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(+)-Valencene and (+)-nootkatone are high value-added sesquiterpenoids found in grapefruit. The
synthesis of (+)-nootkatone by chemical oxidation from (+)-valencene cannot meet the increasing
demand in natural aromatics markets. Development of a viable bioprocess using microorganisms is
attractive. According to the yields of B-nootkatol and (+)-nootkatone by strains harboring different
expression cassettes in the resting cell assay, premnaspirodiene oxygenase from Hyoscyamus muticus
(HPO), cytochrome P450 reductase from Arabidopsis thaliana (AtCPR) and alcohol dehydrogenase
(ADH1) from Saccharomyces cerevisiae were finally selected and overexpressed in CEN-PK2-1Ca,
yielding B-nootkatol and (+)-nootkatone with 170.5 and 45.6 mg L' ethyl acetate, respectively. A
combinational engineering strategy including promoter change, regulator ROX1 knockout, squalene
pathway inhibition, and tHMGR overexpression was performed to achieve de novo (+)-valencene
production. Subsequent culture investigations found that galactose as the induced carbon source and
a lower temperature (25 °C) were beneficial to target accumulation. Also, replacing the inducible
promoters (GALI) of HPO and AtCPR with constitutive promoters (HXT7 and CYCI1) dramatically

increased the B-nootkatol accumulation from 1082 to 327.8 mg L~ ethyl acetate in resting-cell
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Accepted 9th September 2019 experiments using (+)-valencene as a substrate. Finally, the total terpenoid titer of the engineered strain

of PK2-25 using glucose as a carbon source was improved to 157.8 mg L™ cell culture, which was 56
times the initial value. We present a new candidate for production of (+)-valencene and its related
sesquiterpenoids with attraction for industry.
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1. Introduction

Sesquiterpenes are a class of abundant natural products derived
from the 15-carbon linear precursor, farnesyl pyrophosphate
(FPP). (+)-Valencene is an important sesquiterpene that is an
aroma ingredient in orange peel oil. Its odor characteristics
include fresh citrus notes with sweet, orange and woody
balsamic profiles. (+)-Nootkatone is an oxidized product of
(+)-valencene. It is the main contributor to the aroma compo-
nent of grapefruit and citrus-derived odorants with relatively
low perception threshold."* Applications of these compounds
include food and beverages, fragrances, personal care and
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home products. It is on the authorized flavor list with a 0.5 mg
kg ™" concentration level for food in the European Regulations
by the European Food Safety Authority.? (+)-Nootkatone is re-
ported to have several pharmacological properties, such as
antioxidant, antiseptic and antiallergic activities, and is also an
effective repellent against such various insects as mosquitoes,
bed bugs, termites and ticks.* Recently, (+)-nootkatone was
considered as protective agent against air pollution-induced
respiratory effects.®

Employing conventional extraction processes from
natural sources, it takes 2.5 million kilograms of oranges to
obtain a single kilogram of (+)-valencene. The trace amount
of (+)-valencene and (+)-nootkatone in natural plants leads to
high price of these fragrance compounds.® The high cost,
limited supply and inconsistent product quality have
restricted their applications. Several chemical synthetic
strategies have been developed via the Robison annulation,
intramolecular Sakurai reaction, and Diels-Alder/Aldol
tandem reaction, etc.” However, the mentioned above
generally provide racemic (+)-nootkatone. One-pot synthesis
of (+)-nootkatone through singlet oxygenation of (+)-valen-
cene has been realized with -carcinogenic tert-butyl
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hydroperoxide in combination with Co(OAc),, Cu(OAc), or
V(OAc), catalysts.” The explosive, corrosive, and toxic heavy
metal chemocatalyst requirements of the chemical
approaches call for greener and more effective methods for
(+)-valencene and (+)-nootkatone preparation. Previously,
(+)-valencene extracted from Valencia orange was converted
into (+)-nootkatone by biotransformation using Aspergillus,
Rhodococcus, Chlorella, Mucor species Botryodiplodia theo-
bromae 1368, Yarrowia lipolytica 2.2ab, and Phanerochaete
chrysosporium.*®  These  reported  biotransformation
approaches suffered frequently from long reaction time,
relatively low yields and troublesome purification
procedures.’

Recent rapid developments in metabolic engineering by
rewiring cellular metabolism provide an attractive alternative
approach for producing plant terpenoids.*'®'* Saccharomyces
cerevisine has been widely used in terpenoid biosynthesis
because it is generally regarded as safe (GRAS)," industrially
robust and able to functionally express eukaryotic cytochrome
P450 enzymes.'” There are many discussions about terpenoid
production through metabolic engineering of S. cerevisiae at
hierarchical levels of genetic manipulation tools, biological
parts, pathways, organelles and systems.'>”™* Although
significant progresses have been achieved in the past decades,
there are still a lot of efforts to be made.

