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% Background. A selective system based on the M1 virus of the yeast Saccharomyces cerevisiae was proposed.
Methods. To create a recipient strain, a DNA fragment encoding the killer toxin of the M1 virus under the control of
the regulated promoter of the GALI gene was inserted into the genome of S. cerevisiae strains Y-1236 and Y-2177.
Results. Integration of such expression cassette leads to the conditional lethality — resulting strains die on a medium with
galactose when killer toxin synthesis occurs. A linear DNA fragment containing the gene of interest flanked by sequences
homologous to the promoter of the GALI gene and the termination region of the CYCI gene is used to transform the ob-
tained strains. During transformation due to homologous recombination, the sequence encoding the killer toxin is cleaved
and the transformants grow on a medium with galactose. Conclusion. The proposed selective system combines the main
advantages of other systems: the use of simple media, without the need to add expensive antibiotics, and a simplified
technique for constructing expression cassettes and selecting transformants.
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% Lenb. 3anaueit Hacrosie#dl paGoTbl ObLIO TMOJYYeHHE CEJIEKTHBHOH CHCTEMbl Ha OCHOBe BHpyca M1 npoxkeit
Saccharomyces cerevisiae. Metoapl. J11s1 co3naunus mramma-penunuenta gpparment JHK, komupytotmii Kuiiep-TokcHH
Brpyca M1 nox KoHTpoJsieM perysiupyeMoro rnpomotopa reHa GAL I, Gbul BCTpoeH B reHoM mmitamMmmoB Y-1236 u Y-2177
S. cerevisiae, uyBCTBUTENbHBIX K TOKCHHAM. PesynbraTbl. MHTerpaiys Takoil 3KCrpecCHOHHON KacceTbl MPUBOJHT K T10-
SIBJICHHIO YCJIOBHOM JICTAJbHOCTH, & UMEHHO, JlaHHble ITaMMbl THOHYT Ha cpejle ¢ raJlakTo30i, KOrjla MPOUCXOAUT CHHTE3
KHJIep-ToKcHHA. Jlist TpaHcopMaliii MoslydeHHbIX IITaMMOB HCToJibdyercst JuHernblil gpparment JTHK, conepxxammii
reH MHTepeca, (DJIaHKHPOBAHHBIH M0C/IE0BATENBHOCTSMH, FOMOJIOTHYHBIMH MTpoMoTopy rena GALI u TepMHHATOpPHOI
o6nactu rena CYCI. Ilpu tpancdopmaliii 3a cHeT roMOJIOTHYHON PEKOMOMHALIMH NIPOUCXOJUT BhILLENIEHHE MTOC/IE10BA-
TEJILHOCTH, KOAMPYIOLLEH KHJJIeP-TOKCHH, W TPaHC(OPMaHThl PacTyT Ha cpejie ¢ rajsakrosoil. BoiBoasl. [Tpeaoxkennas
CeJIeKTHBHAsl cUcTeMa codeTaeT B ceGe OCHOBHblE MMPEHUMYyLLECTBA JPYrHX CHUCTEM: BO3MOXKHOCTb IPUMEHEHHs] MPOCTbIX
cpejl 6e3 HeoOXOMMOCTH J100aBJ/IeHHUS 1OPOrOCTOSILIMX AHTHOMOTHKOB U HAaJIMUME YIPOLIEHHBIX METOJAUK KOHCTPYHPOBAHHS
9KCIPECCHOHHBIX KacceT W ot6opa TpaHCOPMaHTOB.

% Kitouesble cioBa: 1poxoku Saccharomyces cerevisiae; Kuiep-TokcHHbl, BUpycbl M1 u M28; cesieKTHBHbBIE MapKepbl.
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INTRODUCTION

Yeasts are a heterogeneous group of micro-
organisms, currently attracting the attention of
many scientists, due to their wide biotechnologi-
cal applications ranging from the food and phar-
maceutical industries to the production of biofuels
[1-5].

Saccharomyces cerevisiae is an ideal genetic
model of yeasts, with a large number of methods
in genetic engineering, molecular biology, bio-
chemistry and protein extraction and purification
developed during the process of studying this mi-
croorganism [6]. Additionally, the large number
of selection markers and corresponding recipient
strains allow for the insertion of specific DNA se-
quences into the genome [7]. In fact, S. cerevisiae
is listed as Generally Recognized As Safe (GRAS)
organism, with an ability of growth and fermenta-
tion at low pH [8]. Genetically modified yeast cells
serve as biofactories producing efficacious micro-
bial and medical products [9]. Nevertheless, one
of the major drawbacks of the already engineered
production strains is antibiotic resistance genes in
plasmid vectors, leading to the emergence of an-
tibiotic resistance in microorganisms [10]. There-
fore, the search of new antibiotic-independent
yeast selection markers is currently considered a
remarkably urgent task, and in this regard, using
mycotoxins of killer yeasts as a selection marker is
a promising alternative approach.

Mycotoxins were first detected in S. cerevisiae,
and they were known as killer factors [11]. These
factors are either simple proteins or glycoproteins;
they exhibit various structural conformations, and
inhibit the growth of sensitive strains upon bind-
ing to cellular receptors at the yeast cell wall, ul-
timately leading to cell death. Interestingly, yeast
strains are resistant to their own Kkiller toxins, and
their mycotoxins are targeted on members of the
same species, as well as a wide spectrum of euka-
ryotic and prokaryotic organisms.

Killer toxins have been found in more than
20 genera of yeasts, especially in Hanseniaspora,
Pichia, Saccharomyces, Torulaspora, Ustilago,
Williopsis and others [13].

Key biological aspects of killer toxins have best
been studied in S. cerevisiae such as the meta-
bolic pathways of biosynthesis, the mechanisms of

action on sensitive cells and the immunity of the
killer cells. It has been reported that killer toxins
are synthesized in S. cerevisiae in the presence
of dsRNA viruses. The viruses providing the killer
phenotype belong to the Totiviridae family and
the Mycovirus class. One particular virus is the
L-A helper virus which provides the necessary ma-
chinery for the synthesis of viral envelope, another
is the satellite virus, one of the dsRNA M viruses
(M1, M2 and M28, Mlus) coding for toxins KI,
K2, K28 and Klus, respectively [11]. Both the
helper and the satellite viruses are necessary for
an effective synthesis of the killer toxin and giving
rise to immunity in the host cells.

