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ABSTRACT: Ginsenosides, the major bioactive components of Panax
ginseng, are regarded as promising high-value pharmaceutical
compounds. In ginseng, ginsenosides are produced from their
precursor protopanaxadiol. Recently, an artificial biosynthetic pathway
of protopanaxadiol was built in Saccharomyces cerevisiae by
introducing a P. ginseng dammarenediol-II synthase, a P ginseng
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cytochrome  P450-type  protopanaxadiol synthase (PPDS), and a
Arabidopsis thaliana NADPH-cytochrome P450 reductase (ATR1). In
this engineered yeast strain, however, the low metabolic flux through
PPDS resulted in a low productivity of protopanaxadiol. Moreover,
health of the yeast cells was significantly affected by reactive oxygen
species released by the pool coupling between PPDS and ATRI. To
overcome the obstacles in protopanaxadiol production, PPDS was
modified through transmembrane domain truncation and self-
sufficient PPDS-ATRI fusion construction in this study. The fusion

Introduction

Ginsenosides are a special group of triterpenoid saponins in Panax
ginseng, which exhibit potential anticarcinogenic, immunomodu-
latory, anti-fatigue, and antiallergic activities (Christensen, 2009).
They are usually used in pharmaceutical and health food
preparations (Lee et al., 2010). Ginsenosides are extracted from
ginseng or its hairy root, which is time consuming and labor-

enzymes conferred approximately 4.5-fold increase in catalytic activity,
and 71.1% increase in protopanaxadiol production compared with
PPDS and ATR1 co-expression. Our in vivo experiment indicated that
the engineered yeast carrying fusion protein effectively converted
96.8% of dammarenediol-II into protopanaxadiol. Protopanaxadiol
production in a 5L bioreactor in fed-batch fermentation reached
1436.6 mg/L. Our study not only improved protopanaxadiol produc-
tion in yeast, but also provided a generic method to improve activities
of plant cytochrome P450 monooxygenases. This method is promising
to be applied to other P450 systems in yeast.
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intensive. Thus, mass production of ginsenosides in this traditional
way seems to be a big challenge for reduction of their price and
therefore widely application (Murthy et al., 2014).
Protopanaxadiol is a dammarane-type aglycon precursor of
ginsenosides. In ginseng, protopanaxadiol is converted to ginseno-
sides by various glycosyl transferases (GTs) (Sun et al., 2010).
Biosynthesis of protopanaxadiol starts from cyclization of 2,
3-oxidosqualene by dammarenediol-II synthase (DS) (Tansakul
et al., 2006). Then, dammarenediol-II is hydroxylated at the C-12/
position through a cytochrome P450-type protopanaxadiol
synthase (PPDS, also known as CYP716A47) (Han et al,, 2011).
In order to improve the production of ginsenosides, researchers
have engineered yeast strains to produce ginsenosides (Dai et al., 2013;
Wang et al, 2014, 2015). For instance, an artificial biosynthetic
pathway of ginsenosides was built in S. cerevisiae by introducing DS,
PPDS, and Arabidopsis thaliana NADPH-cytochrome P450 reductase
(ATRI). This engineered yeast strain, however, accumulated large
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efficient production of ginsenosides in yeast. Similarly, cytochrome
P450s often present low catalytic activities in heterologous hosts, which
indicates that the bottleneck of cytochrome P450-dependent
bioconversion is a common challenge in transgenic microorganisms
(DeJong et al., 2006; Gavira et al., 2013; Jung et al., 2011).

Another obstacle for the utilization of plant cytochrome P450 in
microorganism is the reactive oxygen species (ROS) released by the
low coupling between cytochrome P450 and CPR. Over expression
of CPRs often makes oxidative stress to cells or even causes severe
cytotoxicity (Zangar et al., 2004). Normally, cytochrome P450s are
found in large excess to CPRs in plant or animal (Renault et al.,
2014). However, metabolic engineering in microbial host generally
needs to maximize the metabolic flux of a target pathway, which is
usually achieved by enhancing expression of related enzymes.
Therefore, cytochrome P450 oxidation system should be optimized
for engineering applications. To bypass these limitations, one
potential solution is to construct self-sufficient P450 reduction
enzyme by fusing P450 to the reductase domain (Sadeghi and
Gilardi, 2013). This strategy is inspired by a natural self-sufficient
fatty acid hydroxylase, CYP102A1 from Bacillus megaterium, which
exists as a fusion enzyme combining a cytochrome P450 oxidase
domain with a reductase domain. CYP102A1 possesses the highest
turnover rates ever measured for cytochrome P450s, with a ke,
value of 17,000/min (Warman et al., 2005).

