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Increase of glycerol production during fermentation of grape musts by Saccharo-
myces cerevisiae can improve wine taste and quality. It is known, that the absence of triose
phosphate isomerase (Tpil) activity in the cells of yeasts S. cerevisiae leads to increase
of glycerol production during alcoholic fermentation, however, it also severely impairs
growth and robustness of such strains. In the present work, we describe the construction
and evaluation of S. cerevisiae recombinant strain, characterized by oxygen regulated ex-
pression of TPII gene, in particular, the high expression during aerobic growth and the low
expression under conditions of anaerobic or micro-aerobic fermentation. Promoter of TP/]
gene was substituted by oxygen and glucose-regulated promoter of CYC1! gene, coding for
cytochrome c¢. Such substitution led to substantial suppression of triose phosphate isome-
rase activity, when sufficient amount of glucose (2% or more) was added to the cultivation
medium. Recombinant S. cerevisiae strain with TP/1 gene controlled by CYC!I promoter
produced two times more glycerol as compared to the wild-type strainunder fermentation
conditions.This newly constructed strain could be useful for production of wine with im-
proved organoleptic characteristics.
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The flourishing area of biotechnology — wine production — uses process of fermentation of
grape musts by the yeast Saccharomyces cerevisiae. Outcome of this process in terms of final me-
tabolites composition has crucial effect on wine taste. For example, it was shown that enhanced con-
tent of glycerolin wine improves itssweetness, smoothness and overall mouth feel [2]. Also glycerol
plays a role in the formation of the aroma profile of a wine by interaction with the various flavor
compounds. The relationship between the concentration of glycerol and the perceived quality of wine
is statistically significant [7]. Increase of glycerol production during alcoholic fermentation by S.
cerevisiaecan be achieved via manipulations of environmental factors, mainly aeration, pH or sulfite
ions addition [10] or by genetic engineering of yeast strains which are used for wine production [5].

In the yeast S. cerevisiae, glycerol is synthesized from dihydroxyacetone phosphate in two
consecutive reactions catalyzed by glycerol-3-phosphate dehydrogenase and glycerol-3-phosphate
phosphatase. But this reactions have only additional role for the S. cerevisiae metabolism (they
are activated when NAD pool refilling is needed), and the most of the formed dihydroxyacetone
phosphateis converted to glyceraldehyde-3-phosphate and, subsequently, to ethanol. S. cerevisiae
gene TPI1 encodes enzyme triose phosphate isomerase that catalyzes dihydroxyacetone phos-
phate / glyceraldehyde-3-phosphate interconversions. S. cerevisiae strains deleted in the TP/] gene
showed significant increase in glycerol production ratio [8]. However, such mutants fail to grow
on glucose [1], apparently due to an accumulation of toxic derivatives such as dihydroxyacetone
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phosphate or methyl glyoxal [6], providing limitation for industrial applications. In fermentation
processes applying S. cerevisiae, firstly yeasts are cultivated under aerobic conditions to accu-
mulate sufficient amount of biomass and then aeration is switched off in part with addition of
excess amounts of carbon source, starting fermentation [5]. Repression of TP// gene under fer-
mentation conditions would allow generating strains preferably producing glycerol, which could
be promising for industrial applications. Such hypothesis was tested by substitution of the TP/
gene promoter with the MET25 gene promoter which is repressed in the presence of methionine
in the growth medium [11]. Exogenous methionine was shown to cause a drop in triose phos-
phate isomerase activity and increased glycerol production in the constructed recombinant strains.
However, the requirement for of methionine supplementation is a drawback for application of the
constructed strain for the industrial glycerol production. Cytochrome ¢ (Cycl) is an electron car-
rier of mitochondrial intermembrane space that transfers electrons from ubiquinone-cytochrome
¢ oxidoreductase to cytochrome ¢ oxidase during cellular respiration. Expression of CYC/ gene
is repressed by high glucose concentration and low oxygen supply [12]. In this work, promoter of
TPI1 gene was substituted by promoter of CYC! gene. Constructed strain of S. cerevisiae revealed
sufficient activity of Tpil under conditions of respiratory growth (low glucose concentration,
available oxygen) and reduced activity of the enzyme under conditions of alcoholic fermentation
(high glucose concentration, low oxygen supply). Recombinant strain is characterized by two-fold
increase of glycerol formation as compared to the wild-type strain.

