290°C, and a hold at
290°C for 10 min. Full mass spectra were generated for
metabolite identification by scanning the m/z range of 50-500.
Metabolite retention times and mass spectra were compared
with those of authentic standards for compound identification.

HPLC analysis was performed on an Elite P230II high-
pressure pump system equipped with UV detection at 210 nm.
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A Grace Apollo C18 column (250 mm X 4.6 mm X 5 pm)
was used with methyl alcohol/acetonitrile (V/V = 60:40) as the
mobile phase at a flow rate of 0.8 mL/min. Liquid chromatog-
raphy-mass spectrometry (LC-MS) analysis was performed on
a surveyor LC system (Thermo Finnigan, San Jose, CA) and
an Agilent Zorbax SB Aq column (100 mm X 2.1 mm X 3 um)
with an electrospray ionization interface. Samples were
analyzed in negative ionization mode. Metabolite retention
times and mass spectra were compared with those of authentic
standards for compound identification.

Yeast cultivation and fed-batch fermentation

YPD medium was used to cultivate yeast strains WTE and
ScLCZ01-14. All strains were inoculated into 250-mL flasks
containing 30 mL medium and cultured at 30°C and 220 rpm
for 5 days. Shake flask fermentations of all strains were per-
formed in triplicate. The error bars in the figures represent
standard deviations of duplicate experiments.

Strains ScLCZ08 and ScLCZ11 were selected for fed batch
fermentation in a 5 L fermenter (BaoXing, China). A seed cul-
ture was obtained by inoculating a single colony into a
500-mL flask containing 100 mL YPD medium, and culturing
at 30°C for 24 h. A 10% (v/v) seed culture was inoculated into
a 5-L fermenter containing 2 L YPD medium. Fermentation
was performed at 30°C with an initial pH of 5.0. The airflow
rate was 4 L/min. The dissolved oxygen was controlled at
35% and pH was maintained at 5.0 with ammonium hydroxide
4 M).

Table 1. Strains Constructed in This Study

Strain
name Description

W303-1a MATa {leu2-3,112 trpl-1 canl-100 ura3-1 ade2-1
his3-11,15}

WTE Plasmids pRS403-tHMG1 and pRS405-ERG20 were
transformed into W303-1a

ScLCZ01  WTE was transformed with the empty plasmid pXP320

ScLCZ02  WTE was transformed with the plasmid
pXP320-CrMAS

ScLCZ03  CrMAS controlled by the PGKI promoter and marker
HIS3 gene expression cassettes were integrated into
the rDNA site of WTE

ScLCZ04  CrMAS controlled by the PGKI promoter, ScERGI and
marker HIS3 gene expression cassettes were
integrated into the rDNA site of WTE

ScLCZ05  CrMAS controlled by the PGK1 promoter, CaERGI
and marker HIS3 gene expression cassettes were
integrated into the rDNA site of WTE

ScLCZ06  CrMAS controlled by the GALI promoter and marker
HIS3 gene expression cassettes were integrated into
the rDNA site of WTE

ScLCZ07  CrMAS controlled by the GAL! promoter, ScERGI and
marker HIS3 gene expression cassettes were
integrated into the rDNA site of WTE

ScLCZ08  CrMAS controlled by the GALI promoter, CaERGI and
marker HIS3 gene expression cassettes were
integrated into the rDNA site of WTE

ScLCZ09  AtCPRI and marker URA3 gene expression cassettes
were integrated into the § site of ScLCZ08

ScLCZ10  LjCPRI and marker URA3 gene expression cassettes
were integrated into the ¢ site of SCLCZ08

ScLCZ11  AtCPRI, MtOAS, and marker URA3 gene expression
cassettes were integrated into the § site of SCLCZ08

ScLCZ12  AtCPRI, CrOAS, and marker URA3 gene expression
cassettes were integrated into the o site of SCLCZ08

ScLCZ13  LjCPRI, MtOAS, and marker URA3 gene expression
cassettes were integrated into the § site of SCLCZ08

