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ABSTRACT

For survival in cold conditions, many organisms have developed unique
adaptive mechanisms based on the synthesis of antifreeze proteins, peptides and
glycoproteins that prevent ice formation at negative temperatures. These
molecules tend to bind ice crystals and lower the freezing point of the solution
without the formation of large crystals. Antifreeze proteins (AFP) were found in
almost all types of living organisms, including insects, fungus, yeasts, bacteria and
plants. The gene of antifreeze protein - glucan endo-1,3-beta-D-glucosidase (ScGlu-
3) from Secale cereale was cloned into shuttle vector pPICZaA. The competent
cells of yeast Pichia pastoris GS115 were transformed and the producer strain was
obtained, which secreted of ScGlu-3 into the culture medium using 3% methanol
as the only carbon source. It was found by western blotting that the maximum
accumulation of ScGlu-3 in the culture occurs after 48 hours of fermentation on a
medium with methanol. Established that rScGlu-3 precipitates at 50-65% of
ammonium sulfate.

Key words: antifreeze protein, strain, peptides, Secale cereale, gene, shuttle
vector, Pichia pastoris, ammonium sulfate.

INTRODUCTION

For survival in cold conditions, many organisms have developed unique adaptive
mechanisms based on the synthesis of antifreeze proteins, peptides and glycoproteins
that prevent ice formation at negative temperatures. These molecules tend to bind ice
crystals and lower the freezing point of the solution without the formation of large
crystals. This phenomenon is called thermal hysteresis [1]. These proteins were first
discovered when studying Antarctic fish in the late 1960s [2]. In the blood of polar fish,
glycoproteins have been found in which the carbohydrate fragment is linked to the
polypeptide chain [3]. Later, a protein was found in the blood of the winter flounder
Pseudopleuronectes americanus, which does not contain a carbohydrate fragment, but
has antifreeze properties [4]. It was noted that due to antifreeze proteins (AFP), polar
fish withstand cooling down to —2°C. In total, five types of AFP are known for fish
(types I - 1V and antifreeze glycoproteins), which differ depending on their structural
characteristics and source [1, 5]. Antifreeze proteins were found in almost all types of
living organisms [6], including insects [7-9], fungus [10], yeasts [11-13], bacteria [14-
16] and plants [17, 18]. The more studied are the AFP of arthropods, which have a
much stronger antifreeze activity than the fish’s AFP [19]. At the molecular level,
antifreeze proteins are excellent examples of convergent evolution, as ADPs have
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completely different protein sequences and structures, but perform the same function.
AFP from Choristoneura fumiferana [7] and Tenebrio molitor [11] have a B-sheet
structure, while AFP from a snow flea have a bundle of six tightly packed o-helices of
type Il polyproline and a hydrophobic ice-binding surface without threonine residues
[20, 21].

The ability of AFP to inhibit ice recrystallization and interact with biological
membranes makes them interesting molecules for use in various fields. For example, in
reproductive biology for cryopreservation of gametes and embryos [22], since the
cryoprotective agents used today in high concentrations are cytotoxic [23], while AFP-
based cryoprotectants do not have this disadvantage [1, 24]. In the food industry,
antifreeze proteins are an important additive to improve the quality of frozen foods [25].
Use of AFPs with the ability to inhibit the growth and recrystallization of ice preserve
nutrients [25].

In addition to insects and fish of the circumpolar regions, AFP of plant origin are
described in the literature [5, 6]. In contrast to the AFP of fish and insects, a number of
AFP of plants have multiple hydrophilic sites for binding to ice [26-28]. For example,
wheat APBs have two ice binding sites that are complementary to the prismatic ice
surface and are located opposite each other [29]. From the point of view of application
in the food industry, antifreeze proteins of plant origin are more preferable than AFP of
insects and fish. First of all, due to the low cost of raw materials and the possibility of
industrial extraction and the absence of allergenicity, this allows them to be added to
food without any risks to the human body. From this point of view, it is interesting to
study antifreeze proteins from cereals: wheat, triticale, barley and rye. In particular,
glucan endo-1,3-beta-D-glucosidase was found in cereals, which is a protein with a
molecular weight of 35.2 kDa and has glucanase activity. And as shown by an analysis
of literature sources, this protein has an antifreeze property [30]. It seems promising to
obtain AFP of plant origin by the technology of microbial synthesis, since the creation
of a microbial producer strain develops possibilities for the industrial production of
antifreeze proteins.