Material and methods

Strains, media, growth and fermentation conditions. The S. cerevisiae strain BY4742
(MATa, his341, leu2A40, lys240, ura340; [3] was used for construction of recombinant strains in
this work. When required, histidine (20 mg L), leucine (60 mg L), lysine (20 mg L"), or uracil
(20 mg L") were added.

S. cerevisiae strains were incubated at 30°C. Yeast strains were maintained in rich YPD
(1% yeast extract, 1% peptone and 2% glucose), YPE (1% yeast extract, 1% peptone, 0.2% glu-
cose, 3% ethanol) or mineral YNB (0.67%, yeast nitrogen base without amino acids, DIFCO,
0.5% ammonium sulfate, 2% glucose and growth factors — 40 mg L' histidine, 20 mg L' leucine,
20 mg L' lysine, 20 mg L' uracil) media.

For alcoholic fermentation cells of WT BY4742 strain and its recombinant derivative were
pre-grown in 50 mL of YPD (1% yeast extract, 1% peptone, 2% glucose) medium in Erlenmeyer
flasks (bottle size — 100 mL) during 24 hours and then after the washing with sterile water twice
inoculated into the 20 mL of YNB medium with 10% glucose as Carbon source in 50 mL Erlen-
meyer flasks. An initial biomass concentration of 1.2 g (dry weight)/L was used for fermentation.
Fermentation was carried out at the temperature of 30°C under micro-aerobic condition with
mixing (120 revolutions/min). Samples were taken daily.

The Escherichia coli DH5a strain (®80dlacZAMI1S, recAl, endAl, gyrA96, thi-1,
hsdR17(r, ., m."), supE44, relA1, deoR, A(lacZYA-argF)U169) was used as a host for propagation
of plasmids. Strain DH50 was grown at 37 °C in LB medium. Transformed E. coli cells were
maintained on a medium containing 100 mg L' of ampicillin.

Plasmid construction. Plasmid vector for native 7P// gene promoter substitution with
regulated promoter of gene CYC/ was constructed as follows. 803 bp DNA fragment corre-
sponding to the promoter of gene CYC/ was amplified from the genomic DNA of S. cerevisiae
strain BY4742 using primers SM74 (CGC GAG CTC GTA CAG TAA ATT GAC CTG AAT
ATA TC) and SM75 (CGC GGA TCC TAT TAA TTT AGT GTG TGT ATT TGT GTT TG),
Sacl/BamHI digested and cloned instead of MET25 promoter into the corresponding sites of the
plasmid pUC57-ZeoR-MET25pr-TPI1fragm [11]. The resulted vector was named pUC57-ZeoR-
CYClpr-TPIlfragm (Fig. 1).
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Fig. 1. Linear scheme of plasmid pUC57-ZeoR-CYClpr-TPI1 fragm

Selection of strain with 7PI1 to CYCI promoter substitution. Plasmid pUC57-ZeoR-
CYClpr-TPIl fragm was digested with HindIIl endonuclease and used for transformation of S.
cerevisiae strain BY4742. The transformants were selected on the solid YPD medium containing
200 mg/L zeocin as a selective agent and 2% glucose as the Carbon source. Recombinant strains
with TPII to CYCI promoter substitution (BY-CYC-TPI) were selected via PCR genotyping with
pair of primers SM74 and SM38 (ACC GGT ACC AAT GGC CCA GAC TG). SM38 primer is
homologous to the part of 7P/ gene ORF outside from the 7P// fragment cloned in frame of the
plasmid pUC57-ZeoR-CYClpr-TPII fragm.

Biochemical methods and analyses. Cell-free extracts for triose phosphate isomerase
activity measurements were prepared from 1 day cultures grown on synthetic medium with 2%
glucose or 2 days cultures grown on synthetic medium with 0.2% glucose and 3% cthanol as a
Carbon sources.

Triose phosphate isomerase activity was measured as described in [9].

Glycerol was measured using BioVision Free Glycerol Colorimetric/Fluorometric Assay
Kit (BioVision Incorporated, USA).Concentrations of ethanol in media were determined using
alcohol oxidase / peroxidase-based enzymatic kit «Alcotest» [4]. The biomass was determined
turbidimetrically with a Helios Gamma spectrophotometer (OD, 600 nm; cuvette, 10 mm) with
gravimetric calibration. Glucose concentration was determined using the «Diaglucy assay kit
(UBT, Lviv) [4]. All assay experiments were repeated at least twice.