In S. cerevisiae, the mevalonate (MVA) pathway is naturally
tightly regulated at transcriptional and post-transcriptional
levels, limiting the overall metabolic flux for sesquiterpene
production. To increase the target sesquiterpene accumulation,
genetic modifications that block the competition branch flux
could be considered. The squalene synthase (ERG9) is a branch-
point enzyme in the mevalonate (MVA) pathway.'*® As sterols are
essential for yeast cells, so it is not feasible to thoroughly knock
out squalene synthase (ERG9). Down-regulating the expression of
ERGY by weakening its promoter is an alternative way. In addi-
tion, the ROX1 is a transcription factor that inhibits expression of
hypoxia-induced genes in the presence of oxygen and also
represses target genes during osmotic stress.”® Previous study
showed that transcriptional regulation of ROX1 mediates the
transcriptional regulation of ERG genes. Especially, ERG9 could
be activated by ROX1 at the transcription level.*

In this study, we constructed and optimized the (+)-nootka-
tone biosynthesis gene cluster in S. cerevisiae to develop a new
yeast-based platform for the biosynthesis of (+)-valencene and its
related sesquiterpenes, combining the disruption of ROX1 gene,
the repression of ERG9 through 45-bp deletion in its promoter,
and the overexpression of a truncated version of HMG-CoA
reductase 1 (tHMGR) (Scheme 1). Moreover, the carbon sources
in the induction medium, the culture conditions and promoters
of HPO and AtCPR were investigated to intensify the valencene
and its related sesquiterpenes productivities.

2. Material and methods
2.1 General

DNA polymerase of PrimeSTAR HS was purchased from TaKaRa
(Dalian, China). KOD FX DNA polymerase was from Toyobo Co.
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Ltd. (Osaka, Japan). Restriction enzymes and T4 DNA ligase
were bought from Fermentas of Thermo Fisher Scientific
(Pittsburgh, PA, USA). DNA preparations kits for plasmid
extraction and DNA purification were purchased from Tiangen
(Beijing, China). (+)-Valencene, B-nootkatol, (+)-nootkatone and
isolongifolene were provided by Tokyo Chemical Industry Co.
Ltd. (TCI, Tokyo, Japan). For all other procedures, the highest
purity grade chemicals were used.

2.2 Strains, media and genetic materials

E. coli DH5a was used for gene cloning and plasmid mainte-
nance. All recombinant E. coli cells were cultured in Luria-
Bertani (LB) medium with appropriate antibiotics (100 pg
mL ™" ampicillin). All recombinant S. cerevisiae strains in this
study were constructed from BY4741, BJ5464 or CEN-PK2-1Ca.
Complete medium of yeast extract peptone dextrose (YPD,
containing 1% (w/v) yeast extract, 2% (w/v) peptone and 2% (w/
v) p-glucose) was used for yeast cultivation. Engineered yeast
strains were grown in minimal synthetic defined (SD) medium
(Clontech, Mountain View, USA), in which leucine and/or uracil
were omitted for auxotrophic selection.”*** For the expression of
galactose-inducible genes, SG, SGR and SGG medium were
used, in which the SD medium was changed as the medium
containing 2% (w/v) galactose instead of glucose, or 2% (w/v)
galactose supplemented with 0.7% (w/v) raffinose, or 2% (w/v)
galactose combined with 10% (w/v) glycerol, respectively.

All heterologous genes used in this study were synthesized by
Sangon Biotech (Shanghai, China) with codon optimization for
expression in S. cerevisiae. The truncated version of HMGI
(tHMGR), alcohol dehydrogenase isozymes (ADH1 and ADH3)
were amplified from CEN-PK2-1Ca genomic DNA. Genes used
in this study are listed in Table S1.f Plasmids and strains used
in this work are listed in Tables S2 and S3, respectively.

2.3 Cloning and integration of pathway in S. cerevisiae

The assembly of synthetic operon in YEp352 was performed
according to the BioBrick principles®* described by Zelcbuch
et al** To further simplify the cloning process, a seamless,
recombination-based cloning strategy was applied for the
synthetic operon construction in YEplac181 using the ClonEx-
press II One Step Cloning Kit (Vazyme, Nanjing, China). The
knockout of ROX1 and knockdown of ERG9 were achieved via
CRISPR/Cas9 technologies.”® For the CRISPR genome editing,
yeast cells were pre-transformed with p414-TEF1p-Cas9-CYC1t
plasmid (Addgene). All the PCR products were analyzed on
1% agarose gels and positive colonies were grown overnight for
plasmid extraction using the Tianprep Rapid Mini Plasmid Kit
(Tiangen, Beijing China) according to the manufacture's
instructions. All clones were verified through the expression
cassette sequencing (Sangon, China). The constructed plasmids
containing the whole expression operon were chemically
transformed into the yeast by S. cerevisiae EasyComp™ Trans-
formation Kit (Invitrogen, CA, United States) and aliquots were
plated on the corresponding auxotrophic minimal media. Table
S4t lists the primers used to construct these plasmids and
strains.