The aim of this work was to obtain recombinant glucan endo-1,3-beta-D-
glucosidase (ScGlu-3) of Secale cereale by secretory expression of the target gene in
the yeast Pichia pastoris.

Materials and methods

Vectors, strains, enzymes and chemicals. Vector pPICZaA (Invitrogen, USA)
was used to construct the expression cassette. The gene of glucan endo-1,3-beta-D-
glucosidase (921 bp) was used from NCB lab collection. Polymerases Pfu (Thermo
Fisher, USA) and Taq (NCB, Kazakhstan) and restriction enzyme Pmel (NEB, USA)
were employed for the amplification and cloning of the target gene. Escherichia coli
strain DH5a was acquired from Thermo Fisher Scientific. P. pastoris GS115 cells were
purchased from Invitrogen (USA). The chemical reagents used in this study were of
molecular biology or pure analytical grade and purchased from Sigma-Aldrich (St.
Louis, USA) and AppliChem (Darmstadt, Germany). The vectors and enzyme were
stored at -20°C, the strains were stored at -80°C and chemicals were stored accordingly
manufactured recommendations.

Cloning of the gene and vector construction. The ScGlu-3 gene was amplified
from pET-28c(+)/ScGlu-3 with PCR primers Glu3-Rfw (5’-GTATCTCTCGAGAAAA
GAGAGGCTGAAGCTATCGGCGTCTGTACGGCGT-3’) and Glu3-Rrv (5’-GGAAC
AGTCATGTCTAAGGCTACAAACTCAGAACTGGATGGCGTAGGCCG-3’). PCRs
(50 pL final volume) contained 5 pL of 10X Pfu Buffer (Thermo Fisher), 5 uL of
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dNTPs (a 2 mM stock solution), 1 uL of each primer (a 10 uM stock solution), 100 ng
of a DNA template, 1 uL of Pfu polymerase (1250 U/mL), and 34 uL of nuclease-free
water. The amplification parameters were following: initial denaturation at 98°C for 3
min; then 30 cycles of 98°C for 30 sec, 55°C for 1 min, and 68°C for 2 min; and final
extension at 68°C for 10 min. The PCR-product was purified by phenol/chloroform
extraction and was cloned into the pPICZaA vector by restriction free methodology
[31]. PCRs (50 pL final volume) contained 5 pL of 10X Pfu Buffer (Thermo Fisher), 5
puL of dNTPs (a 2 mM stock solution), 1.5 uL of DMSO (a 100% stock solutiion) 100
ng of a PCR product from the first step, 30 ng of pPICZaA plasmid, 2 uL of Pfu
polymerase (1250 U/mL), and up to 50 uL of nuclease-free water. Amplification
parameters were following: initial denaturation at 98°C for 1 min; then 18 cycles of
98°C for 30 sec, 60°C for 1 min, and 68°C for 5.5 min; and final extension at 68°C for
11 min. The PCR-product was treated by Dpnl for 1 h, and E.coli DH5a cells were
transformed by resulting treated linear vector. Obtained clones were selected on zeocin
(25 pg/mL) agar plates and the shuttle plasmid pPICZaA/ScGlu-3 was purified from
cells by the plasmid Midiprep kit (Invitrogen, USA). The encoded ScGlu-3 protein
carries an N-terminal o-factor signal peptide for secretion in yeast culture.

Sequencing. Sequencing of target genes was carried out on an ABI 3730x| Genetic
Analyzer (Applied Biosystems) using BigDye Terminator v3.1 (Applied Biosystems).

Transformation of P. pastoris cells and producer strain preparation. The
pPICZaA/ScGlu-3 vector was linearized with endonuclease Pmel in Cut Smart Buffer
(NEB, USA). The linearized vector was purified by phenol/chloroform extraction
followed by ethanol precipitation. P. pastoris GS115 cells were electroporated with the
linearized vector as follows. Fresh competent P. pastoris cells were prepared and
transformed according to the EasyselectTM Pichia Expression Kit manual (Invitrogen).
To 80 uL of the cells, 3 ug of purified linearized plasmid DNA was added, and then the
suspension was pulsed in a 0.2 cm electroporation cuvette at 2 kV for 4.8 ms with
electoporator  (MicroPulserTM, Bio-Rad, USA). Clones of P. pastoris
GS115/pPICZaA/ScGlu-3 were selected on an agar plate with zeocin (200 pg/mL).
After that, the clones were screened for the presence of the insert by PCR with primers
AOX1fw (5- GACTGGTTCCAATTGACAAGC-3’) and AOXlrv  (5°-
GCAAATGGCATTCTG ACATCC-3’). The clones positive for ScGlu-3 insert were
analyzed for ScGlu-3 expression by a SDS-PAGE and western blotting. Clone with the
highest ScGlu-3 expression was preserved with glycerol at -80°C and served as a
producer strain.