ScLCZ14  LjCPRI, CrOAS, and marker URA3 gene expression

cassettes were integrated into the ¢ site of SCLCZ08
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The fed batch fermentation process consisted of two stages,
the cell growth stage and the target product synthesis stage. In
the cell growth stage, glucose was used as a carbon source for
fermentation. Concentrated glucose solution (600 g/L,
1000 mL) was intermittently poured into the fermenters to
maintain the glucose concentration under 2 g/L. Vitamins
(12 mL/L, 24 mL) and trace metal (10 mL/L, 20 mL) solu-
tions, prepared as previously described, were mixed with the
glucose solution. At 60 h, D-(+)-galactose (600 g/L, 200 mL)
at a final concentration of 40 g/L was added to induce the bio-
synthesis of ursolic acid and oleanolic acid. In the meantime,
adenine and uracil (150 g/L, 100 mL) at a final concentration
of 5 g/ were added to the fermenter. For the biosynthesis
stage, ethanol was used as a carbon source. The ethanol con-
centration was maintained at less than 5 g/L by controlling the
feeding rate of the anhydrous ethanol. Fed-batch fermentation
was performed in triplicate.

Results and Discussion

Increasing the squalene supply for amyrin production in
S. cerevisiae

Squalene is an important precursor of triterpenes, and previ-
ous studies have shown that triterpene overproduction is lim-
ited by squalene supply.**' As an important rate-limiting
enzyme, the HMG-CoA reductase gene is usually truncated to
increase its enzyme activity, thus allowing yeast to accumulate
large amounts of squalene. Overexpression of key rate limiting
enzymes in the MVA metabolic pathway is a common method
to increase terpenoid production. This method has been suc-
cessfully applied for the production of various terpenoids (ses-
quiterpenoids, diterpenoids, and triterpenoids).'® In a previous
study, increasing squalene supplies increased the titer of
B-amyrin by almost 31%.** In our study, tHMGI and farnesyl
diphosphate synthase (ERG20) were overexpressed in the
S. cerevisiae WTE strain. Compared with the parent strain,
squalene production increased by 4.82-fold, reaching
165.28 mg/L. (Figure 3). Therefore, the S. cerevisiae WTE
strain was used for the production of a-amyrin and f-amyrin.

a- and f-amyrin biosynthesis in S. cerevisiae

a-amyrin and PB-amyrin are ursane-type and oleanane-type
pentacyclic triterpenoid precursors. A multifunctional amyrin
synthase from apple (Malus domestica) has been expressed in
Pichia methanolica to produce o-amyrin (>80%) and
p-amyrin.”® Huang et al. isolated a new hybrid amyrin
synthase from C. roseus, which they introduced into the
S. cerevisiae WATI1 strain.'” a-amyrin and p-amyrin were
detected in hexane extracts, but with low titers.

A number of oxidosqualene cyclases that can simulta-
neously synthesize both a-amyrin and P-amyrin have been
reported.”** In this study, the multifunctional amyrin
synthase CrMAS from C. roseus was expressed in plasmid
pXP320, to generate the ScLCZ02 strain, for a-amyrin and
p-amyrin production in S. cerevisiae. Moreover, CrMAS, con-
trolled by the PGKI or GALI promoters, was integrated into
the chromosomes of the WTE strain at rDNA sites to generate
the ScLCZ03 and ScLCZO06 strains, respectively. Hexane
extracts from the ScLCZ01 and ScLCZ02 strains were ana-
lyzed by GC-MS. The presence of a-amyrin and B-amyrin was
confirmed using corresponding chemical standards (Figure 4a,
b). The ScLCZ02, ScLCZ03, and ScLCZ06 strains produced
4.89, 1.51, and 5.64 mg/LL o-amyrin and 1.36, 0.46, and
1.64 mg/LL P-amyrin, respectively (Figure 4c). With the
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[Color figure can be viewed at wileyonlinelibrary.com]

highest a-amyrin and f-amyrin production, ScLCZ06 was
used in further optimization experiments. Although the copy
number of CrMAS in ScLCZ06 was around twice that in
ScLCZ03 (Figure 6), the amyrin titer still proved that the
GALI promoter is more beneficial to amyrin production than
the PGK1 promoter. Therefore, the GALI promoter was cho-
sen to control the subsequent fermentation process.