To address these two challenges facing the PPDS heterologous
expression in S. cerevisige and to obtain a yeast strain with high-
yield of protopanaxadiol, PPDS was modified through transmem-
brane domain truncation and self-sufficient P450 construction in
this study. The results indicated that this strategy resulted in high
conversion rate from dammarenediol-II to protopanaxadiol (96.8%)
in S. cerevisiae. The strain carrying the PPDS-ATR1 fusion protein
could produce 1436.6 mg/L protopanaxadiol in well controlled fed-
batch fermentation in a 5L bioreactor. This artificial self-sufficient
PPDS construction approach will be valuable for efficient utilization
of other plant cytochrome P450s.

Materials and Methods

Strains, Vectors, and Media

S. cerevisiae W303-1a was used as a parent strain for all engineered
strains. Engineered yeast strains were grown in SD medium (Adams
et al., 1998) lacking leucine, uracil, adenine, and histidine where
appropriate. Escherichia coli DH-5a was used for gene transforma-
tion and plasmid DNA extraction. All strains were listed in Table I.
Plasmid pRS403, pXP218, and pXP320 were obtained from ATCC.
Genes including DS (GenBank: AB265170.1), PPDS (GenBank:
JN604537.1), and ATRI (GenBank: BT008426.1) were synthesized
by GENEWIZ (Suzhou, China) with codon optimization. The
synthesized genes were cloned into pUC57 vector to generate p-DS,
p-PPDS, and p-ATR1 plasmids, respectively (Table SII).

Engineering S. cerevisiae for Protopanaxadiol Production

Primers used for plasmids construction were summarized in Table SI.
Yeast promoters, genes, and terminators were amplified from the
genomic DNA of S. cerevisiae W303-1a. DS, PPDS, and ATRI were
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amplified from plasmids p-DS, p-PPDS, and p-ATR1, respectively.
PGKIp-ERG20-CYCIt, TPI11p-ERGY9-ADH?2t, TDH3p-tHMGI-ADH3t,
TEF1p-ERGI-ADHI1t, PGKIp-DS-CYCIt, PGK1p-PPDS-CYCIt, and
TDH3p-ATRI-ADH3t expression cassettes were constructed by
fusion PCR, and were cloned into pEASY-Blunt (TransGen Biotech,
Beijing, China), resulting in pM-tHMGI, pM-ERG20, pM-ERG9,
pM-ERG1, pM-DS, pM-PPDS, and pM-ATRI, respectively
(Table SII). S. cerevisiae transformations were performed using
DNA assembler (Shao et al., 2009). Overlaps of 50 bp were designed
between adjacent fragments. The expression cassettes overlap and
integrated order for multi-copy integration were illustrated in
Figure S1.

Transmembrane Domain Truncation and Construction of
Artificial Self-Sufficient PPDS—-ATR1 Fusion Proteins

Transmembrane domain of PPDS was predicted using the TMHMM
program (Chen et al., 2003). Subsequently, 17, 26, 31, and 43 amino
acid residues were truncated from the N-terminal sequence,
respectively (Fig. S2). Primers used for transmembrane domain
truncation of PPDS were listed in Table SIII. For constructing fusion
proteins, 46 amino acid residues of ATR1 were truncated from its N-
terminal (Schuckel et al., 2012).