Protein production in shake flasks and ammonium sulfate precipitation. The
Pichia pastoris GS115/pPICZaA/ScGlu-3 strain cells were inoculated into a 50 mL
flask containing 5 mL of YPD with zeocin (200 pug/mL) and were cultured overnight at
30°C and 250 rpm in a shaking incubator (KS 4000 i control, IKA, Germany). The
overnight culture was inoculated into 50 mL of YPD in a 500 mL shake flask and was
incubated at 30°C and 250 rpm for overnight. The overnight culture was inoculated into
fresh 500 mL of YP in a 5 L shake flask and was incubated in a shaking incubator
(Climo-Shaker ISF1-X, Kuhner, Switzerlend) at 28°C and 250 rpm for 120 h with daily
addition of methanol (finally 3%). The cells were collected by centrifugation at
3500%g, for 15 min, at 4°C (Avanti J-26SXP with rotor JA-10, Beckman Coulter, USA)
and discarded. The supernatant was subjected to ammonium sulfate fractionation. The
20%, 35%, 50% and 65% of (NH4)2S0O4 was used for protein precipitation. The
supernatant was incubated with appropriate ammonium sulfate for lh at 4°C and
centrifuged at 18000 x g. The supernatant and pellet were analyzed by SDS-PAGE.
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SDS-PAGE and western blotting. Electrophoretic separation of proteins was
performed by SDS-PAGE in a 12% polyacrylamide gel according to the Laemmli
method [32] in a miniProtean-1V cell (Bio-Rad Laboratories Inc). Electrophoresis
conditions were as follows: 120 V for 90 min. The gel was stained in 2% Coomassie
Brilliant Blue R250 and destained with 7.5% acetic acid in 25% ethanol. For western
blotting, we applied polyclonal antibodies raised in rabbits against ScGlu-3. Western
blotting was performed according to the standard protocol [33]. Briefly, protein samples
were separated by SDS-PAGE in a 12% (w/v) gel and transferred to a polyvinylidene
difluoride (PVDF) membrane. To verify the protein transfer, the membrane was stained
with the Ponceau S dye [0.1% (w/v) of Ponceau S in 5% (v/v) acetic acid]. After
membrane blocking with 0.5% (w/v) bovine casein in Tween 20/Tris-buffered saline
(TBST: 50 mM Tris-HCI pH 7.6, 150 mM NaCl, 0.1% [w/v] Tween 20), the ScGlu-3
protein was detected with the rabbit polyclonal antibody against calf prochymosin
(1:5000) as a primary antibody and a goat anti-rabbit 1gG antibody conjugated with
horseradish peroxidase (Sigma-Aldrich Chimie S.a.r.l., Lyon, France) (1:10,000) as a
secondary antibody. The bands were detected by the Enhanced Chemi-Luminescence
Detection Kit (Applichem GmbH, Darmstadt, Germany), and an X-ray film was then
exposed to the membrane (AgfaPhoto GmbH, Germany).

RESULTS AND DISCUSSION

Restriction free cloning is very effective method for cloning target gene into vector
[31]. Using this method, by two-step PCR, the pPICZaA/ScGlu-3 construction was
obtained. Figure 1 shows the results of PCR screening of Escherichia coli DH5a clones
transformed with the pPICZaA/ScGlu-3 vector. As can be seen from the Figurel, 5 out
of 7 clones carry an insert corresponding to the length of the ScGlu-3 gene with an
additional secretory domain (255 bp) and AOX1 priming cite (182 bp). The total length
of AOX1 region with insert is 1435 bp. Plasmids were isolated from clones #1,3,4,6,7
and sequenced on the AOXL1 region.

bp M 1 2 3 4 5 6 7

3000 E

e
e — — — —
1000 1435 bp

500

M-DNA Ladder; 1-7 - clones
Fig. 1. Results of PCR screening of DH5a-pP1CZaA/ScGlu-3 clones on AOX1
region

Thus, using the method of restriction-free cloning, the pPICZoA / ScGlu-3
construct was obtained, in which the glucan endo-1,3-beta-D-glucosidase gene was
inserted under the control of the methanol-induced AOX1 (alcohol oxidase 1)
promoter. By hydrolyzing the shuttle vector pPICZaA/ScGlu-3 with the Pmel
restriction enzyme, the transformation cassette was obtained. The competent cells of
yeast Pichia pastoris strain GS115 were electroporated with this cassette. The
transformation was high efficiency and results to insertion of glucan endo-1,3-beta-
D-glucosidase gene into chromosomal DNA of yeast. Figure 2 shows the results of
PCR screening of 14 yeast clones grown on YPD agar with zeocin.