The synthesis and post-translational modifica-
tions of the killer toxins K1 and K28 has been
studied and reported in the papers [14—16]. Ba-
sically, killer toxins are synthesized in the form
of precursor proteins (pre-pro-peptides) in the
cytoplasm, and then translocated into the endo-
plasmic reticulum (ER), thanks to the signal pep-
tides (pre). In the ER, the newly-synthesized pre-
cursor proteins undergo signal cleavage, disulfide
bond formation and glycosylation. In Golgi appa-
ratus, however, the (pro) sequence is key to de-
fine the correct folding and it is ultimately cleaved,
together with y subunit.

Mature killer toxins are secreted into the extra-
cellular medium with various mechanisms of ac-
tion on sensitive cells [17]. At low concentrations,
killer toxin K1 can trigger programmed cell death.
Killer toxin K1 acts on the following targets: the
protein receptor of the killer toxin Krelp, potas-
sium channel protein Toklp and the mitochondrial
protein Dnmlp, resulting in high levels of reac-
tive oxygen species (ROS) in the targeted cells
and initiating apoptosis. At high concentrations,
K1 toxin forms membrane channels in target
cells leading to cell necrosis [18]. Toxin K28 en-
ters target cells through endocytosis, and moves
against the secretory pathway towards the cyto-
plasm, where cleavage into a and B subunits oc-
curs. The former subunit is directed towards the
nucleus inhibiting DNA synthesis and cell divi-
sion [19].

In this work, we have developed a selection sys-
tem in order to select transiormed S. cerevisiae
yeast cells, and killer toxin DNA sequences have
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been deployed as selection markers. The application
of killer toxins as selection markers can greatly ex-
pand the spectrum of biotechnologically important
yeast species and facilitate the process of acquiring
the desired production strains without vectors car-
rying antibiotic-resistant genes.

MATERIALS AND METHODS
Primers

All the primers used in this work are listed in
table 1.

Plasmids

Plasmids pEX-A128-M1 and pEX-A128-M28
were constructed as follows (Eurofins Genom-
cis, Germany). The DNA sequences of M1 and
M28 viruses were flanked by BamHI/EcoRI and
HindIII/EcoRI restriction sites, respectively, and
cloned into the multi-cloning site of pEX-A128
plasmid. The DNA genomes of both M1 and M28
were sequenced according to Sanger method.

The construction of pAL2T-delleu2 and pAL2T-
dellurad plasmids: The two sequences flanking
LEU2 gene were amplified from the genomic
DNA of S. cerevisae Y-1236 strain. The two prim-

The sequences of primers used in this work

er sets SCLEU2-5"-AvrlI-F/ScLEU2-5"-AflII-R
and ScLEU2-3'-Aflll-F/ScLEU2-3"-AvrlI-R were
used for this purpose. The two received DNA
fragments were joined together using ScLEU2-5'-
Avrll-F and ScLEU2-3"-AvrlI-R primers producing
one fragment, we called delleu2, containing both
the 5" and 3" ends of LEU2 gene. delleu2 fragment
was then inserted in pAL2-T plasmid (Evrogen,
Russia) using TA cloning technique. pAL2T-del-
leu2 was then processed with Aflll restriction en-
zyme and then dephosphorylated.

We have previously designed pPICZ-FLP (Ap-
pendix 2), containing flippase gene under the con-
trol of AOX1 gene promoter, zeocin antibiotic-resis-
tance gene, in addition to two sequences of flippase
recognistion target (FRT) sites separated by Aflll
restriction site. Using PGAL-Sacl-F and PGAL-
Sall-R primers and pYES2 plasmid (ThermoFisher
Scientific, USA), GALI gene promoter was ampli-
fied. The fragment was then processed using Sacl
and Sall restriction enzymes, and then inserted in
pPICZ-FLP plasmid instead of AOXI gene pro-
moter. The resulting plasmid pPICZ-P,,, ,-FLP
was cut using Aflll restriction enzyme and ligated
into pAL2-T-delleu2 plasmid. The map of pAL2-

Table 1

Primer

5 — 3’ sequence

ScLEU2-5"-Avrll-F

CCTAGGAGTTCGAATCTCTTAGCAACC

ScLEU2-5"-AflII-R

TCTTAAGACACCTGTAGCATCGATAGC

ScLEU2-3"-AvrlI-R

CCTAGGCCAGATCATCGTTATCCAG

ScLEU2-3"-Aflll-F

GTGTCTTAAGAAGTTAAGAAAATCCTTGC

ScURA3-5"-Avrll-F

CCTAGGACATGAACAAACACCAGAGTC

ScURA3-5"-AlllI-R

CCTTAAGAATCAGTCAAGATATCCACATG

ScURA3-3"-AvrlI-R

CCTAGGTGGATTTGGTTAGATTAGATATGG

ScURA3-3'-Aflll-F

GATTCTTAAGGGATGCTAAGGTAGAGG

PGAL-Sacl-F AAATGAGCTCGATCCACTAGTACGGATTAGAAG
PGAL-Sall-R AAATGTCGACTTAATATTCCCTATAGTGAGTCG

aTOX-F AAATAAAGCTTATGGAAGCGCCGTGGTATGACAAGATCTG
aTOX-R AAATTGAATTCTTAAGCAACGGTAGCGCCATTAGGATCTG
LEU2-dR ACCTTTGGATCCTCCTTTTTCTCCTTCTT

LEU2-dF GAGGATCCAAAGGAATACAGGTAAGCAAAT

expaTOX-BHI-F

AATAGGATCCGGCGTAACCACCACACC

expaTOX-BHI-R

AATAGGATCCCGCAAATTAAAGCCTTCG

GFP-F

GGACTACTAGCAGCTGTAATACGACTCACTATAGGGAATATGGTGAGCAAGGGC

GFP-R

TCGAGCGGCCGCCAGTGTGATGGATATCTGCAGAATTACTTGTACAGCTCGTCC
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oiC AmpR
P., FLP ZeoR  3-leu2
; -
Chromosome
Y-1236 WELEUZ ' The selection of transformants on
JL YPD medium with zeocin
PGAU
Chromosome ERT FRT
Y-1236
@ FLP induction, the selection of zeocin sensitive clones,
due to the cleavage of the insert
Chromosome
Y-1236 FRT
b Auxotroph 2-Y-1236 Aleu2

