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Abstract

Ergosterol is the predominant nature sterol constituent of plasma membrane in Saccharomyces cerevisiae. Herein, the bio-
synthetic pathway of ergosterol was proposed to be metabolically engineered for the efficient production of ergosta-5,7-dien-
3B-ol, which is the precursor of vitamin D4. By target disruption of erg5, involved in the end-steps of post-squalene forma-
tion, predominantly accumulated ergosta-5,7-dien-34-ol (4.12 mg/g dry cell weight). Moreover, the rate-limiting enzymes
of ergosta-5,7-dien-3f-ol biosynthesis were characterized. Overexpression of Hmglp led to a significant accumulation of
squalene, and induction of Erglp/Ergl 1p expression raised the yield of both total sterols and ergosta-5,7-dien-3f-ol with no
obvious changes in growth behavior. Furthermore, the transcription factor allele upc2-1 was overexpressed to explore the
effect of combined induction of rate-limiting enzymes. Compared with an obviously enhanced yield of ergosterol in the wild-
type strain, decreases of both the ergosta-5,7-dienol levels and the total sterol yield were found in Aerg5-upc2-1, probably
due to the unbalanced NADH/NAD™ ratio observed in the erg5 knockouts, suggesting the whole-cell redox homeostasis was
also vital for end-product biosynthesis. The data obtained in this study can be used as reference values for the production of
sterol-related intermediates involved in the post-squalene biosynthetic pathway in food-grade S. cerevisiae strains.
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Introduction

Sterols, also known as steroid alcohols, are key constitu-
ents of the plasma membrane of eukaryotic cells, serving
as signaling, protective or attractant/repellent molecules
(Bloch 1981; Parks et al. 1995). The endogenous ergosterol
synthesis pathway in yeast is now well-characterized, with
all involved genes having been identified more than 20 years
ago (Skaggs et al. 1996). As such, Saccharomyces cerevisiae
provides an ideal microbial platform for the production of
varied sterol-derivatives for high-value pharmaceuticals.
Biosynthesis of sterols in yeast is a complex process
with multiple control steps. The early intermediates,
including acetyl-CoA and mevalonate from glucose, are
the fundamental building blocks for the synthesis of ter-
penoids in the classic mevalonate pathway (Phillips et al.
2012), which provides the common intermediate for the
branch point of a variety of terpenoid synthesis pathways
in yeast. Multiple enzymatic steps are involved in the post-
squalene pathway, with lanosterol, zymosterol and fecos-
terol as intermediates (Pierson et al. 2004). In addition to
the conserved reactions in the sterol biosynthesis pathway,
an additional branch that adds a methylidene/methyl group
at position C-24 in a reaction catalyzed by ERG6, the C-24
sterol methyl transferase that converts cholesta-8,24-dienol
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into 24-methylene-cholest-8-enol, fecosterol (Tiedje et al.
2007), and desaturates position C-22 in a reaction catalyzed
by ERGS, the C-22 sterol desaturase that converts ergosta-
5,7,24(28)-trienol into ergosta-5,7,22,24(28)-tetraenol to
form ergosterol (MacPherson et al. 2005), was identified in
S. cerevisiae. This additional pathway differentiates yeast
sterols from their counterparts from animal cells, which pos-
sess double bonds at C-7 and C-24, as in cholesterol.
Previous reports have demonstrated that sterol interme-
diates, such as ergosta-5,7-dien-3p-ol, are precursors of
vitamin D4 (Phillips et al. 2012). Ergosta-5,7-diene com-
pounds are useful intermediates in the synthesis of the
la,25-dihydroxyvitamin D, compounds. The D, compounds
are expected to possess an interesting pharmacological activ-
ity in association with the active-type vitamins D; and D,
(Tsuji et al. 1992), in addition to its well-defined role in bone
calcium homeostasis (Holick 2002). Vitamin D4 is often
used for the treatment of postoperative tetany in its chronic,
latent, and acute forms (Leidig-Bruckner et al. 2016). Vita-
min D4 metabolites had a tissue distribution similar to vita-
min D3 but were excreted more quickly and also appear to
have lower toxicity in high doses compared to D3 (Phillips
et al. 2012). Given its presence in many commonly con-
sumed mushrooms (Krings and Berger 2014), further study
of the biological activity and production of vitamin D4 is



World Journal of Microbiology and Biotechnology (2018) 34:55

Page3of12 55

warranted. Thus, with the aim to modify the sterol composi-
tion and accumulate specific ergosterol precursors in yeast,
inhibition of the catalytic activity of non-essential enzymes
involved in the final steps of ergosterol synthesis, such as
sterol C-24 methyl transferase, which can be achieved by tar-
geted deletion of erg5, was proposed to refine the ergosterol
biosynthesis pathway for the production of ergosta-5,7-dien-
3B-ol in engineered yeast.