PPDS heme domain and 46tATR1 reductase domain were fused by
overlap PCR. Three polypeptide linkers, GSTSSGSSG (linkerl),
GSTSSG (linker2), and GGG (linker3), were used to investigate the
influence of different linkers between two domains on fusion protein
activities. A fusion protein without linker was also constructed. These
four fusion proteins were named as PPDS-linker1-46tATR1, PPDS-
linker2-46tATR1, PPDS-linker3-46tATR1, and PPDS-nolinker-
46tATR1, respectively. In addition, 31tPPDS heme domain and
46tATR1 reductase domain were linked by polypeptide GSTSSGSG.
All fusion cassettes were integrated into § DNA site of strain W2 using

Table I. Strains used in this study.

Name Description

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

W1 DS, ERGI, and marker HIS3 gene expression cassettes
were integrated into rDNA site of W303-1a

w2 tHMG1, ERG20, ERGY, and marker LEU2 expression
cassettes were integrated into rDNA site of W1

w3 PPDS, ATRI1, and marker URA3 expression cassettes
were integrated into & site of W2

W3 plus PPDS and ATRI expression cassettes were integrated
into LEU2 site of W3 using ADE2 as marker

W3t 31tPPDS, ATRI, and marker URA3 expression cassettes
were integrated into & site of W2

W3a PPDS-linker1-46tATR1 and marker URA3 expression
cassettes were integrated into § site of W2

W3at 31tPPDS-linker1-46tATRI and marker URA3 expression
cassettes were integrated into & site of W2

W3b PPDS-linker2-46tATR1 and marker URA3 expression
cassettes were integrated into § site of W2

W3c PPDS-linker3-46tATR1 and marker URA3 expression
cassettes were integrated into & site of W2

W3d PPDS-nolinker-46tATR1 and marker URA3 expression

cassettes were integrated into § site of W2




URA3 as the selection marker (Fig. S1D). Sequences of oligonucleo-
tide primers used for fusion proteins construction were listed in
Table SIV..

Quantification of PPDS and ATR1 Copy Numbers in S.
cerevisiae by qPCR

Gene copy numbers was quantified by qPCR with the absolute
quantification method (Abad et al., 2010). ARG4 gene was used as
a reference gene. Open reading frames of ARG4, PPDS, and ATRI
were amplified and quantified to generate standard curves,
respectively. Genome DNAs of different colonies were extracted
using a TIANamp Yeast DNA kit (Tiangen, Beijing, China).
TagMan probe-based determinations were performed as described
by Zhang (Zhang et al., 2014). Primers used for qPCR were listed
in Table SV.

Intracellular ROS Level Determination

Yeast cells were collect at 15 and 30 h by centrifugation. ROS levels
were detected with 2/, 7-dichlorofluorescein diacetate as described
previously (Liu et al., 2013).

CO Difference Spectra Analysis

PPDS level was estimated by analyzing the CO difference spectra
(Omura and Sato, 1964). S. cerevisiae microsomes were prepared as
described previously (Olsen et al., 2010). CO difference spectra
analysis was performed on a TU-1810 UV-Vis spectrophotometer
(PERSEE, China) to record the development of difference spectra at
450 nm. The cytochrome P450s content was determined using an
extinction coefficient of 91.9 mM ™" cm ™" at 450 nm.

Determination of Catalytic Activity and Coupling
Efficiency of PPDS and ATR1

To determinate the catalytic activity and coupling efficiency of
co-expressed and fusion-expressed PPDS and ATRI, 1mg of
microsomal fraction and 300 M of dammarenediol-1T were mixed
in 100 mM potassium phosphate buffer (pH 7.4) and the final
volume was adjusted to 500 L. The reaction initiated by adding
NADPH (final concentration 1 mM). The reaction mixture was
incubated at 30°C. Consumption of NADPH was measured by
NADPH depletion at 340 nm (¢ = 6.22 mM ' em ™) (Kille et al,
2011). The reaction was monitored until the absorption value for
NADPH reached constant. The product was extracted with hexane
and analyzed by HPLC. The percentage coupling efficiency was
calculated as protopanaxadiol produced/NADPH oxidized x 100%
(Degregorio et al., 2011).

Yeast Cultivation and Fermentation Process

YPD medium (Adams et al., 1998) was used for cultivating
yeast strains. All strains were inoculated into flask containing
30 mL YPD medium, which were cultured at 30°C and 220 rpm
for 6 days. All the flask fermentations were performed in
triplicate.