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 (+)-Nootkatone biosynthesis pathway in S. cerevisiae.

2.4 Resting cell assays for B-nootkatol and (+)-nootkatone
production

Recombinant yeast strains transformed freshly or from —80 °C
freezer were cultivated on SD plates at 30 °C for two days. The
recombinant single yeast colonies were inoculated into 15 mL
tubes containing 5 mL of SD medium supplemented with
appropriate amino acids for auxotrophic selection. Cultivation of
strains (ODggo = 1 to 2) was scaled up to 50 mL of total volume in
250 mL baffled culture flasks to a starter ODg of 0.1. When cell
density (ODgg) reached about 3.0 after incubation for several
hours, cells were recovered by centrifugation at 1060 x g for
10 min and resuspended in 50 mL of SG minimal medium. After
8 h induction, 150 ODgq units of cell pellets were harvested and
transferred to sterilized 20 mL tubes containing 1 mL of 50 mM
potassium phosphate buffer (KP;, pH 7.4). The resting cell assays
were started by the addition of 20 pL of (+)-valencene stock
solutions (100 mM (+)-valencene and 1% Triton X-100 (v/v) dis-
solved in DMSO). Tubes containing cell suspensions were incu-
bated for 18 h. All cells were cultured at 30 °C, 200 rpm. Samples
were taken and extracted into GC vials for further analysis.

2.5 Bi-phasic batch cultivation in shake flasks

Pre-cultures of the respective strains were grown for 24-30 h at
30 °C, 200 rpm in 5 mL SD medium. The seed cultures were
inoculated to an ODgg, of 0.05 and grown at 30 °C and 200 rpm
in 50 mL baffled shake flasks containing 10 mL SD medium. At
an ODgg of about 0.8-1.0, cells were harvested by centrifuga-
tion at 1060 x g for 10 min and resuspended in 10 mL of SG,
SGR or SGG medium combined with 2 mL of n-dodecane.?® The
biocatalysis was performed at 25 or 30 °C under shaking at
200 rpm for different hours. 500 pL of immiscible n-dodecane
layer was taken out at 24, 48, 72 and 96 h and added with 500 uL
of ethyl acetate for GC analysis.

This journal is © The Royal Society of Chemistry 2019

2.6 Analysis of (+)-valencene, B-nootkatol and
(+)-nootkatone

For resting cell assays, the (+)-valencene, B-nootkatol and
(+)-nootkatone were extracted using equal volume of ethyl
acetate. The mixture was vortexed at room temperature for
30 min and centrifuged.”” 500 uL of the top organic layer was
transferred into a new tube containing 500 pL of ethyl acetate.
For bi-phasic fermentation, 500 puL of n-dodecane layer was
taken out and mixed with equal volume of ethyl acetate.
Samples were filtered into GC vials through 0.22 um sterile
filter. The concentrations of (+)-valencene, B-nootkatol and
(+)-nootkatone were expressed as microgram per liter (mg L™*
ethyl acetate or mg L™ " cell culture).

Analysis of the sesquiterpenes were determined by gas
chromatography (GC) using a Hewlett-Packard 7890 Gas Chro-
matography (Agilent) equipped with a flame ionization detector
(FID). An HP-5 column (crosslinked 5% Ph-Me siloxane; 30 m x
0.32 mm X 0.25 pm) was used with hydrogen as carrier gas. The
temperatures of injector and detector were set as 250 °C and
320 °C, respectively. During analysis, 1 pL of sample was
injected with a split ratio of 30 : 1 at a rate of 0.4 mL min~" in
constant flow mode (49 cm s~ linear velocity). The initial oven
temperature was set to 100 °C for 10 min with a ramp rate for
separation as 10 °C per min, and maintained at 200 °C for
8 min.'® Analyses were carried out in triplicate, and concentra-
tions were determined using 50 puM isolongifolene (Sigma
Aldrich, St. Louis, MO) as an internal standard.

Analysis by GC/MS using a GC/MS-HP7890 (Agilent) equip-
ped with a 5975C series mass selective detector (MSD). Same
analysis methods were used as GC-FID detection. MS data were
recorded at 70 eV (EI), m/z (rel. intensity in %) as TIC, total ion
current. The data were collected in full scan mode (m/z 50-650).
Compounds in the samples were identified by the comparison
of retention time and mass GC/MS spectra to the commercially

RSC Adv., 2019, 9, 30171-30181 | 30173
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available chemical standards and mass spectra data of the NIST
Standard Reference Database.