Moreover, rate-limiting steps involved in yeast ergosterol
biosynthesis have been extensively studied in wild-type S.
cerevisiae (Polakowski et al. 1998; Veen et al. 2003). HMG-
CoA reductase (HMG) is reported to be a key rate-limiting
enzyme involved in the early stages of sterol synthesis (Kod-
edova and Sychrova 2015), and its overexpression leads to
an increased conversion of HMG-CoA to squalene (Scallen
1965). Overexpression of a truncated HMG-CoA reductase
gene (tHMG) was commonly used to remove its intrinsic
feedback regulation, thus increasing carbon flux through
the MVA pathway (Dai et al. 2013). In addition, squalene
epoxidase (Erglp) and sterol-14a-demethylase (Ergllp)
were also demonstrated to be key regulators involved in the
post-squalene synthetic pathway (Korn et al.1969; Veen
et al.2003.) In order to maximize the production capacity of
the engineered strain, the growth behavior and sterol yields
were further investigated after overexpression of each of
these enzymes.

The efficiency of biosynthesis is not only determined
by the activity of a single rate-limiting enzyme, but more
importantly also by the balanced expression of all enzymes
in a pathway (Ghodasara and Voigt 2017). Transcription fac-
tor Upc2p is reported to upregulate target genes involved

in sterol biosynthesis via the trans-activation of sterol-
responsive elements in their respective promoter regions.
Nine responsive ERG genes from Candida albicans (ERGI,
ERG?2, ERGS5, ERG6, ERG10, ERG11, ERG24, ERG26 and
ERG27) have previously been reported to contain the core
motif of sterol-responsive elements (Gaber et al. 1989;
Gachotte et al. 1999), and most of these are involved in the
post-squalene biosynthetic pathway, providing an alterna-
tive approach to elevate the sterol biosynthesis capacity of
S. cerevisiae.

In the present study, the ergosterol biosynthesis pathway
was metabolically reprogrammed to allow the accumula-
tion of ergosta-5,7-dien-3f-ol instead of the natural end-
product ergosterol, and the influence of the designed genetic
modifications on cell growth and sterol accumulation was
investigated in detail (Fig. 1). Our observations further the
knowledge surrounding the regulation of the ergosterol path-
way in the production of sterol intermediates. At least three
rate-limiting enzymes appear to be involved in the biosyn-
thesis of ergosta-5,7-dien-3p-ol in the erg5 knockout strain:
HMG-CoA reductase, the squalene epoxidase Erglp, and
the sterol-14a-demethylase Ergl 1p. In addition to the com-
bined upregulation of the post-squalene pathway by upc2-1,
the NADH/NAD" ratio was also confirmed to be a vitally
important determinant of the accumulation of ergosta-5,7-
dien-3f-ol in the engineered strains.
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Fig.1 The workflow of metabolic engineering of S. cerevisiae to
convert accumulated ergosterol to ergosta-5,7-dien-3p-ol, encompass-
ing the deletion of erg5, overexpression of the bona fide rate-limiting
enzymes Hmglp, Erglp, and Ergllp, and the transcription factor
upc2-1 for the combined induction of the post-squalene pathway, with
the aim to increase the synthesis of ergosta-5,7-dien-3p-ol. (Times

Ergosterol
Ergosta-5,7-dien-3-ol

symbol) disruption of erg5: engineering the biosynthetic pathway of
ergosterol for the production of ergosta-5,7-dien-3f-ol; (red colored
arrow) tHMGI, ERG1, ERGI11 overexpression: rate-limiting enzymes
of the ergosta-5,7-dien-3p-ol biosynthesis pathway; (blue colored
arrow) upc2-1 overexpression: induction of the post-squalene path-
way
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Materials and methods
Media, culture conditions and chemicals

The parent strain S. cerevisiae BY4741 was obtained
from Euroscarf (http://www.euroscarf.de/searc
h.php?name=Order), and was grown at 30 °C and 250 rpm
in YPD medium containing 1% yeast extract (Oxoid Ltd.,
England), 2% peptone (Becton, Dickinson and Company,
France) and 2% dextrose. Mutant selection was conducted
using YNBD-URA synthetic minimal medium (0.67% yeast
nitrogen base) (BBI Life Sciences Corporation, China), and
2% glucose, supplemented with URA dropout amino acid
mixture (Sigma-Aldrich Corporation, USA). The induction
medium was YPG (1% yeast extract, 2% peptone and 2%
galactose), galactose was obtained from BBI Life Sciences
Corporation (China). Oligonucleotide primers were synthe-
sized by Shanghai Sangon Biotechnology Co. Ltd. (Shang-
hai, China). The restriction enzymes (RE), ExPfu DNA pol-
ymerase and T4 ligase were obtained from Thermo-Fisher
Scientific (USA). Authentic reference standards of sterol
intermediates including squalene, ergosterol and lanosterol,
as well as the antibiotic G418 were purchased from Sigma-
Aldrich Corporation (USA). All other chemicals used in this
study were from commercial sources and of reagent grade.