Fig. 1. Scheme for obtaining S. cerevisiae strains with deletions in LEU2 u URA3 genes: a — structure of plasmid pAL2T-delleu2;
b — obtaining the auxotrophic strain 1-Y-1236 (Aleu2) using the FLP-FRT recombination system (strains 2-Y- 1236 (Aura3), 1-Y-2177
(Aleu2) and 2-Y-2177 (Aura3) were obtained similarly). Auxotrophic strains to leucine and uracil 3-Y-1236 (Aleu? Aura3)
and 3-Y-2177 (Aleu2 Aura3) were obtained using strains with a single auxotrophy

T-delleu2 is illustrated in figure 1 a. In the same
manner, we constructed pAL-2-T-delura plasmid,
using the two sets of primers ScURA3-5'-Avrll-
F/ScURA3-5"-AfllI-R and ScURAS3-3"-Aflll-F/
ScURA3-3"-AvrII-R. We have checked the struc-
ture of the constructed plasmids using PCR and
restriction analysis.

The construction of pYES2-M1 and pYES2-
M28 plasmids: Plasmids pEX-A128-M1 and pEX-
A128-M28 contained the DNA fragments of M1
and M28 viruses genomes flanked by the two re-
striction sites BamHI/EcoRI and HindIll/EcoRI,
respectively. These DNA fragments were cut and
inserted into pYES2 using their corresponding
restriction sites. In both pYES2-M1 and pYES2-
M28 plasmids the whole DNA sequences of M1
and M28 viruses were located under the control
of GALI gene promoter, the expression of which is
induced by galactose in the growth medium.

The construction of pAL2-T-P,,, ,-aTOX plas-
mids: LEU2 gene was first amplified using the
primers ScLEU2-5"-Avrll-F/LEU2-dR and LEU2-
dF/ScLEU2-3"-AvrlI-R and S. cerevisiae Y-1236
chromosomal DNA as the DNA matrix. Then, LEU2
DNA fragments were purified and PCR-amplified

using ScLEU2-5'-Avrll-F and ScLEU2-3'-AvrlI-R
primers. The resulting fragment was inserted into
pAL2-T (Evrogen, Russia) using TA-cloning tech-
nique. As a result, pAL2-T-LEU2 was constructed
containing the full sequence of LEU2 gene, with
BamHI restriction site at its 3' end. Next, we used
pEX-A128-M1 plasmid as the DNA matrix for am-
plifying M1 toxin gene using aTOX-F and aTOX-
R primers. The amplified fragment was then pro-
cessed with HindIIl and EcoRI restriction enzymes
and inserted into pYES2 vector. The resulting plas-
mid pYES2-aTOX was used as the DNA matrix
for PCR-amplification using expaTOX-BHI-F and
expaTOX-BHI-R primers. The amplified fragment
was processed with BamHI restriction enzyme and
inserted into pAL2-T-LEUZ2 plasmid. The result-
ing plasmid pAL2-T- P, ,-aTOX contained the
DNA sequence of M1 virus toxin under the control
of GALI promoter, with LEUZ2 gene located at the
3" end (figure 2, a).

Strains

S. cerevisiae yeast strains used in this work are
listed in table 1, in addition to the bacterial strain
Escherichia coli DHba (fhuA2 A(argF-lacZ)
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Fig. 2. Scheme of M1 toxin fragment integration into the genomes of S. cerevisiae strains and its use as a selection marker: a — struc-

ture of plasmid pAL2-T-P,,,,-aTOX; b — obtaining the 4-Y-1236 (LEU2-P

o~ foxMI Aura3) and 4-Y-2177 (LEU2-P,,, -toxM1

Aurad) strains in the genome of which the toxin sequence of the M1 virus was integrated under the control of the regulated promoter of
GALI gene; ¢ — integration of the GFP gene flanked by sequences homologous to the promoter of the GALI gene and the termination

region of the CYCI gene

U169 phoA ginV44 ®SOA (lacZ)MI15 gyrA96
recAl relAl endAl thi-1 hsdRI17.

Media and growth conditions

For the cultivation of the yeast strains we used
the following media: YPD: 2% glucose, 2% pep-
tone, 1% yeast extract, 2.4% agar. YPDS: 2% glu-
cose, 2% peptone, 1% yeast extract, 2.4% agar,
IM sorbitol, QOOmg/ml zeocin. MD and MGal
(minimal media): 7.34 mM KH,PO,, 0.95 mM

K,HPO, - 2H,0, 4 mM MgSO, - 7H,0, 0.9 mM
CaCl,, 1.7 mM NaCl, 37.85 mM (NH,),SO,; vi-
tamins and microelements; 2% — glucose (MD)
or galactose (MGal), 2.4% agar, amino acids
and nitrogen base (if necessary), lycine, uracil —
40 mg/l. For the cultivation of bacteria, we used
LB medium: 1% tryptone, 0.5% eyast extract,
170 mM NaCl, 5 - 105 benzylpenicillin pg/mL.
S. cerevisiae strains were grown at 30 °C and
E. coli at 37 °C.