The effect of heterologous squalene monooxygenase
expression on a-amyrin and f-amyrin synthesis

Only 6 mg/L B-amyrin was produced by an engineered
S. cerevisiae strain constructed by Kirby et al.* By introduc-
ing the heterologous squalene monooxygenase from
C. albicans and overexpressing IPP isomerase, FPP synthase,
and squalene synthase, the SGib strain constructed by Zhang
et al. produced 36.5 mg/L P-amyrin,** suggesting that the
introduction of a heterologous squalene monooxygenase can
effectively increase the titer of mixed amyrin. Squalene epoxi-
dase (ERGI), a rate-limiting enzyme in the ergosterol biosyn-
thetic pathway, possesses a low specific activity in
S. cerevisiae. Squalene is transformed  into
2,3-oxidosqualene through ERGI catalysis, and then CrMAS
catalyzes the conversion of 2,3-oxidosqualene to a-amyrin and
B-amyrin. A previous research has shown that C. albicans
ERGI1 exhibits higher activity than the endogenous
S. cerevisiae ERGI.*" We overexpressed ScERGI and
CaERG] in the ScLCZ03 and ScLLCZ06 strains to generate the
ScLCZ04, ScLLCZ05, ScLCZ07, and ScLCZ08 strains.

As shown in Figure 5, the ScLCZO08 strain produced
25.99 mg/L. a-amyrin, an increase of 3.6-fold compared with
ScLCZ06, while the ScLCZ07 strain produced 19.43 mg/L
a-amyrin, a 2.4-fold increase compared with ScLCZ06. How-
ever, the transcription level of ScERGI in ScLCZ07 was
1.2-fold higher than that of CaERGI in ScLCZ08 (Figure 6).
Therefore, CaERG1 from C. albicans was a better enzyme for
mixed amyrin production than ERGI from S. cerevisiae.

46

Increasing amyrin production in shake flask and fed
batch fermentation

The enzymatic activity of the cytochrome P450 enzymes
used in ursolic acid and oleanolic acid synthesis is not high.*
Therefore, we increased precursor production by optimizing
the fermentation conditions. Figure 7a,b shows the effects of
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Figure 4. Gas chromatography-mass spectrometry analysis of a-amyrin and f-amyrin produced by engineered
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glucose and galactose concentrations on the titer of a-amyrin
and f-amyrin. Increasing the initial glucose concentration
increased the titer of a-amyrin from 26.05 mg/L at 20 g/L to
40.15 mg/L at 30 g/L, while higher initial glucose concentra-
tions decreased the titer (25.28 mg/L at 50 g/L). The B-amyrin
titer displayed the same trend. Increased galactose concentra-
tions gradually increased the a-amyrin titer from 9.35 mg/L at
5 g/l to 30.52 mg/L at 50 g/ and p-amyrin titer from
3.18 mg/L at 5 g/L to 7.12 mg/L at 50 g/L.

Adenine and uracil are both important components for yeast
cell growth. However, due to the absence of corresponding
genes in the engineered yeast, these two compounds cannot be
synthesized spontaneously. Therefore, it is necessary to intro-
duce them to the reaction during the fermentation process.

30
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Figure 5. Production of a-amyrin and f-amyrin by the
engineered ScLCZ06-08 strains.
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Figure 7c shows the effects of adenine and uracil addition on
the titers of o-amyrin and f-amyrin. The o-amyrin titer
reached 48.83 mg/L, an 86.3% increase compared to the con-
trol, and the (B-amyrin titer reached 13.28 mg/L, a 93.3%
increase compared to the control. In conclusion, with
increased initial glucose and galactose inducer concentrations
and the addition of adenine and uracil, the titers of a-amyrin
and B-amyrin increased. When strain ScLCZ08 was cultivated
in YPD medium with 30 g/L glucose, 40 g/L galactose, and
5 g/L. mixture of uracil and adenine, it achieved the maximum
titer for a-amyrin and f-amyrin. As shown in Figure 7d, the
ScLCZ08 strain produced 97.31 mg/LL a-amyrin and
24.95 mg/L PB-amyrin under optimal fermentation conditions.
When strain ScLCZ08 was cultured in a 5 L fermenter by
using the glucose and ethanol fed-batch fermentation mode, it
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Figure 6. Transcriptional quantification of genes deter-
mined via qPCR.
[Color figure can be viewed at wileyonlinelibrary.com]

LjCPR1

November 2018 Vol. 64, No. 11 AIChE Journal


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

(a)
[Jo-amyrin
[ B-amyrin

40
30+

20 4

0 .