Table 1 Primers, plasmids and strains used in this study

Targeted gene disruption of erg5

The PCR-mediated one step gene disruption strategy was
applied to obtain the erg5 deletion strain. The pUG6 plasmid
containing the kanMX marker was used as template to gener-
ate the disruption cassette. The knockout cassette contained
45 nucleotide stretches homologous to sequences upstream
of the start codon and downstream of the stop codon of
erg5 as shown in Table 1. The BY4741 strain was trans-
formed with the erg5::kanMX cassette by electroshock, and
transformants were selected on YPD agar plates containing
200 mg/L of G418. The positive transformants were con-
firmed by yeast colony PCR.

Molecular cloning of tHMG1, ERG1, ERG11
and upc2-1

The ERGI, tHMGI and ERGI1 genes were amplified from
chromosomal DNA of S. cerevisiae BY4741 using the prim-
ers listed in Table 1. The PCR procedure was performed
using Expfu DNA polymerase with a total of 30 amplifi-
cation cycles. Each cycle included three steps: 94 °C for
30, 52 °C for 30 s, and 72 °C for 2 min. The mutant allele
of UPC20, upc2-1 (containing a glycine to aspartic acid
mutation at position 888, G888D), was amplified from the
chromosomal DNA of the upc2-1 mutant strain (Crowley
et al. 1998), which was a kind gift by Dr. Leo W. Parks,
North Carolina State University. The PCR procedure was
performed using Expfu DNA polymerase with a total of
30 cycles. Each cycle included three steps: 98 °C for 10 s,

Name Description

Reference

Primers for gene disruption and confirmation

erg5-F ATCACATTTTGCTATTCCAATAGACAATAAATACCTTTTAACAAATTCTGTTTTTCCCCA This study
erg5-R AAGTAAATATGATTTATTGTCTGGACAAAGTTCTGTTTTTCCCCAGTTTTGTTTATTGTG This study
Primers for gene overexpression
tHMGI-F GGGGATCCATGGACCAATTGGTGA This study
tHMGI-R CGGCGGCCGCTTAGGATTTAATGCAGG This study
ERGI-F CTGAAGCTTATCATGTCTGCTGTTAACGTTGC This study
ERGI-R GGICTAGATTAACCAATCAACTCACCAAAC This study
ERGII-F CCCAAGCTTAACACAATGTCTGCTACCAAG This study
ERGII-R CCGCTCGAGCTAGATCTTTTGTTCTGG This study
UPC2-1-F CCGGAGCTCATGAGCGAAGTCGGTATACAG This study
UPC2-1-R CCGCTCGAGTCATAACGAAAAATCAGAGAAATTTG This study
Plasmids
pSH69 Cre-expressing (pGAL1-cre) CEN/ARS plasmid, hygromycin B marker Euroscarf
pUG6 loxP-kanMX-loxP disruption module plasmid Euroscarf
pYES2 Expression vector with GAL1 promoter and CYC terminator, URA3 marker Dr.Sun Jie
Strains
BY4741 AMAT, his3A, leu2A, metl5A, ura3A Euroscarf
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56 °C for 30 s, and 72 °C for 105 s. All PCR products were
gel-purified and digested using the appropriate REs. The
digested products were ligated into the pYES2 plasmid
backbone and used to transform E. coli BL21 competent
cells (TransGen Biotech, China). The positive colonies were
confirmed by bacterial colony-PCR and restriction-enzyme
double digestion. The confirmed recombinant plasmids
were extracted from E. coli and used to transform both the
wild-type BY4741 and the Aerg5 strain using the PEG-
LiAc transformation method (Gietz et al. 1995), yielding
BY4741-tHMG1, Aerg5-tHMGI, BY4741-ERG1,Aerg5-
ERGI, BY4741-ERG11, Aerg5-ERGI11, BY4741-upc2-1,
and Aerg5-upc2-1, respectively. Positive transformants were
selected on YNBD—URA plates. An empty pYES?2 plasmid
was used to transform the wild type to generate the BY4741-
empty control strain. To stabilize the erg5 disruption strains
with recombinant vectors, all of which were confirmed by
yeast colony PCR, 200 pg/mL of G418 was added to the
medium.