The protopanaxadiol-producing strains were used for fed-batch
fermentation in 250 mL shaking flasks. Seed was prepared by
inoculating single colony into 30 mL YPD medium, where was
incubated at 30°C and 220 rpm for 24 h. Three milliliters of the seed
culture was then transferred to a new 250mL shaking flask
containing 30 mL YPD medium. Fermentation was carried out at
30°C and 220 rpm with an initial pH of 5.5. At 48 h, 5 mL fed solution
(pH 5.5) containing 400g/L glucose, 9g/L KH,PO, 5.12g/L
MgSO0, - 7H,0, 3.5g/LK,;S04, 0.28g/L Na,SO4, 0.5g/L adenine,
0.6 g/L uracil, and 1.2 g/L lysine, were fed to the flask. For two phase
extractive fermentation, 3 mL dodecane was added into 30 mL YPD
medium at 24 h after inoculation.

Strains W3 and W3a were subsequently cultured in 2.5L YPD
medium in a 5L bioreactor (ShangHai BaoXing Bio-Engineering
Equipment Co. Ltd., China) with an initial OD600 of 0.5.
Fermentation was carried out at 30°C with an agitation speed of
600rpm and air flow rate of 2L/min. pH was automatically
controlled at 5.5 with ammonia hydroxide (5 M). Totally 500 mL fed
solution as mentioned above was fed into medium from 36 h after
inoculation by controlling glucose concentration less than 1 g/L.

Extraction and Analysis of Metabolites

The cellpellets were harvested and disrupted. The intracellular
metabolites were extracted with ethyl acetate. For two phase
fermentation, 1 mL dodecane was collected and diluted in 9mL
ethyl acetate. Protopanaxadiol, squalene and 2, 3-oxidosqualene
standards were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Dammarenediol-II standard was purchased from BioBioPha
(Kunming, China).

HPLC analysis was carried on an Elite P230II high-pressure
pump system coupled with UV detection at 203nm. Chro-
matographic separation was realized on Grace Apollo C18 column
(4.6 x 250 mm?, 5 um).

LC/APCI/MS analysis was performed on a surveyor LC system
(Thermo Finnigan, San Jose) equipped with an Agilent Zorbax SB-
Aq(2.1 x 100mm?, 3 wm). An APCI /MS system was used for
detection. All system control, data acquisition, and processing were
performed by Xcalibur 2.0.5 (Thermo Scientific, Bremen, Germany).

Results

Protopanaxadiol Production in S. cerevisiae

To construct a yeast strain for protopanaxadiol production, DS,
PPDS, and ATRI cassettes were integrated into chromosome of
S. cerevisiee W303-1a. A truncated 3-hydroxy-3-methylglutaryl
coenzyme A (tHMGI), farnesyl diphosphate synthase (ERG20),
squalene synthase (ERGY), and Squalene epoxidase (ERGI) genes
were also overexpressed to increase squalene supply (Fig. 1D), and
the top-performing strain W3 for protopanaxadiol production was
selected. Strain W3 produced 155.3 mg/L of protopanaxadiol as well
as 96.5 mg/L dammarenediol-1I (Table II), suggesting insufficient
conversion of dammarenediol-II by PPDS. Then, the copy numbers
of PPDS and ATRI were further increased in strain W3 plus to
enhance conversion ratio of dammarenediol-II. In strains W3 and
W3 plus, copy numbers of ATR1 and PPDS were estimated as 3, 3
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Figure 1. Growth status and intracellular ROS level of strains W2, W3, and W3 plus. Growth curves of engineered strains in YPD medium (A) and YPD medium with addition of
10% dodecane (B). (C) ROS level of strains when cultured in YPD medium and in YPD medium with addition of 10% dodecane. Values of the bars indicated the fold changes of ROS
levels over control sample W2. (D) Construction and optimizing of biosynthetic pathway for protopanaxadiol production in S. cerevisiae. tHMG1, ERG20, ERGY, and ERGT were
overexpressed in S. cerevisiae to enhance precursor supply (red arrows represent over-expressed genes and introduced heterologous genes in yeast). tHMG1, truncated
3-hydroxy-3-methylglutaryl coenzyme A reductase; ERG20, farnesyl diphosphate synthetase; ERGY, squalene synthetase; ERG1, squalene monooxygenase; IPP, isopentenyl

pyrophosphate; DMAPP, dimethylallyl pyrophosphate; FPP, farnesyl diphosphate.