3. Results and discussion
3.1 (+)-Valencene hydroxylation using resting cells

Firstly, two reported cytochrome P450s (HPO from Hyoscyamus
muticus® and CnVO from Callitropsis nootkatensis®) were
investigated for (+)-valencene hydroxylation. The coding genes
were separately introduced into the YEplac181 under the
control of galactose inducible promoter of Pgar;. The cyto-
chrome P450 reductase (CPR) from Arabidopsis thaliana was
cloned into the vector of YEp352 containing a GAL1 promoter,
generating p352-CPR. To this end, biohydroxylation of
(+)-valencene in S. cerevisiae CEN-PK2-1Ca expressing different
cytochrome P450s in combination with CPR were performed.
150 ODgqo units of recombinant resting cells were collected and
resuspended in 1 mL 50 mM KP; buffer containing 20 pL of
(+)-valencene stock solution. After 18 h at 30 °C 200 rpm, the
products were extracted using ethyl acetate and detected by GC-
FID (Fig. 1A). The GC-MS analysis confirmed the B-nootkatol
and (+)-nootkatone by comparison of the mass fragmentation
pattern to an authentic standard chemicals (Fig. 1B). No B-
nootkatol was detected in the extract of the PK2-C strain con-
taining the empty plasmids. PK2-01 containing HPO/AtCPR
expression cassettes catalyzed (+)-valencene hydroxylation to
B-nootkatol and (+)-nootkatone, detected at 48.4 & 4.5 and 8.9 +
1.6 mg L " ethyl acetate corresponding to a 13.02% (mol mol %)
conversion of substrate to product (Fig. 2A). The whole-cell
biotransformation of (+)-valencene in PK2-01 was not consis-
tent with the previous reported results that HPO failed to
synthesize (+)-nootkatone in S. cerevisiae, although the engi-
neered strain could catalyze the hydroxylation of (+)-valencene
to B-nootkatol.?®*° For the CnVO, formations of f-nootkatol and
(+)-nootkatone was reduced to about 10-15% of those catalyzed
by HPO (Fig. 2A). In this study, effects of double mutation
combinations of V482I/A4841 in HPO were also investigated.
Results showed that no higher titers of f-nootkatol were ob-
tained, indicating that in vitro enzyme-kinetic data is often not
verifiable in practice.”®?*

When the recombinant PK2-01 was stored in —80 °C ultra-
low temperature freezer for only one week, the total terpe-
noids production by the recovered strain decreased dramati-
cally about 65%. Further kept at the same conditions, almost
80% of (+)-valencene hydroxylation activity was lost (Fig. 2B). In
order to conquer the instability, the HPO and AtCPR were both
introduced into S. cerevisiae CEN-PK2-1 Ca under the control of
galactose inducible promoter of Pgar; using the plasmids of
YEplac181 or YEp352, denoted as PK2-30 and PK2-31, respec-
tively (Fig. 3A). Surprisingly, great improvements of B-nootkatol
and (+)-nootkatone production were obtained as 108.2 + 4.5
and 19.1 £ 2.1 mg L' ethyl acetate, respectively, when the two
HPO and AtCPR expression cassettes were both located on
YEp352. While using YEplac181 as construction backbone, no
similar results were observed.

Considering the fact that 19.1 mg L' ethyl acetate of
(+)-nootkatone was detected in PK2-31, we speculated that the

30174 | RSC Adv., 2019, 9, 30171-30181
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intrinsic alcohol dehydrogenase (ADH) activity accomplishes
this conversion from B-nootkatol. Two different ADH genes
(ADH1 and ADH3) were selected for overexpression under the
constitutive promoter of Py p;. When co-expressed with ADH1,
(+)-nootkatone production was dramatically increased by 2.4-
fold in the newly created strain PK2-32 as compared to PK2-31.
Surprisingly, great improvement of B-nootkatol production was
also observed (170.5 + 15.5 mg L™ " ethyl acetate, Fig. 3A). The
total oxidation rate of (+)-valencene to terpenoids by PK2-32
reached as 49.1% (mol mol '), which was higher than that by
Y. lipolytica 2-2ab previously reported.® However, strain PK2-33
containing ADH3 showed decreases for both B-nootkatol and
(+)-nootkatone production compared to PK2-32. ADH1 is
generally regarded as primarily responsible for the NAD'
regeneration from NADH through the acetaldehyde reduc-
tion,** which is beneficial for the B-nootkatol oxidation to
(+)-nootkatone.

The capabilities of whole-cell (+)-valencene oxidation in
three frequently employed industrial S. cerevisiae strains were
further evaluated. The host strain CEN-PK2-1 Ca harboring
P352-A1HC (PK2-32) produced the highest amounts of B-noot-
katol and (+)-nootkatone, followed by the strain of B]-32 (B]5464
containing p352-A1HC). The lowest B-nootkatol and (+)-noot-
katone production were monitored in S288c derived strain of
BY-32 (10.3 & 0.8 and 3.7 & 0.2 mg L™ " ethyl acetate, respec-
tively). The premnaspirodiene oxygenase (encoded by HPO),
according to Marjohn (2016),* is anchored in the endoplasmic
reticulum (ER) membrane. The deletion of PEP4 and PRBI in
the yeast strain BJ5464 disordered the vacuolar degradation,
which is important for heterologous ER resident protein
expression.*® This might be the main reason that less than half
of amounts of B-nootkatol and (+)-nootkatone (45.8 and 36%,
respectively) were detected in BJ-32 than did in PK2-32. Whole
genome sequencing of S. cerevisiae revealed that CEN-PK
strains possessed significant higher abilities in galactose
uptake and metabolism, and the great higher expression of
HMG-CoA reductase (encoded by HMG1) compared to S288c."®

The storage stability of PK2-32 was also determined by
incubating at —80 °C freezer. After 8 months incubation, almost
85% of (+)-valencene hydroxylation activities were still retained
(Fig. 3B).