Determination of biomass

The optical density of the cultures was measured at 600 nm
on a U-2000 spectrophotometer (Hitachi, Tokyo, Japan),
using a control sample comprising sterile medium as the
blank. The dry cell weight was obtained after incubating the
cells at 80 °C for 6 h.

Extraction of sterols

Sterols were extracted after alkaline saponification in the
presence of pyrogallol (Adams and Parks 1968). The yeast
cells were collected by centrifugation at 3000xg and 4 °C
for 10 min, washed twice with distilled water and dried at
80 °C to a constant weight. Samples comprising 300 mg
of the dried biomass were resuspended in raeaction mix-
tures comprising 5 mL of a 60% KOH solution, 7.5 mL of
methanol and 7.5 mL of methanolic pyrogallol (0.5% w/v),
and incubated at 80 °C for 4 h under constant shaking at
180 rpm. The unsaponified matter was extracted with 10 mL
of hexane. Different phases were formed after centrifugation
at 3000xg for 10 min. The top n-hexane layer was removed
to a clean tube and the residue was extracted twice with
hexane again. The n-hexane phase containing the extracted
sterols was recovered, dried under nitrogen, and the final
obtained sterols were resuspended in 500 pL of chloroform/
methanol (4:1) for GC/MS analysis.

GC/MS analysis of sterols
The sterols were separated and analyzed by GC-MS on

an Agilent 3400 system (Agilent, USA) equipped with a
fused silica column (DB-5, 15 mx0.32 mm X 0.25 pm film

thickness; J&W Scientific, USA), with helium at a flow rate
of 1 mL/min as the carrier gas. The temperature program
comprised a ramp from 40 to 300 °C at 10°C/min, and the
injection volume was 1 pL in split mode (split ratio 1:20).
The injection temperature was kept at 300 °C for 4 min.
Mass spectra were generated in electron impact mode at
70 eV, at an ion-source temperature of 150 °C. The mass
spectra were recorded from 40 to 700 p at 1 s intervals. Ster-
ols were identified by searching against the metabolite mass
spectra database, comparing their spectra to commercially
available authentic reference standards, and on the basis of
relative retention times as previously reported (Hughes et al.
2000; Yun et al. 2014). Relative quantification of sterols
between the wild type and the erg5 deletion strain was con-
ducted by comparing the integrated peak areas of each sterol
intermediate, and the specific sterol yields were calculated
per gram of dried cell weight (DCW).

Measurement of the NADH/NAD™ ratio

The lysis of the yeast cell wall was induced by adding
0.15 U/uL lyticase (TIANGEN Biotech Co. Ltd., China)
and incubating at 30 °C for 30 min before measurement.
The NADH/NAD™ ratio was measured using the Coenzyme
I NAD(H) content test kit from Comin Biotechnology Co.
Ltd. (Suzhou, China). All strains were sampled after 24 h of
cultivation at 28 °C and 150 rpm in YPG medium.

Statistical analysis

For each calculation, three biological replicates were per-
formed. The mean value and standard curve calculated
from three different batches of data were used to represent
the production levels of the components. Student’s ¢ test
was applied in the analysis of statistical significance and a
p <0.05 (*) threshold was used to identify significant differ-
ences in this study.

Results

Deletion of erg5 leads to the accumulation
of ergosta-5,7-dien-3-ol

Targeted deletion of erg5, which is involved in the final steps
of the ergosterol synthesis pathway, is a workable strategy
for the directed synthesis of ergosta-5,7-dien-3p-ol. In
YPD medium, only slight differences in growth behavior
were observed between the wild type and the Aerg5 strain
(Fig. 2a). However, an investigation of the strains’ sterol
profiles revealed significant differences in sterol composition
(Fig. 2b, c). Ergosterol was found to be the main component
of total sterols in the wild-type strain, accounting for 76.0%
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Fig.2 Growth curves and free sterol profiles of the S. cerevisiae
wild type strain and erg5 gene-disrupted mutant (Aerg5). a Growth
curves of strains cultivated at 30 °C and 250 rpm in YPD medium.
The cell concentration was measured via the ODg,,. GC/MS profiles
of free sterols extracted from wild type BY4741 (b) and Aerg5 (c),
numbers in the top of the corresponding peaks denote different prod-
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ucts. b Left: 1, ergosterol; 2. lanosterol; right: the fragmentation pro-
file of ergosterol as the major sterol obtained from BY4741. ¢ Left: 1,
zymosterol; 2, ergosta-7,24(28)-dien-3p-ol; 3, ergosta-5,7-dien-3p-ol;
4, lanosterol. Right: the fragmentation profile of ergosta-5,7-dien-
3p-ol as the major sterol obtained from Aerg5
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of total sterols. By contrast, the Aerg5 strain accumulated
ergosta-5,7-dien-3f-ol as the dominant free sterol (86.6%),
in addition to a small quantity of lanosterol (4.4%), and an
unidentified sterol intermediate (9.0%) (Online Resource
1: Supplementary Table 1). The productivity of ergosta-
5,7-dien-3B-ol in the Aerg5 strain was further investigated,
and the yield reached 4.12 +0.06 mg/g DCW after cultiva-
tion in YPD medium for 48 h, after which it decreased to
3.66 +0.09 mg/g at 60 h (Fig. 3). The intracellular redox
potential is primarily determined by the ratio of NADH/
NAD™ (Vemuri et al. 2007). The total NADH/NAD™ ratio
of BY4741 was 0.431 +0.038, while the ratio of Aerg5 was
0.708 £0.016 as illustrated in Table 2.