and 5, 5, respectively (Fig. 4). However, no obvious improvement
was observed in protopanaxadiol production in W3 plus (Table II).
These results were consistent with previous study when
dammarenediol-Il and protopanaxadiol were produced in
S. cerevisiae BY4742 (Dai et al., 2013).

However, when the expression of PPDS and ATR1 was enhanced,
the OD600 of W3 plus decreased (Fig. 1A). It was reported that high

Table II.

levels of heterologous P450 and CPR expression would cause poor
coupling between cytochrome P450s and their reductases, and thus
resulted in the genetation of ROS (Zangar et al., 2004). In another
study, the viability of the S. cerevisige culture also decreased
remarkably after CYP71AV1 and CPR1 high-expression (Paddon
et al., 2013). Thus, we deduced that the engineered strains W3 plus
may be affected by high-level ROS released from poor coupling of

Metabolites analysis of engineered strains W2, W3, and W3 plus during fermentations. The values refer to total production of dammarenediol-

Il 'and protopanaxadiol. Intracellular squalene and 2, 3-oxidosqualene were measured.

Strain Dammarenediol-IT (mg/L) Protopanaxadiol (mg/L) Squalene (mg/L) 2, 3-oxidosqualene (mg/L)
w2? 210.3 £ 8.3 — 38.9 £+ 6.5 12.5 + 4.6
w3? 96.5 £ 6.6 155.3 £ 6.2 423 £+ 3.6 13.4 + 3.6
W3 plus® 98.8 + 6.9 1529 £+ 8.1 452 + 4.3 12.6 £ 3.5
w2° 223.5 £ 39 — 48.1 + 64 147 + 6.4
w3P 46.8 + 4.5 78.7 £ 5.6 41.2 £ 35 125 + 4.7
W3 plusb 385 + 6.3 67.5 + 4.5 46.5 + 4.3 11.6 £ 6.3

“Fermentation in YPD medium.
"Two phase fermentation with addition of 10% dodecane in YPD medium.
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PPDS and ATRI1. Moreover, during two phase fermentation, the
concentrations of target compounds were conspicuous less than
that produced in YPD medium without dodecane (Table II). In
addition, 0D600 of W3 and W3 plus decreased remarkably in two
phase fermentation (Fig. 1B). Since biomass and dammarenediol-I1
production of W2 did not change, heterologous co-expression of
PPDS and ATRI in W3 and W3 plus should be responsible for the
decrease of biomass. P450 and CPR coupling efficiency are also
associated with the level of substrate content (Zangar et al., 2004).
In the absence of substrates, efficient coupling in cytochrome P450s
catalysts are almost disrupted (Whitehouse et al., 2010). In two
phase fermentation, dammarenediol-II is easily extracted into
dodecane. Low concentration of intracellular substrate may result in
low coupling efficiency of PPDS and thus high level of intracellular
ROS was detected in two phase fermentation. When ROS
accumulates to a high dose, yeast cells begin to lose viability and
apoptosis is initiated (Madeo et al., 1999).

To evaluate the oxidative stress induced by co-expression of
PPDS and ATRI, ROS levels of strains W2, W3 and W3 plus were
determined at 15h (log phase) and 30h (stationary phase),
respectively, with and without adding dodecane. Strain W2 was
selected as a control sample. In YPD medium, ROS level of W3
was about two- to threefolds higher than W2 (Fig. 1C), whereas,
0D600 of W3 was not affected (Fig. 1A). This result suggested
that S. cerevisiae W303-la could endure two- to threefolds
higher oxidative stress. W3 plus generated about four- to
fivefolds of more ROS comparing to W2, which induced a decline
in biomass. When strain W2, W3, and W3 plus were cultured in
two phase fermentation, ROS levels of W3 and W3 plus
increased remarkably (Fig. 1C), which were accompanied with
decrease of biomasses (Fig. 1B) and triterpenoid production
(Table II).