20 30 40 50
Initial glucose concentration (g/L)

Titer (mg/L)

(b) =
[ Ja-amyrin
304 [ B-amyrin —I— =
25
g
> 20 4
E
3
£ 154
10

1N

5 10 20 40 50
Induced galactose concentration (g/L)

(e) 1204 40

(¢) e
[Jo-amyrin
504 [EEB-amyrin
40
=
j=2]
£
+ 30
2
[
20
10 4
0
Control group Experimnetal group
Uracil and adenine addition
1004  [_Ja-amyrin
[ B-amyrin {
80 -
3
g 60 4
put
o
F
40
204
04

Control group Experimental group

Optimal fermentation of a-amyrin and B-amyrin

200

—m— Glucose (g/L)
—0— Ethanol (g/L)
—&— B-amyrin
—A— g-amyrin
—e— 0D,

w0
S
L

80 - 600

/

ODgy,

40

Glucose / Ethanol (g/L)
o
8
L

o
!

0- 0

54 !/i/é
.

I T/i/ \.L /
; s o >< —*
/ § "Li -8 !‘i //;/’<m/l\ |

72/ - 160
e

A 120

/

a-amyrin / B-amyrin (mg/L)

0

96 120 144

Time (h)

Figure 7. Effects of initial glucose concentration (a), galactose inducer concentration (b), and uracil and adenine
addition (c) on a- and p-amyrin production in the ScLCZ08 strain. In (c), uracil and adenine were not added
to the control group. (d) - and pg-amyrin production by the ScLCZ08 strain under optimized fermentation
conditions. The control group was fermented with 20 g/L glucose, 20 g/L galactose, and no added uracil
and adenine. (e) a-amyrin and -amyrin production in fed-batch fermentation.
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produced 175.15 mg/L o-amyrin and 44.92 mg/L. p-amyrin
(Figure 7e). To the best of our knowledge, 175.15 mg/L
a-amyrin is the highest titer produced by a microbial cell fac-
tory to date.

Construction of ursolic acid and oleanolic acid
biosynthesis pathways in S. cerevisiae

To construct ursolic acid and oleanolic acid synthetic path-
ways in S. cerevisiae, two different amyrin C-28 oxidase
genes (MtOAS and CrOAS, from M. truncatula and C. roseus,
respectively; controlled by the TDH3 promoter), and two dif-
ferent CPR genes (AtCPRI and LjCPRI, from A. thaliana and
L. japonicus, respectively; controlled by the PGK1 promoter)
were integrated into the chromosome of the ScLCZ0S strain at
the 9 site to generate the ScLCZ11, ScLCZ12, ScLCZ13, and
ScLCZ14 strains. Ethyl acetate extracts from fermentation
broths of the ScCLCZ09-14 strains were analyzed by LC-MS.
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Ursolic acid and oleanolic acid were confirmed using the cor-
responding chemical standards (Figure 7a,b). Ursolic acid pro-
duction in the ScLCZ11, ScLCZ12, ScLCZ13, and ScL.CZ14
strains was 25.85, 24.58, 23.37, and 22.96 mg/L, respectively,
and oleanolic acid production in the four strains was 31.41,
29.49, 24.34, and 23.91 mg/L, respectively (Figure 7c). For
ursolic acid produced by strains ScLCZ11 and ScLCZ12,
respectively, the P value was 0.0412. For oleanolic acid pro-
duced by strains ScLCZ11 and ScLCZI12, respectively, the
P value was 0.0382. These two P values (<.05) indicate that
strain ScLCZ11 significantly accumulated more ursolic acid
and oleanolic acid than strain ScLCZ12. Strains ScLCZ11 and
ScLCZ13 only differ in their possession of amyrin C-28 oxi-
dase. Besides, the transcription level of CrOAS in ScLCZ13
was 1.86-fold higher than that of MtOAS in ScLCZ11
(Figure 6), whereas strain ScCLCZ11 could produce more urso-
lic acid and oleanolic acid than strain ScLCZ13. These results
indicate that MtOAS is more suitable for ursolic acid and
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Figure 8. Liquid chromatography-mass spectrometry analysis of ursolic acid and oleanolic acid production by the
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ScLCZ09 and ScLCZ11 strains. (b) Mass spectra of peaks 1 and 2. (c) Production of ursolic acid and oleanolic acid by the engineered

yeast strains ScLCZ11-14.

oleanolic acid synthesis than CrOAS. With the highest ursolic
acid and oleanolic acid production, the ScLCZ11 strain was
used in further optimization experiments.