Results and discussion

Constructed recombinant strain BY-CYC-TPI with TP/ to CYCI promoter substitution
was biochemically characterized.

The Tpil activity was assayed in WT and BY-CYC-TPI strains cultivated in YPD or YNB
medium supplemented with 2% or 10% glucose as a Carbon source. Cells growing in the medium
with 2% glucose were subjected to higher level of aeration (200 rpm) to simulate conditions for
biomass accumulation prior alcoholic fermentation. Cells growing in 10% glucose were mixed
slower (120 rpm) to reproduce alcoholic fermentation conditions. In addition, cells harvested after
two-phase growth including initial biomass accumulation phase on YPD or YNB and high-gravity
fermentation phase on YNB with 10% glucose. Tpil activities of cells cultivated in mentioned
conditions fluctuated a bit, for example, strain BY-CYC-TPI revealed slightly increased triose
phosphate isomerase activity after cultivation on 2% glucose with high aeration (Fig. 2, A). In
general, strain BY-CYC-TPI revealed much lower triose phosphate isomerase activity than the
WT strain in all studied cases (Fig. 2, A). It was assumed that relatively low concentration of
glucose (i.e. 2%) was sufficient to inhibit CYC1I promoter expression level. Therefore, in our next
experiments Tpil activity was assayed in cell-free extracts harvested from 1 day cultures grown
on synthetic medium with 2% glucose or 2 days cultures grown on synthetic medium with 0.2%
glucose and 3% ethanol as carbon sources. Strain BY-CYC-TPI revealed 3-fold decreased Tpil
activity comparing to WT strain after cultivation in the medium with 2% glucose as a Carbon
source, whereas Tpil activity after cultivation in the medium with ethanol was almost the same
for both strains (Fig. 2, B).
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Fig. 2. A. Tpil in U/mg of protein/min for WT (BY4742) and recombinant (BY-CYC-TPI) strains after
cultivation under different conditions (YPD or YNB with 2% glucose under 200 rpm agitation; YPD
or YNB with 10% glucose under 120 rpm agitation; two-phase growth with biomass accumulation
phase on YPD or YNB and fermentation phase on YNB with 10% glucose); B. Tpil activity of the
same strains after cultivation on 2% glucose or 0.2% glucose and 3% ethanol as a Carbon sources

Alcoholic fermentation of the strains studied was performed as described in Material and
Methods section. Despite reduced Tpil activity in BY-CYC-TPI strain cultivated in YPD medium,
biomass accumulation and glucose consumption did not differed for both tested strains (Fig. 3, B,
C). Glycerol production by strain BY-CY C-TPI was two-fold increased as compared to that of WT
strain, reaching 5 g/L under conditions of alcoholic fermentation (Fig. 3, A). Increase of glycerol
formation was achieved most likely due to reduction of Tpil activity.The newly constructed
strain could be useful for production of wine with improved organoleptic characteristics. It could
also serve as a useful platform for further increase in glycerol overproduction, based on the