Overexpression of the gene encoding tHMG-CoA
reductase to improve the squalene supply

As a first step towards a sterol-overproducing yeast strain,
a truncated form of the HMG-CoA reductase Hmglp was
overexpressed in both BY4741-empty and Aerg5-empty
(-empty: the strain was transformed with an empty pYES2
plasmid). The results indicated that the growth curve of the
BY4741-tHMG1 strain remained almost synchronous with
that of the BY4741-empty strain during 20 h of cultiva-
tion. At the later stages, a palpable inhibition was noticed,
and the cell density of BY4741 decreased to 53.08% of
that of the empty-vector control after 60 h of cultivation
(Fig. 4a). Overexpression of Hmglp in BY4741-tHMGI
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Fig.3 The yield profile of ergosta-5,7-dien-3fp-ol in the engineered
strain Aerg5 cultivated at 30 °C and 250 rpm in YPD medium. The
yields were measured in three separate experiments and expressed as
means + standard deviations

resulted in accumulation of squalene (3.38 +0.16 mg/g) and
a slight decrease of ergosterol production (8.30+0.21 vs.
9.23 +0.39 mg/g), as illustrated in Table 3. Growth inhibi-
tion was also found in the Aerg5-tHMG]1 strain, whereby its
growth lag phase extended for about 30 h, and its cell density
was significantly decreased to 44.51% of that of the empty-
vector control after 60 h of cultivation (Fig. 4c). Overexpres-
sion of Hmglp in Aerg5-tHMG]1 resulted in accumulation
of squalene (1.87+0.35 mg/g) and other post-ergosterol
intermediates (1.69 +0.05 vs. 0.43 +0.04 mg/g). However,
the yield of ergosta-5,7-dien-3p-ol was significantly reduced
(1.79+0.10 vs. 4.12+0.06 mg/g) (Table 3). The production
level of ergosta-5,7-dien-33-ol in Aerg5-tHMG1 was obvi-
ously decreased, accounting for only 45.13% of the level
in the empty-vector control strain. All these data suggested
that the overexpression of Hmglp was directly responsible
for the enhanced supply of squalene, while an reduction
of ergosta-5,7-dien-3f-ol indicated that further regulatory
mechanisms may be present in the synthesis of intermediates
of end-product accumulation.

Upregulation of ERG1/ERG11 expression enhanced
ergosta-5,7-dien-3f-ol production

The proposed key limiting steps in the post-squalene path-
way catalyzed by Erglp and Ergl 1p were further investi-
gated in both the wild type and the Aerg5 knockout strain.
The growth curves of BY4741-ERGI and BY4741-ERG11
remained almost synchronous with that of the BY4741-
empty strain, even if their cell density was somewhat lower
(Fig. 4a). The production level of ergosterol was increased
by 10.29 and 8.34% in BY4741-ERG1 and BY4741-ERG11,
respectively (Fig. 4b). A similar phenomenon was also
observed when comparing the growth curve of the Aerg5-
empty strain to those of Aerg5-ERGI and Aerg5-ERGI11
(Fig. 4c). The production level of ergosta-5,7-dien-3f-ol
was increased by 12.38% in Aerg5-ERGI and 3.40% in
Aerg5-ERGI 1, respectively (Fig. 4d). In addition, total
sterol yields in both Aerg5-ERGI and Aerg5-ERGI11 were
increased by 16.8 and 12.6%, respectively, and the differ-
ences were statistically significant (Table 3), which further
confirmed their vital role in the post-squalene biosynthe-
sis pathway of ergosta-5,7-dien-3p-ol. However, in addi-
tion to the clearly increased accumulation of lanosterol in
BY4741-ERG1 (1.72+0.14 vs. 0.19+0.03 mg/g), a slight
enhancement of lanosterol production was also found in
Aerg5-ERGI (0.30+0.02 vs. 0.21 +0.09 mg/g) (Table 3).
Moreover, in both BY4741-ERG11 and Aerg5-ERGI1, the