3.2 In-situ production of (+)-valencene from FPP

To synthesize (+)-valencene from FPP in S. cerevisiae strains, the
open-reading frame of CnVS from Callitropsis nootkatensis was
cloned under the control of TDH3 promoter, yielding p181-V1
and transformed into CEN-PK2-1Ca. After 2 days fermenta-
tion, 2.6 & 0.2 mg L™ " cell culture of (+)-valencene was detected
in 10 mL cultures overlaid with 20% (v/v) n-dodecane in conical
flasks (Fig. 4). No (+)-valencene was detected from a CEN-PK2-
1Ca culture containing an empty plasmid (data not shown). It
was reported that the CnVS expressed under the control of
inducible promoter Pg,;; in WAT11 only led to 1.36 mg L™*
(+)-valencene.*” The WAT11 strain was engineered with NADPH-
cytochrome P450 reductase gene but not optimized for sesqui-
terpene production.*® As previously studied, the ergosterol

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Analysis and identification of the hydroxylation of (+)-valencene (sample 1) to B-nootkanol (sample 2) and (+)-nootkatone (sample 3) by
different S. cerevisiae strains expressing HPO, CnVO or their mutants, respectively. (A) GC-FID chromatogram patterns of the products obtained
by 150 ODggg yeast cells incubated with 2 mM (+)-valencene at 30 °C for 18 h. Retention times of (+)-valencene, B-nootkanol and (+)-noot-
katone were 14.639 min, 18.349 min and 19.540 min, respectively. Mass spectra of the products are compared with mass patterns of authentic
standards (+)-valencene (B), B-nootkatol (C) and (+)-nootkatone (D) standard.
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Fig. 2 (A) Resting cell assays of (+)-valencene hydroxylation to B-nootkanol and (+)-nootkatone using different cytochrome P450s under the

control of galactose inducible promoter of Pga.; in YEplacl81 in S. cerevisiae. Amino acid exchange of V4821/A4841 (mHPO) in HPO was
achieved through site-directed mutagenesis. No B-nootkanol or (+)-nootkatone was detected in strain PK2-C. The asterisk (***¥) indicates
statistically significant differences in terpenoids formation (p < 0.0001, student's t-test). (B) Changes of (+)-valencene oxidation capabilities in
yeast PK2-01 when cells incubated in glycerol stocks at during one month of storage. Recombinant yeast strains transformed freshly or from
—80 °C freezer were cultivated on SD plates at 30 °C for two days. Then the recombinant single yeast colonies were inoculated into tubes
containing 5 mL of SD medium supplemented with appropriate amino acids for auxotrophic selection. Cultivation of strains (ODggg = 1to 2) was
scaled up to 50 mL of total volume in 250 mL baffled culture flasks to a starter ODggq of 0.1, which was prepared for subsequent resting cell
assays. The total terpenoids was calculated as the sum of B-nootkanol and (+)-nootkatone in mg L™* ethyl acetate. All experiments were
performed in triplicates.

biosynthetic pathway enrichment was detected in the popular
production host of S. cerevisiae CEN-PK strains,® which might
supply higher FPP concentration in vivo and showed stronger
capability in (+)-valencene biosynthesis.

To enhance yields, down-regulation of ERG9 together with
knockout of negative transcriptional regulator of ROX1 was
applied to increase metabolic flux toward (+)-valencene
synthesis, generating PK2-12. This strategy resulted in a 3.8-fold
improvement in the (+)-valencene content compared to PK2-11.
Then we overexpressed the truncated HMG1 gene (tHMGR),
which is a major rate limiting enzyme in the MVA
pathway,****** under the control of the TDH3 promoter and
integrated the entire overexpression cassette into p181-V1. As

expected, there was a further improvement in (+)-valencene
production, reaching titer of 16.8 + 1.2 mg L' yeast culture
(PK2-13 in Fig. 4). Considering the toxic effects of (+)-valencene
to S. cerevisiae,”” we placed the (+)-valencene synthase gene
under a weaker endogenous promoter of TEFI (Pyg;), yielding
the recombinant yeast of PK2-14. Also, the expression vector
P181-V1HV2 containing tHMGR and two CnVS (Pypys and Prgr;
controlled, respectively) expression cassettes, was also con-
structed and transformed into yeast to generate PK2-15. The
(+)-valencene production was surprisingly enhanced to 28.9 +
1.9 mg L™! cell culture in PK2-14. Prpus and Pypp; are the
common-used constitutive promoters in the yeast S. cerevisiae.
There is a general view that the promoter strength of Pypy; is