Table 2
S. cerevisiae yeast strains used in this work
Strain Genotype Source

Y-1236 MATa wt Genetika

1-Y-1236 MATa Aleu?2 This work

2-Y-1236 MATa Aura3 This work

3-Y-1236 MATa Aleu?2 Aura3 This work

Y-2177 MATa wt Genetika

1-Y-2177 MATa Aleu?2 This work

2-Y-2177 MATa Aura3 This work

3-Y-2177 MATa Aleu?2 Aura3 This work

4-Y-1236 MATa LEU2-P,,, -toxM1 Aura3 This work

4-Y-2177 MATa LEU2-P,,, -toxM1 Aura3 This work
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Molecular biology methods

In this work we used FastAP alkaline phos-
phatase (ThermoFisher Scientific, USA) and T4
ligase (Evrogen, Russia) according to the manu-
facturer’s instructions. DNA purification from aga-
rose gel and reaction mixtures was performed us-
ing Cleanup Standard kit (Evrogen, Russia). For
plasmid extraction we used Plasmid Miniprep kit
(Evrogen, Russia). PCR was conducted using En-
cyclo Plus PCR kit (Evrogen, Russia). Gel electro-
phoresis of the DNA fragments was performed in
0.7% agarose in TAE buffer [20]. Transformation
procedures in E. coli and S. cerevisiae were per-
formed according to [21, 22]. DNA extraction from
S. cerevisiae was performed according to [23].
DNA sequencing was carried out utilizing BigDye
Terminator v3.1 Cycle Sequencing kit (Applied
Biosystems, USA).

RESULTS

Engineering 3-Y-1236 and 3-Y-2177 strains
with LEU2 and URA3 gene deletions

Both prototrophic strains S.cerevisiae Y-2177
and Y-1236 supersensitive to killer toxins were ob-
tained from the Russian Federal Institution “State
Research Institute of Genetics and Selection of
Industrial Microorganisms of the National Re-
search Center” of Kurchatov Institute (Genetika)
(http://eng.genetika.ru). At first, we performed
URA3 n LEU2 gene deletions in both S.cerevisiae
strains Y-2177 and Y-1236, respectively. For this
purpose, we used the two plasmids pAL2T-delura3
and pAL2T-delleu2.

The DNA fragment 5'LEU2-FRT-P,,, ,-FLP-
ZeoR-FRT-3'LEU2 was amplified using the prim-
ers ScLEU2-5"-Avrll-F and ScLEU2-3'-AvrlI-R,
with pAL2T-delleu2 plasmid as the matrix DNA.
The DNA fragment was purified and transformed
into both Y-2177 and Y-1236 strains, and the
transformants were selected on YPDS agar plates
with the antibiotic zeocin. Due to homologous re-
combination during the process of transformation,
LEU?2 coding sequence was replaced by FRT-P,,, ;-
FLP-ZeoR-FRT cassette. Next, we incubated the
transformed clones in galactose-containing MGal
liquid media for 24 hours. Flippase was being
synthesized in these cells causing double strand
breaks in FRT sequence, resulting in the dele-

tion of FRT-P,,,,-FLP-ZeoR-FRT cassette from
the transformants genomes. Subsequently, only
the cells with cassette deletion showed growth
on YPDS agar plates with zeocin. At this stage,
we used the sterile velveteen press method to
perform replica plating, where the transformants
were transferred onto fresh YPD agar plates. The
resulting strains 1-Y-1236 (Aleu?2) and 1-Y-2177
(Aleu?) did not grow on MD medium lacking leu-
cine, indicating auxotrophy. The scheme of the ex-
periments is shown in figure 1, b.

In the same manner we obtained both 2-Y-1236
(Aura3d) and 2-Y-2177 (Aura3d) uracil auxotrophic
strains based on pAL2T-delura3 plasmid. Later we
engineered the strains 3-Y-1236 (Aleu?2 Aurad)
and 3-Y-2177 (Aleu2 Aura3) auxotrophic to both
leucine and uracil. The obtained deletions were
confirmed using PCR with the chromosomal DNA
of both 3-Y-1236 and 3-Y-2177 strains used as the
matrix DNA and ScLEU2-5'"-Avrll-F/ScLEU2-3'-
Avrll-R primers, while Y-1236 and Y-2177 strains
served as a positive control, with ScURA3-5'-
Avrll-F/ScURA3-3'"-AvrlI-R primers.

Expressing the full genome of M1 and M28
viruses in 3-Y-1236 and 3-Y-2177 strains

pYES2-MI and pYES2-M2 vectors were used to
transform 3-Y-1236 (Aleu2 Aura3) and 3-Y-2177
(Aleu2 Aura3) strains. The transformants were
chosen according to uracil prototrophy, then we
analyzed the emergence of killer toxin effect.
For this purpose, the following strains were plated
on MGal agar plates: 3-Y-1236 (Aleu?2 pYES2-M1),
3-Y-1236 (Aleu2 pYES2-M28), 3-Y-2177 (Aleu?
pYES2-M1) and 3-Y-2177 (Aleu2 pYES2-M28).
The medium contained galactose as a sole car-
bon source, and as a negative control we plat-
ed 3-Y-1236 (Aleu? pYES2) and 3-Y-2177
(Aleu?2 pYES2) strains, each containing pYES2
plasmid.

On the media containing galactose, killer toxin
proteins were being synthesized, inhibiting the
growth of sensitive strains and lysis zones were
consequently formed. Results are shown in figu-
re 3. The expression of the full viral genome did not
affect the growth of the strains: 3-Y-1236 (Aleu?2
pYES2-M1), 3-Y-1236 (Aleu?2 pYES2-M28),
3-Y-2177 (Aleu2 pYES2-M1) and 3-Y-2177
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Negative control

Culture 3-Y-1236 Aleu2 (pYESZ)

3-Y-1236
Aleu2 (pYES2)

3-Y-1277
Aleu2 (pYES2)

3-Y-1236 Aleu?2
(PYES2-M1)

3-Y-1236 Aleu2
(PYES2-M28)

Fig. 3. Phenotypes of strains 3-Y-1236 (Aleu2 pYES2-M1) and 3-Y-1236 (Aleu2 pYES2-M28) on a medium with lawns of the control
strains 3-Y-1236 (Aleu?2 pYES2) and 3-Y-2177 (Aleu2 pYES2). The inhibition zone is the result of the killer toxins action

(Aleu2 pYES2-M28), since these strains are
resistant against M1 and M28 toxins, respecti-
vely [11].

The most pronounced killer effect was mani-
fested in strain 3-Y-1236 (Aleu2 pYES2-M1) syn-
thesizing the M1 virus. Therefore, M1 toxin was
precisely chosen for the further development of the
selective system.