Modifying PPDS Through Transmembrane Domain
Truncation and Self-Sufficient P450 Construction

Most natural plant cytochrome P450s and their redox proteins are
membrane-bound enzymes (Bolwell et al., 1994), while the soluble
artificial P450s can work in prokaryotic microorganism. In this
study, we firstly studied whether locating in cytoplasm or
membrane is suitable for efficient catalysis using self-sufficient
PPDS in eukaryotic yeast. The N-terminal transmembrane domain
of PPDS was truncated at different sites and the modified enzymes
were tested for their activity (Fig. S2). Only 31tPPDS has PPDS
activity, though it is lower than natural PPDS (Fig. 4B). Other
truncated PPDS failed to convert dammarenediol-1I to protopanax-
adiol in yeast cells (Fig. S2B).

Subsequently, PPDS and 31tPPDS heme domains were linked
with truncated ATR1 reductase domain by a GSTSSGSG polypep-
tide, individually, to generate PPDS-linker1-46tATRI and 31tPPDS-
linker1-46tATR1 cassettes. The cassettes were integrated into
chromosome of yeast strain W2 to generate transgenic strains W3a
and W3at, respectively (Fig. 2C and D). Yeast strain W3a cultured in
YPD medium produced 265.7 mg/L protopanaxadiol and 8.7 mg/L
dammarenediol-II (Fig. 2D). That is, the conversion ratio of
dammarenediol-II to protopanaxadiol is resulted in 96.8%. On the
contrary, no protopanaxadiol was detected in W3at (Fig. 2D). These

results indicated that transmembrane domain was crucial for
efficient catalysis of fusion PPDS in yeast.

Effects of the Linkers’ Length on PPDS-ATR1 Fusion
Proteins

To further investigate the effects of the linkers' length on
PPDS-ATR1 fusion proteins, four fusion proteins, PPDS-linkerl
(GSTSSGSSG)-46tATR1, PPDS-linker2(GSTSSG)-46tATR1, PPDS-
linker3(GGG)-46tATR1, and PPDS-nolinker-46tATR1 were con-
structed and transformed into chromosome of strain W2 at dloci.
As a result, strains W3a, W3b, W3c, and W3d were obtained,
respectively. When being cultured in shaking flasks, all strains
produced similar amount of protopanaxadiol (about 260 mg/L).

Multi-copy integration strategy was used for strain constructs in
this study. In order to identify the difference between PPDS-ATRI
fusion proteins and co-expressed proteins, copy numbers of PPDS
and ATRI1 from different colonies were measured during screening
of strains W3, W3a, W3b, W3¢, and W3d (Fig. 3). The results
showed that the conversion of dammarenediol II increased with
increasing copy numbers of PPDS and ATR1 in W3. However, the
production of protopanaxadiol was no longer increasing after the
copy number arrived at 3. Three copies of the fusion protein gene,
no matter what linker sequence was used, could convert 96% of
darmmarenediol II, which indicated the improvement of catalytic
activity. The results also reflected that the influence of linkers’
length on the activities of PPDS-ATR1 fusion enzymes was not
critical.

Catalytic Activity and Coupling Efficiency of PPDS and
ATR1

To estimate the content of cytochrome P450s, carbon monoxide
difference spectra method was used. The content of PPDS in each
strain was estimated and listed in Table III. Activities of fusion
proteins in microsomes were also measured in a reconstituted redox
system with dammarenediol-II as the substrate. Catalyst activities
of PPDS-ATRI1 fusion enzymes were compared with that of the
co-expressed PPDS and ATRI. As shown in Figure 4A, the reaction
rate of the fusion protein was about 4.5-fold higher than separately
existing PPDS and ATR1 within 20 min, indicating that self-
sufficient PPDS-ATRI enzymes were more efficient in dammar-
enediol-II conversion.