(A) (B)
Hosts  Plasmids ADH Strai 2
osts rains E 350
CEN.PK2-1Ca YEplac181 — |PpK2-30 3
® 3007
CEN.PK2-1C: YEp352 PK2-31 E
. a p = © 2501
|
CEN.PK2-1Ca YEp352 ADH1 i PK2-32 g 2001
‘©
CEN.PK2-1Ca YEp352 ADH3 i PK2-33 < 1501
o
A
It} .
BY4741 YEp352 ADH1: BY-32 < A
©
M (+)-nootkatone © 501
BJS464 YEp352 ADH1! BJ-32 W B-nootkatol E" N PN R I
0 50 100 150 200 250 0 2 4 6 8

mg terpenoids/L ethyl acetate Time/months

Fig. 3 (A) Resting cell assays of (+)-valencene hydroxylation to B-nootkanol and (+)-nootkatone using different constructs in S. cerevisiae. Hosts
(CEN-PK2-1Ca, BY4741 and BJ5464), constructed based on backbone (YEplac181 and YEp352) and alcohol dehydrogenase isozymes (ADH1 and
ADH3) were compared. (B) Changes of (+)-valencene oxidation capabilities in yeast PK2-32 when cells incubated over a period of 8 months. The
total terpenoids was calculated as the sum of B-nootkanol and (+)-nootkatone in mg L™* ethyl acetate. Data is representative of triplicate
determinations and error bars indicate standard deviations.
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(+)-Valencene (mg/L cell culture)
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down erg9 & Arox1 - + + + +
tHMGR overexpression — — + + +

Fig. 4 De novo production of (+)-valencene in different S. cerevisiae
strains cultured in 50 mL flask cultures containing 10 mL containing
20% n-dodecane. The valencene synthase (CnVS) from C. nootka-
tensis was cloned under different promoters of TDH3 and TEF1. The
platform was based on CEN-PK2-1Ca combining the suppression of
erg9, knockout of the negative regulator roxI and overexpression of
truncated form of HMG1 gene (tHMGR). Error bars represent standard
deviation from a triplicate analysis. The asterisk (****) indicates
statistically significant differences in terpenoids formation (p < 0.0001,
student's t-test).

stronger than that of Przr; under different growth phases.****
However, the high-level expression of enzymes in some certain
pathway might result in detrimental effects on cell growth.*
Actually, the final cell density of ODgg, for PK2-14 was dramat-
ically increased to 5.23 from 3.77 for PK2-13, indicating the
product potential toxicity inhibited the cell growth and
(+)-valencene synthesis.*” This might possibly explain the less
productivity of cell factories of PK2-13. The significance
decrease of 63.6% in (+)-valencene levels was observed when
two CnVS expression cassettes existed in one cell (PK2-15)
compared to PK2-14, which further demonstrated that the up-
regulation of CnVS expression was not beneficial to the
(+)-valencene accumulation. These results provide insights in
promoter selection for practical application in sesquiterpenoids
cell factory construction.

3.3 De novo production of (+)-valencene related terpenoids
through culture condition optimization

Having enhanced the (+)-valencene accumulation through
stepwise metabolic engineering approaches, the combination
of (+)-valencene production from FPP and (+)-valencene oxida-
tion to B-nootkatol and (+)-nootkatone was carried out. Co-
expression of CnVS with HPO, AtCPR and ADH1 in the meta-
bolic altered yeast CEN-PK2-1Ca mutant created a new yeast
strain designated as PK2-24.

Yeast can grow on a variety of carbon sources including
fermentable and nonfermentable substances. Raffinose is
a trisaccharide composed of galactose, glucose and fructose.
Usually raffinose is added to minimal medium containing
galactose for protein expression induction.”” As an organic
compound, glycerol assimilation can occur in the presence of

This journal is © The Royal Society of Chemistry 2019
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galactose in yeast. Earlier work indicated that the glycerol or
raffinose addition might be favor to noscapine biosynthesis.®*
We first explored the effects of galactose, raffinose and glycerol
as carbon sources on the production of (+)-valencene related
terpenoids from PK2-24. In 50 mL bi-phasic shake flask
cultures, supplementation of raffinose or glycerol resulted in
more efficient synthesis of (+)-valencene and led to statistically
significant improvements with about 1.3-fold increase of
(+)-valencene titers (Fig. 5A). However, an in-significant
decrease in the B-nootkatol productivities was monitored in
the case of raffinose or glycerol addition.