63



§ Eurasian Journal of Applied Biotechnology, Nel, 2021

bp 1 2 3 4 5 6 7 8 9 10 11 12 13 14

M
. |
3000
1000 - —
500 1099 bp

- M-DNA Ladder; 1-14 - clones
Fig. 2. Results of PCR screening for genomic DNA of clones GS115-pPICZaA/
ScGlu-3 with Glu3-RFfw and AOX1rv primers

As shown on Figure 2, clones ##1-13 contain ScGlu-3 insert in the chromosomal
DNA. Clone #5 has maximum signal, it can be explain with multiple insertion cassette
with Glu3-RF inside AOX region of yeast. Pichia pastoris (also known as
Komagataella phaffi) is methylotrophic yeast, capable of metabolizing methanol as its
sole carbon source. The first step in methanol metabolism is the oxidation of methanol
with alcohol oxidase (AOX1 or AOX2) in the presence of molecular oxygen to
formaldehyde, along with which hydrogen peroxide is formed. Expression of the AOX1
gene is regulated and induced by methanol to high levels in cells grown with methanol.
AOX1 promoter is used to regulate expression of the gene of interest encoding the
desired heterologous protein [34, 35]. Pichia pastoris can secrete the heterological
protein to supernatant within cultivation. Secretion requires the presence of a signal
sequence on the expressed protein. The secretion signal sequence from Saccharomyces
cerevisiae factor prepro peptide has been used with the most success [36].

Culturing of 9 clones in YPD medium followed by replacement with YP medium
supplemented with 3% methanol as sole carbon source for 120 hours provided protein
secretion into the culture medium (Figure 3). SDS-PAGE shows the presence of a
protein with a mass according to the calculated mass of ScGlu-3.

20.1 -

14.4
M- protein marker; 1-9 - clones
Fig. 3. SDS-PAGE of GS115-pPICZaA/ScGlu-3 clones supernatants after 120 h
cultivation

Figure 3 shows that clones 1,3,5,6,9 produce a recombinant protein ScGlu-3.
The belonging of this protein to the target protein ScGlu-3 was confirmed by the
results of Western blotting using anti-rScGlu-3 polyclonal antibodies, previously
obtained by immunization with purified rabbit ScGlu-3 protein (Fig. 4).
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ScGlu-3

M- protein marker; 1-9 - clones
Fig. 4. Western blotting of GS115-pPICZaA/ScGlu-3 clones supernatants after
120 h cultivation

As follows from Figure 4, clones #1, 3, 5, 6 and 9 cultured on YP medium, after
induction with 3% methanol, produce the recombinant protein rScGlu-3 with
approximately the same expression level, and clone 9 was chosen as the producer
strain for the recombinant protein rScGlu-3. An experiment to determine the
dynamics of secretory expression of the rScGlu-3 protein by the GS115-
pPICZaA/ScGlu-3 strain confirmed the accumulation of rScGlu-3 in the supernatant

(Fig.5).
kDa M 1| 2 3 4 5 6
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M-protein marker; 1- 0 h; 2- 24 h; 3- 48 h; 4- 72 h; 5- 96 h; 6- 120 h
Fig. 5. Dynamics of accumulation of recombinant protein ScGlu-3 during
cultivation of clone GS115-pPICZaA/ScGlu-3 depending on time

As can be seen from the results of Western blotting (Fig. 5), already after 24 hours
of induction with methanol, the recombinant protein ScGlu-3 is present in the
supernatant and after 48 hours it reaches a maximum. Further cultivation of the strain on
a medium with methanol has practically no effect on the production of the ScGlu-3
protein.

Ammonium sulfate precipitation is often the first step in the purification of
untagged recombinant proteins from yeast culture [37]. This approach allows to
significantly concentrate the recombinant protein and get rid of some impurity proteins,
while not disrupting the structure and properties of the target proteins [38, 39]. It was
experimentally found that recombinant ScGlu-3 is precipitated only when the
concentration of ammonium sulfate reaches 50-65% (Fig. 6).
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M-protein marker, 1- 0% (supernatant); 2- 20% (supernatant); 3- 35%
(supernatant); 4- 50% (supernatant); 5- 65% (supernatant); 6 - 50% (pellet); 7 - 65%

(pellet)
Fig. 6. Ammonium sulfate precipitation of rScGlu-3 from yeast culture

At a lower concentration of ammonium sulfate, precipitation of the recombinant
protein is not observed. This information will be useful for purification of rScGlu-3.