Although with a slight increase, coupling values of these fusion
enzymes are still less than 30%, indicating that uncoupling still
occur to a large extend. ROS levels of the strains W3a, W3b, W3c,
and W3d were two- to threefolds higher than control strain W2
(Fig. 4B). Under these conditions, biomasses of W3a, W3b, W3c,
and W3d were not affected by oxidative stress (Fig. $4).

Production of Protopanaxadiol Through Fed-Batch
Fermentation

In order to assess the effect of the four PPDS-ATR1 fusion proteins on
protopanaxadiol production, fed-batch fermentations were firstly
performed in shaking flasks. All strains containing PPDS-ATR1
fusion proteins produced about 1400 mg/L protopanaxadiol in
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Figure 2. Transmembrane domain truncation and self-sufficient PPDS constructions. (A) Natural existing state of PPDS and ATR1 in endoplasmic reticulum; (B)
transmembrane domain of PPDS was truncated; (C) PPDS-46tATR1 fusion protein in yeast cells; (D) 31tPPDS-46tATR1 fusion protein in yeast cells. Strains were cultured in YPD
medium for 6 days. Experiments were performed in triplicate. Histograms demonstrated the productions of corresponding strains.

fermentation processes, in which strain W3a had the highest
protopanaxadiol production of 1412.5 mg/L (Table IV). In addition,
part of target products were secreted out of yeast cells (Table SVI).
Protopanaxadiol and dammarenediol-II can pass the membrane of
yeast cells when they accumulated in large amount (Dai et al., 2013).
Addition of dodecane in medium accelerated secretion process,
preventing conversion of dammarenediol-II through PPDS. Thus, two
phase fermentation process was excluded in our study.

To further explore the performance of the PPDS-ATRI1 fusion
protein in protopanaxadiol production, yeast strain W3a was
subsequently cultured in 5 L fermentor with W3 as the control. W3a

and W3 had a similar biomass accumulation but different
production of protopanaxadiol and dammarenediol-II (Fig. 5).
With the addition of fed solution, biomass continued to increase up
to 120 h. The maximum OD600 of W3 and W3a were 42.6 and 43.3,
respectively. From 36 to 84h, dammarenediol-Il in W3a
accumulated gradually (Fig. 5B), which illustrated that DS
generated more dammarenediol-II than self-sufficient PPDS could
consume during that period. After 84 h, dammarenediol-II level
decreased from 156.3 to 19.7mg/L within 36h. While proto-
panaxadiol production of W3a kept increasing up to 1436.6 mg/L in
144 h. Finally, almost all dammarenediol-II (98.8%) was converted

Table Ill. Concentration of PPDS heme domain and coupling efficiency analysis of PPDS-ATR1 fusion proteins.

Strain W3 W3a W3b W3c W3d
Concentration (wM/g microsome) 0.98 +0.08 0.9340.06 0.10 £0.08 0.9540.08 0.88 £0.07
Coupling efficiency 22.3% 29.6% 26.2% 28.5% 27.1%
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Figure 3. Copy numbers of PPDS and ATR1 in different colonies during screening of strains W3, W3a, W3b, W3c and W3d.

to protopanaxadiol in W3a. Comparing with the curves of
protopanaxadiol and dammarenediol-II accumulation in W3,
PPDS-ATRI fusion protein significantly increased protopanaxadiol
production in W3a.

Discussion

Plants cytochromes P450s are usually used in combinatorial
biosynthesis of natural compounds due to their versatile function.
However, the application of these enzymes is affected by their
notoriously low activity in heterologous hosts (Urlacher and
Girhard, 2012). Here we described the development of a generic
method for increasing cytochrome P450 activity. The construc-
tion of self-sufficient protein successfully overcame the challenge
caused by the negative effect of low conversion rate of cytochrome
P450.