Table2 Total NADH/NAD*

: . : Strain
ratios of engineered strains

BY4741-empty

Aerg5-empty BY4741-upc2-1 Aerg5-upc2-1

derived from BY4741 NADH/NAD+ ratio

0.431+0.038

0.708 £0.016 0.471+0.007 0.836+0.042

@ Springer



55 Page 8 of 12 World Journal of Microbiology and Biotechnology (2018) 34:55
*
A B | |
1.4-
21- F % -
-&- BY4741-empty o) 1.2 *
181 | % BY4741-tHMG E e A —
5] |® BY4741-ERG11 % S 107
<+ BY4741-ERG1 -- S5 0.8
- P |
3 124 * R
0‘9 g S 0.6
O o9 2 8
S © 0.4
o )
o  0.24
o 0.0 T T . T
o A A
0 ) K () A
0 6 12 18 24 30 36 42 48 54 60 é“Q s ,(*,Q' @0
Time (h) o AW 0 N
_\{‘\ A 4“\ b’:\b
) ) - 3
C D L * 1
21- _ | - 1
-A- Aerg5-empty ? 42 } |
181 | % serg5-tHMG % ’ I * I = =
154 @ Jerg5-ERG11 S 1.0
-+ terg5-ERG1 T 5
o 124 ~ = 0.8
3 v S
S o £ g 06-
o3 —
>89 2
6 a g 0.4
34 S 024
i é 0.0 . : . '
O A A
0 6 12 18 24 30 36 42 48 54 60 &Q'd ‘\\X\ © o
Time (h) o o < &
& & & &
Q‘Q G‘ 0‘ ‘Q
> > > N

Fig.4 Growth curves and ergosta-5,7-dien-3p-ol accumulation of
Aerg5 strains overexpressing tHMGI, ERGI and ERGII, respec-
tively, compared with the empty-vector control. a The ODy, value
was measured to characterize the growth behavior of the wild-type
strains overexpressing tHMGI, ERGI or ERGI1. b Fold-change of
ergosterol accumulation in BY4741 overexpressing tHMGI, ERGI

and ERGI1, respectively. ¢ The ODy, value was measured to char-
acterize the growth behavior of the Aerg5 strains overexpressing
tHMGI, ERGI or ERGII. d Fold change of ergosta-5,7-dien-3-ol
accumulation in the Aerg5 strains overexpressing tHMGI, ERGI or
ERGI11. The relative amounts were measured in three separate experi-
ments and expressed as means + standard deviations

Table 3 The yields of major free sterols (mg/g DCW) in S. cerevisiae overexpressing tHMGI, ERG1 or ERG11 and controls

Sterol interme-  Yield (mg/g DCW)
diates BY4741- BY4741- BY4741- BY4741- Aerg5-empty Aerg5-tHMGI Aerg5-ERG1 Aerg5-ERGI1
empty tHMG1 ERGI ERGI11

Squalene n.d. 3.38+0.16 0.18£0.12 0.43+0.14 n.d. 1.87+£0.35 0.05+0.03 0.24+0.08

Lanosterol 0.19+£0.03 0.22+0.02 1.72+0.14 n.d. 0.21+£0.09 0.25+0.06 0.30+0.02 nd.

Post-ergosterol  2.72 +0.41 1.74+£0.41 1.61+0.63 2.23+0.33 0.43+0.05 1.69+0.04 0.58+0.04 0.86+0.04
intermediates

Ergosterol 9.23+0.39 8.30+0.21 10.18 +£0.56 10.00+£0.15  n.d. n.d. n.d. n.d.

Ergosta-5,7- n.d. n.d. n.d. n.d. 4.12+0.06 1.79+0.10 4.63+0.25 4.26+0.15
dien-3p-ol

Total sterols 12.14+0.83 13.64+0.79 13.69+1.21 12.66+0.61 4.76+0.24 5.60+0.52 515+0.34 5.26+0.28

and squalene

n.d. not detected
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content of lanosterol was almost undetectable, indicating
that the catalytic activity of lanosterol 14-a-demethylation
was increased after overexpression of Ergl1p. Moreover, a
typical peak (M/S =441.3) in significant quantity (1.75% of
the total peak area) suggested that 4-carboxyl-sterols (4-car-
boxyl-fecosterol or 4-carboxyl-episterol), which are corre-
lated with components involved in sterol C4-demethylation,
were present in both BY4741-ERG11 and Aerg5-ERGI 1.