Using the M1 virus sequence as a selection
marker

The DNA fragment of the M1 Kkiller toxin (a-
TOX 315 bp) previously used by (Gier, et al) was
amplified using the primer pair a-TOX-F and
a-TOX-R [24]. Consequently, we constructed the
plasmid pAL2-T-P,, ,-aTOX carrying one fragment
of MI virus (a-TOX fragment) under the control
of GALI gene promoter. This plasmid was used as
a matrix, and the primer pair ScCLEU2-5"-AvrlI-F
and ScLEU2-3'-AvrlI-R was used to amplify the
fragment 5'LEU2-P,,,,-aTOX-3'LEU2 3'. The re-
sulting fragment was transformed into 3-Y-1236
and 3-Y-2177 strains, and the transformants were
chosen according to their leucine prototrophy re-
covery. The scheme of the experiment is illustrated
in figure 2, b. As a result, the two strains 4-Y-1236
(LEU2-Pg,, ,-toxM1 Aura3) and 4-Y-2177 (LEU2-
Pga-toxM1  Aura3d) were obtained. These two
strains are characterized by conditional lethality,
i.e. the strains did not grow on media containing
galactose, as long as the toxin was synthesized in
the cells (figure 4). The integration of the fragment
into the genome was checked using PCR, with the

genomes of 4-Y-1236 and 4-Y-2177 transiormants
as the matrix DNA and aTOX-F/aTOX-R primer
pair. In case of 4-Y-1236 strain showing an in-
significant inhibition of growth on the glucose-
containing medium, this may be due to the pecu-
liarities of the regulation of glucose repression in
this strain. For our further work we used 4-Y-2177
strain.

Since 4-Y-2177 growth is inhibited on me-
dia with galactose, as a result of toxin synthesis,
therefore the toxin gene can be used as a selection
marker. In order to evaluate the feasibility of this
approach in selecting transformants, we used GFP.

Medium with
glucose MGal

Medium with
glucose Md

Fig. 4. Growth of 4-Y-1236 (LEU2-P,, -toxMI Aura3)
and 4-Y-2177 (LEU2-P,,, -toxMI Aura3) strains in the ge-
nome of which, the M1 virus toxin sequence was integrated under
the control of the regulated promoter of the GALI gene on me-
dia with glucose and galactose. The strains are characterized by
conditional lethality — they do not grow on media with galactose,
since toxin synthesis occurs in their cells under these conditions.
10 pl of a suspension of 10* and 10? cells/ml was plated on each
agar medium

Strain

4-Y-1236 (LEU2-
-toxM1 Aura3)

GAL1

4-Y-2177 (LEU2-
-toxM1 Aura3)

GAL1

Control 3-Y-1236
(Aleu2 pYES?2)
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fragment
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==
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Fig. 5. Evaluation of GFP gene integration in transformants genome: a — results of PCR with expaTOX-BHI-F and GFP-R primers and
genomic DNA of 1) 4-Y-2177 strain; 3) 4-Y-2177 strain transformed with GFP fragment, clone 1; 4) 4-Y-2177 strain transformed with
GFP fragment of clone 2. The sizes of the fragments correspond to the theoretically expected 1343 bp. 2) Evrogen DNA length marker 1 kb;
b — scheme representing the location of primers; ¢ — fluorescence microscopy results of the transformed cells in comparison to untrans-

formed 4-Y-2177 strain

We amplified GFP gene using GFP-F and GFP-R
primers, which at their 5’contained homologous
sequences to GALI gene promoter and CYCI
gene terminator region. The resulting amplified
DNA fragment was purified and transformed into
4-Y-2177 strain, and MGal medium was used to
select the transformants. During transformation,
and due to homologous recombination, the se-
quence coding for the killer toxin was replaced by
GFP gene sequence (figure 2, ¢). The resulting
transformants were able to grow on the galactose-
containing medium MQGal, giving the evidence of
replacing the toxin gene sequence by the GFP
gene sequence. In order to confirm the integra-
tion of GFP gene into the genomes of the transfor-
mants, PCR was performed using expaTOX-BHI-F
and GFP-R primer pair, and fluorescent micros-
copy was (figure 5).

DISCUSSION

S. cerevisiae yeasts are widely used in vari-
ous biotechnological processes. In fact, various
transformation methods with practical transfor-
mant selection systems largely contribute to the
creation of new industrially-relevant production
yeast strains.

As for S. cerevisiae, genes such as URA3, LEU2,
HIS3, TRPI and others, coding for various enzymes
in yeast metabolic pathways are traditionally used
for plasmid construction. Naturally, mutations in
these genes lead to auxotrophy of the correspond-
ing amino acid [25]. As a general rule, plasmids
used to genetically engineer production strains car-
ry bacterial antibiotic resistance genes. This feature
is especially practical for amplifying the plasmids
in E. coli [26]. Furthermore, antibiotic resistance
genes such as zeocin, are used for the direct selec-
tion of yeast transformants [27].

However, during the process of engineering a
production strain, the presence of antibiotic re-
sistance genes in plasmids is considered a major
problem. The use of antibiotics for maintaining the
plasmids is not recommended for the synthesis of
recombinant proteins in the pharmaceutical indus-
try. The reason for this disapproval is the potential
risk of contaminating the finished pharmaceutical
products with antibiotics, and contaminating the
environment with the DNA sequences coding for
antibiotic resistance genes be means of horizontal
gene transfer [28, 29].

In this regard, in bacteria, for example, at-
tempts are being made to replace the antibiotic
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resistance genes in plasmids with the Igt gene
encoding (pro) lipoprotein glyceryl transferase.
This DNA fragment is involved in the biosynthesis
of bacterial lipoprotease, and the deletion of this
gene is lethal. One system has been developed for
obtaining production strains of recombinant pro-
teins, in which Igt gene has been deleted from the
bacterial chromosome and inserted in a plasmid,
together with a target gene. The loss of the plas-
mid resulted in cell death [30].

For the first time, in this work we used the yeast
killer toxin M1 as a selection marker, allowing its
application in engineering production strains, in
the absence of DNA gene sequences coding for
antibiotic resistance mechanisms.

This system of selection is designed to func-
tion in recipient strains, which are sensitive to the
killer toxin.