Normally, cytochromes P450s require interaction with redox
partners to exert their oxidative activities. The redox partners
transfer electrons originating from NADP (H) to the cytochrome
P450s heme center. In catalytic cycles, inefficient electron transfer
efficiency obviously affects enzyme activity (Nazor et al., 2008). One
remarkable exception is CYP102A1, which exists as a fusion
between a heme domain and a reductase domain (Warman et al.,
2005). Thus, artificial self-sufficient P450s have been explored as a
strategy to engineer plant cytochrome P450s with enhanced

turnover and efficiency, for example, CYP725A4 for oxidation of
taxadiene (Ajikumar et al., 2010) and CYP105D7 for hydroxylation
of daidzein (Choi et al., 2012). However, all of those plant fusion
P450s were expressed in prokaryotic microorganism such as E. coli
with N-terminal transmembrane truncation (Ajikumar et al., 2010;
Choi et al., 2014; Schuckel et al., 2012) or substitution (Leonard and
Koffas, 2007). S. cerevisiae has not been used as a platform for plant
fusion P450s expression. In this study, removing transmembrane
domain of PPDS reduced PPDS activity or even inactivated the
fusion protein (Fig. 2B and D), indicating that transmembrane
domain is important for catalytic activity of P450 in compartmental
yeast cells.

It was reported that closing the spatial distance between two
active domains through a polypeptide would enhance protein-
protein interaction (Zhou et al., 2012). However, a too short linker
may cause steric hindrance and thus influence free motion of
activate domains. The activities of P450s fusion enzymes
according to changes in electron transfer efficiencies are
significantly affected by the length of linker peptides (Haga
et al., 2013). In this study, three flexible polypeptides (GGG,
GSTSSG, and GSTSSGSG) were inserted between PPDS and ATR1
activated domains, respectively. Enzymatic determination re-
vealed that the catalyst activities were not affected by length of
linkers, and the fusion enzyme without linker also functions
efficiently.

Table IV. Results of fed-batch fermentation. Values represent the sum of intra- and extracellular concentration.

Strain 0D600 Dammarenediol-IT (mg/L) Protopanaxadiol (mg/L) Total triterpenoids (mg/L) Ratio®
w3P 391 £ 15 4248 £+ 127 768.5 £ 16.3 1193.3 1.81:1
W3a® 383+ 13 16.8 £+ 3.2 1412.5 £+ 22.6 1429.3 84.07:1
W3bP 385+ 1.2 184 + 52 1396.8 £ 19.3 1415.2 75.86:1
W3 392+ 1.2 19.2 + 42 1402.1 £ 184 1421.3 73.02:1
w3dP 39.7 £ 1.6 213 £ 3.6 1367.5 £ 16.8 1388.8 64.20:1
W3¢ 276 + 14 456.3 + 15.6 255.8 + 14.5 712.1 0.56:1
W3a“ 36.6 + 1.7 523.7 £ 187 312.0 £ 41.6 835.7 0.59:1

“Indicate the ratio of protopanaxadiol to dammarenediol-II.

PEngineered strains were inoculated to shake flasks by fed-batch fermentation.

“Engineered strains were inoculated to shake flasks by two phase fed-batch fermentation.
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Figure 4. Comparison of catalytic activities of different PPDS (A), and ROS level
changes of engineered strains during cultured in YPD medium (B).

Mechanisms of coupling efficiency are associated with the
level of substrate and CPR content (Zangar et al., 2004). In two
phase fermentation, dammarenediol-II is easily extracted into
dodecane, low concentration of intracellular substrate resulted
in low coupling efficiency of PPDS, and thus high level of
intracellular ROS was detected (Fig. 1C). Expression of CPR in
excess reduced production of sesquiterpene and decreased yeast
viability (Paddon et al., 2013). Herein, enhancing expression of
PPDS and ATRI also increased ROS level. In order to relieve
oxidative stress, the copy numbers of these genes were well
controlled in engineered yeast. Our results indicated that 3
copies of PPDS-ATR1 fusion protein were enough for efficient
conversion of dammarenediol-II to protopanaxadiol. In W3a
carrying fusion PPDS, 96.8% of dammarenediol-II could be
converted to protopanaxadiol, and the growth of cells was not
affected by ROS. Collectively, a high-yield strain was constructed
for protopanaxadiol production by generating a self-sufficient
PPDS-ATRI fusion protein and regulating its expression. This
work also provided a common method to use plant self-
sufficient P450s construction in industrial microbiology and
biotechnology.
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