Effect of the combined induction of rate-limiting
enzymes using the transcriptional factor allele
upc2-1 on ergosta-5,7-dien-3f-ol production

Pleiotropic effects of the allele upc2-1, which contains a
single guanine-to-adenine transition (with a predicted amino
acid change of G888D), of the gene responsible for con-
trol of sterol uptake (Tokuhiro et al. 2009), were further

investigated. Thus, the mutant allele upc2-1 was overex-
pressed in both Aerg5 and its parental strain. The growth
curve of the BY4741-upc2-1 strain remained almost syn-
chronous with that of BY4741-empty (Fig. 5a). Additionally,
only slight growth inhibition was observed in Aerg5-upc2-1
and its cell density decreased to 76.4% of that of the empty-
vector control after 48 h of cultivation (Fig. 5c). There was
a significant increase in the yield of ergosterol accumulated
in BY4741-upc2-1 (11.91+0.40 vs. 9.23 +0.39 mg/g,
corresponding to an increase of 24.5%) (Fig. 5b). How-
ever, to our surprise, the overexpression of upc2-1 in the
Aerg5 strain resulted in an obvious decrease in both the
ergosta-5,7-dienol level (by 24.0%; Fig. 5d) and the total
sterol yield (by 16.8%; Online Resource 1: Supplementary
Table 2). The NADH/NADY ratio of BY4741-upc2-1 was
0.471 +£0.007, while the ratio of the Aerg5-upc2-1 strain
reached 0.836 +0.042 as shown in Table 2.
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Fig.5 Growth curve and ergosta-5,7-dien-3p-ol accumulation of the
Aerg5 strain overexpressing upc2-1, compared with the empty vector
control. a The ODy,, value was measured to characterize the growth
behavior of the wild type strain overexpressing upc2-1. b Fold-
change of ergosterol accumulated by BY4741 overexpressing upc2-1.

¢ The ODg, value was measured to characterize the growth behavior
of the Aerg5 strain overexpressing upc2-1. d Fold-change of ergosta-
5,7-dien-3f-ol accumulation in the Aerg5 strain overexpressing upc2-
1. The relative amounts were measured in three separate experiments
and expressed as means =+ standard deviations
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Discussion

Sterols are essential lipid components of eukaryotic mem-
branes, controlling their physical state by modulating the
fluidity and permeability of their bilayer structure (Cas-
peta et al. 2014). Interestingly, it is reported that the lipid
composition of the cells of yeasts such as Mucor hiemalis
correlates with their growth rate (Mysiakina et al. 2012).
Earlier reports demonstrate that an erg6 knockout strain
exhibited a pleiotropic phenotype encompassing defective
conjugation, hypersensitivity to cycloheximide, resistance
to nystatin, and a severely diminished capacity for genetic
transformation (Bard et al. 1996; Ignea et al. 2014; Veen
et al. 2003). Similarly, erg5 knockouts also show defective
conjugation, cross-resistance to azoles and amphotericin B,
and a slightly diminished capacity for genetic transformation
(Sharma 2006; Sun et al. 2013). Consistently, our study also
confirmed that different genetic manipulations of BY4741
that affected the mutants’ sterol profiles also changed their
growth behavior. For example, in Hmg1p-overexpressing
strains, abundant accumulation of squalene tends to induce
growth retardation. A deletion of erg5 preserved the normal
growth rate, albeit leading to a small decrease of genetic
transformation capacity. It is reasonable that sterols not only
contribute to the fluidity of lipid membranes, but also medi-
ate many other vital processes including vesicle formation,
protein sorting, cytoskeleton organization, endocytosis and
mating (Aguilar et al. 2010; Caspeta et al. 2014; Tiedje et al.
2007).

Key enzymatic steps involved in ergosterol biosynthesis
were further investigated to elevate the production capacity
of ergosta-5,7-dien-3f-ol. Thus, three potential rate-limiting
enzymes were overexpressed both in Aerg5 and its paren-
tal strain. The measurements of sterol metabolism suggest
that (i) Hmglp is responsible for the enhanced supply of
squalene, while the obvious reduction of ergosta-5,7-dienol
accumulation indicates that further regulation mechanisms
are present in the steps leading from sterol intermediates
towards the end-product; (ii) Overproduction of Erglp or
Ergl1p facilitates bioconversion of the corresponding inter-
mediates, implying that they play important roles in post-
ergosterol biosynthesis; (iii) The presence of 4-carboxylic
acid sterols after overexpression of Ergl1p implied a partial
block of the C-4 demethylation of lanosterol, implying that
stepwise oxidation in the sterol C-4 demethylation process,
catalyzed by the C-4 demethylation enzyme complex com-
posed of Erg25p (Bard et al. 1996), Erg26p (Gachotte et al.
1998) and Erg27p (Gachotte et al. 1999) and the scaffold
protein Erg28p (Mo and Bard 2005), seems to be a rate-
limiting step.