Firstly, in case of strain prototrophy, URA3 and
LEU2 genes deletions are introduced into their
genomes. Then, a construct containing the DNA
sequence of M1 virus toxin is integrated under the
control of GALI gene promoter. In order to obtain
a production strain, it is necessary to transform
the recipient strain with the amplified coding se-
quence of the gene of interest, flanked by GALI
gene promoter and terminator. Because of homo-
logous recombination, the gene encoding the toxin
is replaced and target transformants are selected
on galactose-containing media. Accordingly, the
gene of interest becomes a part of the transformed
strains genomes, under the control of GALI gene
promoter, providing a regulated expression pat-
tern. This approach can be used for the expres-
sion of recombinant proteins, helping reduce the
spread of antibiotic resistance genes, the release
of antibiotics into the environment and freeing fin-
ished products (usually used in pharmaceuticals)
from potentially harmful antimicrobial residues.
Besides, this selection system can be used as an
approach to solve the problem of the shortage of
handy selection markers emerging irom working
with new yeast strains.
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Appendix 1
DNA sequence of M1:

GAAAAATAAAGAAATGACGAAGCCAACCCAAGTATTAGTTAGATCCGTCAGTATATTATTTTTCATCACATTACTAC
ACCTAGTCGTAGCGCTGAACGATGTGGCCGGTCCTGCAGAAACAGCACCAGTGTCATTACTACCTCGTGAAGCGCC
GTGGTATGACAAGATCTGGGAAGTAAAAGATTGGCTATTACAGCGTGCCACAGATGGCAATTGGGGCAAGTCGATC
ACCTGGGGTTCATTCGTAGCGAGCGATGCAGGTGTAGTAATCTTTGGTATCAATGTGTGTAAGAACTGCGTGGGTG
AGCGTAAGGATGATATCAGTACGGACTGCGGCAAGCAAACACTTGCTTTACTAGTCAGCATTTTTGTAGCAGTTAC
ATCCGGCCATCATCTTATATGGGGTGGTAATAGGCCGGTGTCGCAGTCAGATCCTAATGGCGCTACCGTTGCTCGTC
GTGACATTTCTACTGTCGCAGACGGGGATATTCCACTGGACTTTAGTGCGTTGAACGACATATTAAATGAACATGGT
ATTAGTATACTCCCAGCTAACGCATCACAATATGTCAAAAGATCAGACACAGCCGAACACACGACAAGTTTTGTAGT
GACCAACAACTACACTTCTTTGCATACCGACCTGATTCATCATGGTAATGGAACATATACCACGTTTACCACACCTC
ACATTCCAGCAGTGGCCAAGCGTTATGTTTATCCTATGTGCGAGCATGGTATCAAGGCCTCATACTGTATGGCCCTT
AATGATGCCATGGTGTCGGCTAATGGTAACCTGTATGGACTAGCAGAAAAGCTGTTTAGTGAGGATGAGGGACAAT
GGGAGACGAATTACTATAAATTGTATTGGAGTACTGGCCAGTGGATAATGTCGATGAAGTTTATTGAGGAAAGTATT
GATAACGCCAATAATGACTTTGAAGGCTGTGACACAGGCCACTAGGGCATCGTGTCTGACCTCTGATGCGATAACT
CGACCCTACAGAGCACCGGGCTATATATAATATAGTAGGCACAAAATAAAATAAAAATTAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAGAAAAGAGAGAGAAGAAGAAGAAGAAAAAGAAAAAACAAAAGAAACAGAAAAA
GAGAGAACAGGACAACAAACGCAACAAAACACAAACACAAGCACACTCACCTTGAGTCTAACTGGTGGCACGCAG
CATATCTCACCCTGAGACTAACTGGCGGCAGGCGACCGTGAGCATACAGCATGCCCCACTCGATTCGAGACGCGAT
TCGCGCTCGTAGGTATCGAGCGGCTACGTTGAGCTATTATGGCAGTGACATGCGATTCGCGCACTGCCAAGATCAG
CTCAGCAAAGTTAAGACCAGTATCGGATATGGTAGACTACTACAATTCGCACAGGTATGAGATTCTCAGTCTAGTGT
ATGGATGAGTAGTTGAGCCAATGAATCTAGGGTTTAAATTACTATGCATTGACATATAGCAGGTACAAGCGTAGATA
ATACTTACTAGGCCCCAGCCGGTACACCCTGTATTGAATAAATACGACTATTTGGCCAGGTCTGGACGGGGCAGTC
GAATTACTAGGTTGAGCACACACACGTGAATCACACAACATAACAGTGTAGGAACATAATGTGCCATTCGTAGTCTG
AGACGCCGCTAGCCTGGTTTAATGCAACAGCATAGAAGAAACACACATCA

DNA sequence of M28:
GAAAAAATTTGAATGGAGAGCGTTTCCTCATTATTTAACATTTTTTCAACAATCATGGTTAACTATAAATCGTT
AGTTCTAGCACTATTAAGTGTTTCAAATCTCAAATATGCACGGGGTATGCCGACATCTGAGAGACAGCAGGGCT
TAGAAGAACGTGACTTCAGTGCTGCTACTTGCGTACTGATGGGCGCAGAAGTAGGCTCATGGGGAATGGTTTATA
GTGGTCAGAAGGTCGAGAGTTGGATCCTCTACGTTCTGACTGGCATTACTACGATGAGCGCAATCGTTGACGAA
ATTGACTATTATGCGTCACATATGCCACTGAGTGTTGTGGGTGAGAACTCAGGGCTACAAATCGTTCGTGATACC
ATAGTAACCTTGGTTATGGCTGGCCTGACAGCATCAGCTAACAAGGTAATCAGTAAGACTGAAAACGCAGAGAAT
ATACAATCGCGTAGTCTTATACCGGGTCTGCTTAGTATGGATTATAACAGTACTCATACTATGGCGATTAATTTGG
AAGACGTATTCTCGGAGCTCGGCTGGGACATCGATACTAGTGATAGCTCTGGTTTATACAAACGTGACGATAATT
CTGTCACTCTGCACCTAGGGGACGTACCTGCTCTAGGCACCAGTAACACTATCATACCTAACGCTGTCATGCAAAT
ATATAATAACGCATCATTTGCTTTCGGTTTTGCACCTCATAGCAACGGTAATTCTACAGGCTTGCAGAAACGAGCT-
AGTATTGATGATGCGGTGTGGTTACAATCTGCATACGGAATAGCTTATAGTGCCTGGATAGGCTCTGAGAATGTGG
GTTCCTATGATCAGCATCTAGCTGAAGCTAACGGTATGGCTAACTACTGGACGTCCGAGTGTTCTAAGTACAATGG
TGTCATCTGGGGTGACGAATCAGACGCCTGCGGTAACTGGCTAGCATCACAGCGTTTAGACATAGTGAGTCACT
CAACAGGCAATTACTACAGAGACGTTAACCTCTGTGGTGACGACGAGGCAAGGTGCCACGATGAGCTACGCTAA
TAGTCCAGACCGACGCTTCTTAGTTATGATCAGGCTGTGA
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Appendix 2
pPICZ-FLP plasmid map:

Leu2-3'Aflll-F(Cut) primer
FRT / Afl 11(1

pUC origin > \”//i Sac 1(248)

pAOX1

5'A0X1 primer
CYC1 transcription \/
terminator 2 4 ﬁ Sal 1(980)
pPICZ-FLP \ May3-FLP-5"Sall-F primer (Cut)

4568 bp
Zeo(R)

EM7 promoter

TEF1 promoter —

AOX1 transcription / L May4-FLP-3-Sphl-R primer (Cut)
terminator  3'AOX1 primer

Nucleotide sequence of pPICZ-FLP plasmid:

TTAAGGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCGGATCTAACATCCAAAGACGAAAGGTTGAATGAAACCTT
TTTGCCATCCGACATCCACAGGTCCATTCTCACACATAAGTGCCAAACGCAACAGGAGGGGATACACTAGCAGCAG
ACCGTTGCAAACGCAGGACCTCCACTCCTCTTCTCCTCAACACCCACTTTTGCCATCGAAAAACCAGCCCAGTTATT
GGGCTTGATTGGAGCTCGCTCATTCCAATTCCTTCTATTAGGCTACTAACACCATGACTTTATTAGCCTGTCTATCCT
GGCCCCCCTGGCGAGGTTCATGTTTGTTTATTTCCGAATGCAACAAGCTCCGCATTACACCCGAACATCACTCCAG
ATGAGGGCTTTCTGAGTGTGGGGTCAAATAGTTTCATGTTCCCCAAATGGCCCAAAACTGACAGTTTAAACGCTGT
CTTGGAACCTAATATGACAAAAGCGTGATCTCATCCAAGATGAACTAAGTTTGGTTCGTTGAAATGCTAACGGCCAG
TTGGTCAAAAAGAAACTTCCAAAAGTCGGCATACCGTTTGTCTTGTTTGGTATTGATTGACGAATGCTCAAAAATAAT
CTCATTAATGCTTAGCGCAGTCTCTCTATCGCTTCTGAACCCCGGTGCACCTGTGCCGAAACGCAAATGGGGAAAC
ACCCGCTTTTTGGATGATTATGCATTGTCTCCACATTGTATGCTTCCAAGATTCTGGTGGGAATACTGCTGATAGCCT
AACGTTCATGATCAAAATTTAACTGTTCTAACCCCTACTTGACAGCAATATATAAACAGAAGGAAGCTGCCCTGTCTTA
AACCTTTTTTTTTATCATCATTATTAGCTTACTTTCATAATTGCGACTGGTTCCAATTGACAAGCTTTTGATTTTAACGAC
TTTTAACGACAACTTGAGAAGATCAAAAAACAACTAATTATTCGAAACGTCGACATGCCACAATTTGATATATTATGTAA
AACACCACCTAAGGTCCTGGTTCGTCAGTTTGTGGAAAGGTTTGAAAGACCTTCAGGGGAAAAAATAGCATCATGT
GCTGCTGAACTAACCTATTTATGTTGGATGATTACTCATAACGGAACAGCAATCAAGAGAGCCACATTCATGAGCTATA
ATACTATCATAAGCAATTCGCTGAGTTTCGATATTGTCAACAAATCACTCCAGTTTAAATACAAGACGCAAAAAGCAAC
AATTCTGGA AGCCTCATTAAAGAAATTAATTCCTGCTTGGGAATTTACAATTATTCCTTACAATGGACAAAAACATCAA
TCTGATATCACTGATATTGTAAGTAGTTTGCAATTACAGTTCGAATCATCGGAAGAAGCAGATAAGGGAAATAGCCACA
GTAAAAAAATGCTTAAAGCACTTCTAAGTGAGGGTGAAAGCATCTGGGAGATCACTGAGAAAATACTAAATTCGTTTG
AGTATACCTCGAGATTTACAAAAACAAAAACTTTATACCAATTCCTCTTCCTAGCTACTTTCATCAATTGTGGAAGATTC
AGCGATATTAAGAACGTTGATCCGAAATCATTTAAATTAGTCCAAAATAAGTATCTGGGAGTAATAATCCAGTGTTTAGT
GACAGAGACAAAGACAAGCGTTAGTAGGCACATATACTTCTTTAGCGCAAGGGGTAGGATCGATCCACTTGTATATTT
GGATGAATTTTTGAGGAATTCTGAACCAGTCCTAAAACGAGTAAATAGGACCGGCAATTCTTCAAGCAACAAACAGG
AATACCAATTATTAAAAGATAACTTAGTCAGATCGTACAACAAGGCTTTGAAGAAAAATGCGCCTTATCCAATCTTTGC
TATAAAGAATGGCCCAAAATCTCACATTGGAAGACATTTGATGACCTCATTTCTGTCAATGAAGGGCCTAACGGAGT
TGACTAATGTTGTGGGAAATTGGAGCGATAAGCGTGCTTCTGCCGTGGCCAGGACAACGTATACTCATCAGATAAC
AGCAATACCTGATCACTACTTCGCACTAGTTTCTCGGTACTATGCATATGATCCAATATCAAAGGAAATGATAGCATTG
AAGGATGAGACTAATCCAATTGAGGAGTGGCAGCATATAGAACAGCTAAAGGGTAGTGCTGAAGGAAGCATACGATA
CCCCGCATGGAATGGGATAATATCACAGGAGGTACTAGACTACCTTTCATCCTACATAAATAGACGCATTCTAGAACTA
TAGTGAGCATGCGTTTGTAGCCTTAGACATGACTGTTCCTCAGTTCAAGTTGGGCACTTACGAGAAGACCGGTCTTG
CTAGATTCTAATCAAGAGGATGTCAGAATGCCATTTGCCTGAGAGATGCAGGCTTCATTTTTGATACTTTTTTATTTGT
AACCTATATAGTATAGGATTTTTTTTGTCATTTTGTTTCTTCTCGTACGAGCTTGCTCCTGATCAGCCTATCTCGCAGC
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TGATGAATATCTTGTGGTAGGGGTTTGGGAAAATCATTCGAGTTTGATGTTTTTCTTGGTATTTCCCACTCCTCTTCA
GAGTACAGAAGATTAAGTGAGACCTTCGTTTGTGCGGATCCCCCACACACCATAGCTTCAAAATGTTTCTACTCCTTT
TTTACTCTTCCAGATTTTCTCGGACTCCGCGCATCGCCGTACCACTTCAAAACACCCAAGCACAGCATACTAAATTTT
CCCTCTTTCTTCCTCTAGGGTGTCGTTAATTACCCGTACTAAAGGTTTGGAAAAGAAAAAAGAGACCGCCTCGTTTC
TTTTTCTTCGTCGAAAAAGGCAATAAAAATTTTTATCA CGTTTCTTTTTCTTGAAATTTTTTTTTTTAGTTTTTTTCTCT
TTCAGTGACCTCCATTGATATTTAAGTTAATAAACGGTCTTCAATTTCTCAAGTTTCAGTTTCATTTTTCTTGTTCTATTA
CAACTTTTTTTACTTCTTGTTCATTAGAAAGAAAGCATAGCAATCTAATCTAAGGGGCGGTGTTGACAATTAATCATCG
GCATAGTATATCGGCATAGTATAATACGACAAGGTGAGGAACTAAACCATGGCCAAGTTGACCAGTGCCGTTCCGGT
GCTCACCGCGCGCGACGTCGCCGGAGCGGTCGAGTTCTGGACCGACCGGCTCGGGTTCTCCCGGGACTTCGT
GGAGGACGACTTCGCCGGTGTGGTCCGGGACGACGTGACCCTGTTCATCAGCGCGGTCCAGGACCAGGTGGTG
CCGGACAACACCCTGGCCTGGGTGTGGGTGCGCGGCCTGGACGAGCTGTACGCCGAGTGGTCGGAGGTCGTG
TCCACGAACTTCCGGGACGCCTCCGGGCCGGCCATGACCGAGATCGGCGAGCAGCCGTGGGGGCGGGAGTTC
GCCCTGCGCGACCCGGCCGGCAACTGCGTGCACTTCGTGGCCGAGGAGCAGGACTGACACGTCCGACGGCGG
CCCACGGGTCCCAGGCCTCGGAGATCCGTCCCCCTTTTCCTTTGTCGATATCATGTAATTAGTTATGTCACGCTTAC
ATTCACGCCCTCCCCCCACATCCG CTCTAACCGAAAAGGAAGGAGTTAGACAACCTGAAGTCTAGGTCCCTATTTAT
TTTTTTATAGTTATGTTAGTATTAAGAACGTTATTTATATTTCAAATTTTTCTTTTTTTTCTGTACAGACGCGTGTACGCAT
GTAACATTATACTGAAAACCTTGCTTGAGAAGGTTTTGGGACGCTCGAAGGCTTTAATTTGCAAGCTGGAGACCAAC
ATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCG
CCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAG
GCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTT
TCTCCCTTCGGGAAGCGTGGCGCTTTCTCAATGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTC
CAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTC
CAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGC
GGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGCTCTGCT
GAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTT
TTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTG
ACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATCAGATCCGAAGTTCCTATTCTCTAGAAAG
TATAGGAACTTCC