For the synthesis of valuable triterpenoids, S. cerevisiae is a
promising host.'® Compared with plant extraction, heterolo-
gous synthesis of triterpenoids in yeast has opened a new path
towards obtaining bioactive products. However, to be consid-
ered a promising alternative, developed S. cerevisiae should
produce ursolic acid and oleanolic acid at high yields. Amyrin
C-28 oxidase may be the rate-limiting enzyme in oleanolic
acid production.'® CPRs are necessary for cytochrome P450
catalytic activity, through the transfer of electrons from
NAD(P)H to the P450 heme center. CPR genes from
A. thaliana and L. japonicus were used in our study.

Many amyrin C-28 oxidases have been identified that can
catalyze successive three-step oxidation. Similar oxidation pro-
cesses exist in the biosynthesis of other terpenoids. For exam-
ple, amorphadiene is oxidized to form artemisinic acid by
cytochrome P450 CYP71AV1.>* By screening efficient dehy-
drogenases and cytochromes, the production of artemisinic
acid was improved to 25 g/L in the reconstructed yeast.41 To
further increase the yield of the desired compound, one practi-
cal approach is to identify other novel dehydrogenases and
cytochrome enzymes in plants rich in the target product.

Simultaneous biosynthesis of ursolic acid and oleanolic
acid during fed-batch fermentation

The ScLCZ11 strain was selected for simultaneous biosyn-
thesis of ursolic acid and oleanolic acid in a 5-L fermenter.
Cell growth was divided into two stages: in the first stage, glu-
cose was used as carbon source for cell growth without prod-
uct synthesis; in the second stage, ethanol was used as a
carbon source for cell growth and product synthesis following

3800 DOI 10.1002/aic
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the addition of the inducer galactose. However, although glu-
cose is more conducive for cell growth, it is rapidly converted
to ethanol by yeast when its concentration in the fermenter is
excessively high, resulting in a high ethanol concentration,
which has an inhibitory effect on cell growth. According to
the two-stage culture and carbon source concentration restric-
tion strategy, strain ScLCZ11 produced 123.37 mg/L ursolic
acid and 155.58 mg/L oleanolic acid after 168 h of cultivation,
with yields of 1.65 and 2.08 mg/g dry cell weight (DCW),
respectively (Figure 8). The ScLCZI1 strain had the highest
ursolic acid production ever obtained via microbial fermenta-
tion. However, the yield of oleanolic acid was lower than that
in a previous study by Dai et al.'® This could be attributed to
differences in product diversity. Strain BY-OA, constructed by
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Figure 9. Profile of cell growth, glucose, ethanol, and
the accumulation of ursolic acid and oleanolic
acid in the engineered strain ScLCZ11 during
fed-batch fermentation.

[Color figure can be viewed at wileyonlinelibrary.com]
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Dai et al., produced only oleanolic acid. Previous studies have
shown that ethanol is a beneficial carbon source for terpene
production,”*¥4 possibly because ethanol increases the sup-
ply of precursors or enhances the activity of key enzymes in
the isoprene metabolic pathway.48 By identifying and charac-
terizing novel amyrin C-28 oxidases, a large amount of ursolic
acid and oleanolic acid with different proportions can be pro-
duced using the engineered yeast. The production of ursolic
acid and oleanolic acid could also be further increased by
using metabolic engineering and fermentation optimization;
these strategies will help to meet the requirements for the treat-
ment of various diseases.

Conclusions

In this work, ursolic and oleanolic acids production was
achieved through the metabolic engineering of ursolic acid and
oleanolic acid biosynthesis pathways in S. cerevisiae. By
screening different multifunctional amyrin synthases and amyrin
C-28 oxidases, four strains were constructed for simultaneous
biosynthesis of ursolic acid and oleanolic acid in different pro-
portions. The ScLCZI11 strain produced 123.37 mg/L ursolic
acid and 155.58 mg/L oleanolic acid after 168 h of cultivation
with yields of 1.65 and 2.08 mg/g DCW, respectively, under
fed-batch fermentation conditions. As far as we know, this is
the highest ursolic acid production obtained via microbial fer-
mentation to date. Our strategy could be adapted for the over-
production of valuable triterpenes in engineered yeast.
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