The combined overexpression of the three key
enzymes is a feasible strategy to enhance the yield of both

@ Springer

ergosta-5,7-dien-3p-ol and ergosterol in both Aerg5 and
its parental strain. However, tandem expression of mul-
tiple gene clusters imposes a heavy metabolic burden on
the host cells (Borkowski et al. 2017). Moreover, excessive
overexpression of specific enzymes can result in unbalanced
accumulation of sterol intermediates, leading to an obvi-
ous reduction of total cell biomass as well as end-product
repression as observed in the tHMG1-overexpressing strain.
Therefore, there is an implicit requirement to avoid an exces-
sive cellular burden caused by the overexpression of spe-
cific enzymes and accumulation of cytotoxic intermediates
(Zhou et al. 2017). Moreover, it is necessary to achieve a
balance between increased precursor supply and induction
of the catalytic activities of enzymes involved in the post-
squalene biosynthetic pathway, to maximize the production
of the end-product ergosta-5,7-dien-3p-ol.

Induction of specific transcription factors responsive
to stress conditions is another method to alter the expres-
sion levels of selected target genes (Shimada et al. 1998).
Upc2p is a global transcription regulator that specifically
recognizes ergosterol (Yang et al. 2015), regulating sterol
uptake and biosynthesis (Crowley et al. 1998). Consistently,
our results demonstrated that the yield of ergosterol in the
BY4741-upc2-1 strain was increased 1.3-fold, which indi-
cates a potential to use this strategy to further enhance the
production of ergosta-5,7-dien-3-ol in the future. However,
overexpression of upc2-1 resulted in biomass reduction and
a decreased yield of ergosta-5,7-dien-3f-ol.

The C-22 sterol desaturase encoded by ERGS is an
NADH-dependent cytochrome P450 which takes part in
the oxidative metabolism of steroids (Skaggs et al. 1996).
Since nicotinamides act as electron donors (NADH) or
acceptors (NADY) in a myriad redox reactions, any change
in the NADH/NAD" ratio leads to widespread changes of
cellular metabolism (Nielsen 2007), including unbalanced
oxidation—reduction potential, cell damage, carbon or energy
waste and even metabolic arrest (Chen et al. 2014). Elimi-
nation of some by-products will break original intracellu-
lar redox balance (Cheng et al. 2013). Moreover, defects
of ergosterol metabolism may activate certain transcription
factors, such as Upc2p, to enhance the expression of genes
in the ergosta-5,7-dien-3f-ol synthetic pathway, which nor-
mally serves as a feedback loop to reestablish cellular meta-
bolic balance in ergosterol precursor production, but can
also result in a further exacerbation of the intrinsic redox
imbalance in Aerg5 strains (Su et al. 2015). As observed
in our study, the NADH/NAD™ ratio of Aerg5-empty was
increased by 1.64-fold compared to that of BY4741-empty,
while the total sterol content was decreased by 60.8%. Over-
expression of upc2-1 in the Aerg5 strain exacerbated this
imbalance, so that the NADH/NAD" ratio increased 1.94-
fold compared with the wild type, albeit representing only
a 1.09-fold increase over BY4741-upc2-1. The reduction of
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biomass brought about by the upregulation of oxidases can
mainly be attributed to increased energy dissipation (Vemuri
et al. 2007). Therefore, in order to further increase the yield
of the target product ergosta-5,7-dien-3f-ol, strategies to
alleviate the redox imbalance need to be developed, such as
employing a water-forming NADH oxidase (NOX) and an
alternative oxidase (AOX1) (Su et al. 2015).

Conclusions

Our study explored an efficient approach for the production
of ergosta-5,7-dien-33-ol, and three key enzymes - Hmg1p,
Erglp and Ergl1p, were identified as catalyzing the rate-
limiting steps involved in the ergosterol pathway. Other fac-
tors such as redox balance also appear to be vital for the
yield of the end-product. Taken together, this study offers
important guidance for further improvement of the synthesis
of sterol-related intermediates involved in the post-squalene
biosynthetic pathway in food-grade S. cerevisiae strains.
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