& Authors and affiliations

% VHdopmaumsa 06 aBTopax

Dmitri M. Muzaev — Engineer. Saint Petersburg State University,

St. Petersburg, Russia. E-mail: dmmuzaev@yandex.ru.

Andrey M. Rumyantsev — PhD, Researcher. Saint Petersburg
State University, St. Petersburg, Russia. SPIN: 9335-1184.
E-mail: a.m.rumyantsev@spbu.ru.

Ousama R. Al Shanaa — PhD Student, Saint Petersburg State
University, St. Petersburg, Russia; PhD Student, Atomic Energy
Commission of Syria, Damascus, Syria. E-mail: st072427@
student.spbu.ru.

Elena V. Sambuk — Doctor of Science, Docent.
Saint Petersburg State University, St. Petersburg, Russia.
SPIN: 8281-8020. E-mail: e.sambuk@spbu.ru.

Jmutpuit Muxaitnosuy Myszaes — utkenep. I'BOY BO
CI16I'Y, Canxr-Ilerep6ypr, Poccus. E-mail: dmmuzaev@yandex.ru.

Anppeit MuxaiiioBuu PymsiHueB — kaHi. GHOJI. HayK, MJAIINIT
Hayunblil cotpymuk. PI'BOY BO CII6IY, Canxr-Iletepbypr,
Poccnsi. SPIN: 9335-1184. E-mail: a.m.rumyantsev@spbu.ru.

Ycama Paek Aapb Wlanaa — acnupant, ®I'HOY BO CII6lY,
Cankr-IlerepOypr, Poccust; acnupant, Komucecusi no aromHof
sueprun Cupum, Jlamack, Cupusi. E-mail: st072427 @student.
spbu.ru.

Enena BukropoBHa Camb6yk — ji-p OHOJI. HayK, JIOLEHT.
®I'BOY BO CIIelY, Caukr-Iletepbypr, Poccusi. SPIN: 8281-8020.
E-mail: e.sambuk@spbu.ru.

® dKo102uUHeCKaAa eeHemuKa

TOM 18 Ne2 2020

ISSN 1811-0932