approaches of metabolic engineering and classical selection.
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Fig. 3. Glycerol production (A), biomass accumulation (B) and glucose consumption (C) in g of biomass or
metabolite per L of the fermentation medium during alcoholic fermentation by strains BY4742 and
BY-CYC-TPI after pre-growth on YPD medium
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[igBumieHHs mpoxykmii DiinepuHy mix 4ac ¢epMeHTalii BUHOTPAJHOTO Cycia
IOpiKIDKaMu Saccharomyces cerevisiae MOXe TIOKPAIIyBaTH CMaK 1 SKICTh BUTOTOBJIEHOTO
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BHHA. Bimomo, 110 BiACYTHICTH aKTUBHOCTI (epMeHTy Tpiozodocdarizomepasu (Tpil) y
KIIITUHAX APLKIKIB S. cerevisiae TPUBOAUTH 0 MiABUIICHHS MPOAYKIIT ITiLEpUHY i Yac
CIIUPTOBOTO OPOMIHHS, MPOTE BOAHOYAC BUSABIISE HETaTUBHHMU BIUIMB HA PICT 1 CTIHKICTH
BIMOBIAHMX IITaMiB. Y JaHii poOOTI OMMCAHO KOHCTPYIOBAaHHS Ta O10XIMIUHHMI aHami3
mramy S. cerevisiae 3 excripecieto reHa 7PI], o akTUBYETHCS MiJ 4ac pOCTY MPU BUCOKiH
aeparii Ta 3HIKYETbCS MMiA Yac (pepMeHTalii B aHaepoOHUX UM HaliBaHAepPOOHHUX YMOBaxX.
IIpomotop rena 7P/ Oyno 3aMillIeHO Ha PETyIbOBAHUH TITIOKO3010 1 KUCHEM ITPOMOTOp T'eHa
CYC1, mo xoxye mUTOXpoM c. Taka 3aMiHa MPU3BOANIIA IO CYTTEBOTO 3HIKCHHS aKTHBHOCTI
Tpio3odocdarizomepasu 3a yMOB, KOJIH JOCTAaTHA KiTbKICTh IMMIOK03H (2% 1 Ginbine) Oyma
JI0/IaHa JI0 CepeIOBUINA [T KyJAbTUBYBAHHS APLKIKIB. OTpUMaHUi peKOMOIHAHTHHU MITaM
S. cerevisiae mpoayKyBaB yABiui O1IbIIE TIIIIEPUHY TOPIBHAHO 3 BUX1IHUM ILTAMOM 33 YMOB
¢epmenTarii. Lleit mram Moxke OyTH BUKOPHCTAHO U1l BAPOOHUIITBA BHHA 3 TOKPAILICHUMHU
OpraHOJICITHYHUMH XapaKTePUCTHKAMU.

Kniouosi cnosa: S. cerevisiae, mponyKIlist DIiLEpUHY, Tpiozodocdarizomepasa.
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[ToBpIIeHHe NPOAYKIMU DIHIEpPHHA HpH (EepMEHTAUyM BHHOTPAIHOIO Cycla
apoxoxamu Saccharomyces cerevisiae MOXKET yIly4dIlaTh BKyC U Kau€CTBO M3TOTOBJIEHHOIO
BUHA. VI3BEeCTHO, 4TO OTCYTCTBHE aKTHBHOCTH (hepMmeHTa Tpro3odpocharusomepassl (Tpil)
B KIETKax JpoAcKell S. cerevisiae NPUBOAUT K IOBBILICHUIO HMPOLYKLUYU IIMLEPUHA BO
BpeMsI CIIUPTOBOTO OPOXKEHUSI, HO B TO K€ BpeMsi KpailHe HEraTHBHO BIMSIET Ha POCT U
YCTOIYMBOCTH COOTBETCTBYIOIIMX IITAMMOB. B taHHOI paboTe orrcaHo KOHCTPpYyHpPOBaHHE
1 OMOXMMHYECKHil aHanmm3 mramma S. cerevisiae ¢ dkcrpeccueil rema TPII, xoropas
aKTHUBHUPYETCS BO BpEMs pOCTa IPU BBICOKOM YPOBHE adpallid M CHUXKACTCS IpU
(epMeHTaIMY B aHA3POOHBIX WIIH ITOyaHadpoOHbIX ycioBusx. [Ipomorop rena 7P/] Obin
3aMeILeH Ha perylIupyeMblii ITTFOKO30H U KUCII0ponoM npomoTop reda CYC, koqupyromero
nuToxpoM c. Takas 3aMeHa NOpPUBOAMIA K CYIIECTBEHHOMY YTHETEHUIO AKTUBHOCTHU
Tpro3odocharnzomepasbl B YCIOBHIX, KOIZA JOCTAaTOYHOE KOJIMYECTBO INIIOKO3HI (2 %
n Gomee) ObuIO m00aBIEHO K Cpele Al KyJIBTHBHPOBaHHs Jpoxokeil. [lomydeHHBIH
PEeKOMOMHAHTHBIHA ITaMM S. cerevisiae TIPOM3BOIHI BBOE OOJIBIIIE NIUIIEPUHA [0 CPABHEHHIO
C MCXOJHBIM IITAMMOM B YCJIOBHSIX (hpepMEHTAUH. DTOT IITAMM MOXKET OBITh HCIIOIb30BaH
Ul IPOU3BOJICTBA BUHA C YIIyUIICHHBIMU OPraHOJCITHYECKUMH XapaKTEPUCTUKAMMU.

Kniouesvie cnosa: S. cerevisiae, NpomxyKnust NIULepuHa, Tpuozodocharnsomepasa.