We continued to investigate the roles of temperature and
incubation time played in (+)valencene accumulation in SG

=

(+)-valencene B-nootkatol

401

terpenoids (mg/L)

SG SGRSGG SG

=
=

1007

w [ (+)-Valencene e %, B-Nootkatol

3 80

o

Q 601

g w 7%

2 i

& 7 1
0 24 48 72 96 24 48 7296 24 48 7296 24 48 72 96

30°C 25°C

Fig. 5 De novo production of (+)-valencene and B-nootkatol using
PK2-24 in 50 mL bi-phasic conical flask cultures. One pL aliquots of n-
dodecane phase for each sample were analyzed by GC-FID. (A)
Carbon source in induction medium effects on the products accu-
mulation. Yeasts were cultured in 20 g L™ glucose at 30 °C for 14—16 h
for cell growth. Cells were collected by centrifugation and transferred
into fresh induction medium containing galactose to induce HPO and
AtCPR expression, SG (2% galactose), SGG (2% galactose and 10%
glycerol) and SGR (2% galactose and 0.7 raffinose), respectively. (B)
Time and temperature responses of product accumulation. 24, 48, 72
and 96 represent the cultivation time in hours. Mean values and
standard deviations of biological triplicates are shown. The asterisk
(***) indicates statistically significant differences in (+)-valencene
formation (p < 0.001, student's t-test).
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medium (Fig. 5B). As previous culturing conditions, recombinant
cells were cultured at 30 °C. The (+)-valencene levels were found
to increase up to about 1.7-fold over 96 h fermentation time. The
B-nootkatol titers in the n-dodecane layer remained generally
constant at about 22-24 mg L~ " cell culture. However, when PK2-
24 cells shifted to 25 °C, tremendous improvements in
(+)-valencene levels was observed as culture time elongation
(from 22.9+ 2.8 mg L™ " at 24 h to 87.2 = 0.2 mg L™ " at 96 h). A
relatively moderate increase in p-nootkatol titers was observed in
0-72 h range, followed by a slight decrease in the final 24 h

=

View Article Online

Paper

cultivation. Lower incubation temperature and longer cultivation
time resulted in an increase of the final (+)-valencene and pB-
nootkatol from 20.6 £+ 2.5 and 24.5 £ 1.5 up to 87.2 + 0.2 and
43.3 £ 0.5 mg L' cell culture, respectively.

Generally speaking, the (+)-valencene contents in n-dodec-
ane layer were improved dramatically, and the B-nootkatol
concentration increased by a moderate amount through culture
condition optimization. At the end of fermentation, even
decreased PB-nootkatol levels were monitored under many
culture conditions. The results indicated the activity of HPO
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(A) Resting cell assays of (+)-valencene hydroxylation to B-nootkanol and (+)-nootkatone using different constructs in S. cerevisiae

CEN-PK2-1Ca. Promoters of HPO and AtCPR were noted at the bottom of the diagram. (B) Time responses of product accumulation. 24, 48, 72
and 96 represent the cultivation time in hours with PK2-25 harboring p181-V2H and p352-A1HC3. Mean values and standard deviations of
biological triplicates are shown. The asterisk (***) indicates statistically significant differences in B-nootkanol formation (p < 0.001, student'’s t-
test). The asterisk (**) indicates statistically significant differences in (+)-nootkatone formation (p < 0.05, student's t-test).
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Table 1 /n vivo production of B-nootkatol and (+)-nootkatone
B-Nootkatol plus
(+)-valencene B-Nootkatol  (+)-Nootkatone  (+)-nootkatone
Host addition (mM) (mgL™") (mgL™) (mgL™) Conditions Reference
S. cerevisiae WAT11 0.4 5 3 8 24 h at 28 °C 42
1 — — 6“
2 — — 4.5
P. pastoris 2 0 40° 40 300 ODgqo per mL cells, 30
12 h at 28 °C
S. cerevisiae W303 4 560 25¢ 585 300 ODggp per mL cells, 27
16 h at 28 °C
S. cerevisiaze CEN-PK2-1Ca 2 327.8 53.7 381.5 150 ODggo per mL cells,  PK2-35 this study
18 h at 30 °C

“ Calculated from figures in the literature.

and AtCPR was not sufficient to transform the in situ produced
(+)-valencene into B-nootkatol. As many cytochrome P450
enzymes, the instability is a major hurdle for the (+)-valencene
hydroxylation for industrial processes. Wriessnegger et al.*° re-
ported that reduced level of HPO and CPR enzymes were
observed with extended cultivation times. Efforts must be made
to identify or design proteins with improved stability.*” The
more disappointing part is that no (+)-nootkatone was detected
in the strain PK2-24. The reasons for this might be the accu-
mulation of (+)-nootkatone in yeast endomembranes.**

3.4 Improve the level of B-nootkatol by promoter
optimization

Expression of HPO and CPR from the GAL1 promoter was sub-
jected to galactose induction and glucose inhibition. Consid-
ering the facts that (1) the preferred carbon sources for yeast are
glucose and fructose, (2) the inducer galactose has a relatively
high cost, and (3) glucose-galactose transitions would cause
major metabolic changes. In order to develop a glucose-based
production system, we changed the promoter of HPO and

AtCPR from GAL1 to HXT7, encoding a hexose transporter. Great
improvements of B-nootkatol and (+)-nootkatone production
were observed as 244.3 + 19.3 and 48.4 + 0.9 mg L' in PK2-34
(Fig. 6A). In consideration of the possible negative effects on
genes expression by using the same promoters and terminators
for two genes in one plasmid, AtCPR was put under another
commonly used promoter (CYC1) in S. cerevisiae, yielding the
plasmid p352-HC3. As expectations, the titers of f-nootkatol
and (+)-nootkatone were improved to 327.9 + 10.7 mg L™ " and
53.7 + 5.1 mg L™ " in PK2-35 (Table 1). The total oxidation effi-
ciency of (+)-valencene to terpenoids by PK2-35 reached as
87.0% (mol mol '), which was increased by 3.1-fold compared
to PK2-31. This suggested that expressing genes with different
promoters was better than that with the same promoters.
Inspired by the prominent effects in resting cell assays, we
tried to produce (+)-valencene and its related terpenoids by the
recombinant yeast PK2-25 containing p181-V2H and p352-
A1HC3 through using simple carbon source glucose, which
was much cheaper than galactose. As previous optimized
culture conditions, the strain PK2-25 was cultured at 25 °C in SD

Table 2 In situ (+)-valencene related terpenoid production in flask
Terpenoids
B- Total (mg
(+)-valencene Nootkatol (+)-Nootkatone terpenoids  per L per

Host Overexpressed enzymes (mgL ™ (mgL™") (mgL") (mgL ™) ODg0) Reference
S. cerevisiae WAT11 ~ VS® 1.36 — — 1.36 — 48

VS¢, P450 & CPR? 0.15 0.92 0.04 1.11 —
R. sphaeroides vs* 57.5 — — 57.5 — 37

VS?, MVA operon 352 — — 352 —
S. cerevisiae W303 VS?, P450 & CPR?, tHMG1, ICE2  1° 30 — 31 — 27
S. cerevisiae WAT11 VS¢, P450 1.305 0.116 0.144 1.565 — 29
P. pastoris VS%, P450/CPR?, RAD52 9o 94 3¢ 106 — 49
P. pastoris vs® 51 — — 51 — 30

VS?, P450/CPR? 2 8 0.3 10.3 —

VS%, P450/CPR?, ADH1, tHMG1 7 18 17 42 0.86°
Y. lipolytica VS“, P450/CPR” tHMG1, ERG20  22.8 — 0.98 23.78 — 50
S. cerevisiae CEN-PK2- VS% P450/CPR’, ADH1, tHMGI, 62 96 — 158 29.64 PK2-25 this
1Ca AROX1, down-regulated ERG9 study

“ Different sources of valencene oxidase were overexpressed in corresponding hosts. ? Different sources of cytochrome P450 reductase (CPR) were
overexpressed in corresponding hosts. ¢ Calculated from figures in the literature.
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medium. As expected, the yield of B-nootkatol was increased to
95.7 + 5.1 mg L' over 96 h, which was nearly 2-fold as
compared to PK2-24 (Fig. 6B). At the same time, the production
of (+)-valencene was 62.1 + 1.4 mg L. It was obvious that B-
nootkatol accumulated rapidly during 0-72 h (1.17 mgL™" h™")
and increased slowly in last 24 h (0.47 mg L™ " h™"). Conversely,
the accumulation of (+)-valencene was slow during 0-72 h
(0.49 mg L' h™ ") and fast in last 24 h (1.11 mg L~ " h™"). This
indicated that the expression level of HPO and AtCPR were
improved by using the constitutive promoters, not the inducible
promoters adopted in PK2-24. The total amount of terpenoids
was up to 157.8 + 6.4 mg L™ " cell culture, which was 29.6 mg
per L per ODggo. It was much higher than that of P. pastoris
(0.86 mg per L per ODgq) (Table 2).

4. Conclusions

A (+)-valencene related sesquiterpenoids biosynthesis pathway
in S. cerevisiae was successfully constructed and optimized.
Finally we were able to increase the synthesis of f-nootkatol by
91-fold (from 3.6 to 327.9 mg L™ ") and (+)-nootkatone by 62-fold
(from 0.87 to 53.7 mg L™ ') through resting cell transformation.
In vivo, the level of total terpenoids was improved by 56-fold
through combining the suppression of ERG9, knockout of the
negative regulator ROX1 and overexpression of truncated form
of HMG1 gene (tHMGR) etc. The results demonstrated the
important influences of key enzymes, expression cassettes,
hosts and culture temperature on sesquiterpenes production in
S. cerevisiae, which could also be adapted for the bioproduction
of other terpenoids and chemicals.
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