CONCLUSION

Thus, by cloning the glucan endo-1,3-beta-D-glucosidase gene in the
chromosomal DNA of the methylotrophic yeast Pichia pastoris, the recombinant
strain was obtained. The strain GS115- pPICZaA/ScGlu-3 when cultured on a
medium with 3% methanol as sole carbon source secretes the protein with a mass of
28 kDa. Secretory protein is glucan endo-1,3-beta-D-glucosidase, that was confirmed
by western blotting with specific antibodies. Established that rScGlu-3 precipitates at
50-65% of ammonium sulfate. rScGlu-3 will be tested for antifreeze properties.
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TYUIH

CybIK kaFjaiiia emMip cypy ylIiH KenTereH ar3ajap Tepic TemneparypaJjiap
Ke3iHge My3JAbIH maiaa 00JIybIHA K0J1 OepMelTiH aHTH(PHU3 aKybI3AAPBIHBIH,
NeNTUATEePAiH :KIHe TJMKONPOTeHHAepAiH CHHTe3iHe Heri3leJireH epeKiie
Oeitimgesry  MexaHusmaepine wume  Oouabl. bynr  Moaekyaamap  my3
KpHCTAIiapbIMeH O0ailJIaHbICAb] KIHE YJIKEeH KpHucTajaap Ty30ei, epiTiHaiHiH
KATy TemIepaTrypacbiH TeMmeHaereni. AHTH(Qpu3 akybiaapsl (AFB) Tipi
ar3ajapablH 0apJbIK TypJepiHae Kke3jaeceli, COHBIH immiHAe: KIHAIKTEp,
CaHBIPAayKYJIAKTap, alIBITKbLIAP, 0aKTepHusIap KIHe ociMaiKTep.

AHTH(PHU3 aKYBI3BIHBIH TeHi - IJIOKaH 3H10-1,3-06eta- D -riaoko3maasa
(ScGlu-3) kapa ounaiinan (Secale cereale) pPICZoA BeKTOPBIHBIH KypaMbIH/a
KJIOHAAJAbI. AmbITKBI Pichia pastoris mrammbiabiH GS115 kommneTeHTTI
JKACYLIAJIAPBI 0CbI BEKTOPMeH TYpJieHAipinai :kone ScGlu-3-Ti KopekTik oprara
OeJieTin mwramMm, 3% MeTaHOJIIbl KOMIPTEKTIH KAJFbI3 K63l peTiHAe KOJJaHa
OTHIPbIN  AJBIHABLI. BecTepH-0J0TTHHI JmiciMen kyabTypaga ScGlu-3
MAKCHUMAJ/Ibl KUHAKTAJIYbl MeTaHOJ opTachbiHAa 48 caraTTbhIK alIBITYIaH
KeiliH maiiia 00JaTBIHABIFBI aHBIKTANABI. rScGlu-3 aMMoHuMIl cyab(ATHIHBIH
50-65% TYHABIPLLIATHIHBI AHBIKTAJIbI.

Herisri ce3nep: anTudgpus akybi3aapsl, Iiramm, nentuj, Secale cereale, ren,
TaceIMaay BeKTopbl, Pichia pastoris, ammonuii cyabparel.
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ABCTPAKT

YT00bl BLKHTH B XOJIOAHBIX YCJIOBHUSIX, MHOTHE OPraHU3MbI pa3padoTaym
YHHUKAJIbHbIEe a/aliTUBHbIe MeXaHHU3Mbl, OCHOBAHHbIE HAa CHHTe3e 0e€JIKOB
antudpusza, NeNTHIOB MW TJHKONMPOTEHMHOB, KOTOpPble TMPEIOTBPALIAIOT
o0pa3oBaHue JibJa NMPH OTPUIATEIbHBIX TeMIlepaTypax. ITH MOJIEKYJbl, KaK
NPaBUJI0, CBSA3BIBAIOTCA € KPHCTAJLUIAMHM JbJa U CHHKAKT TeMIepaTypy
3aMep3aHus pacTBopa 0e3 00pa3oBaHUsl KPYIHBIX KPHCTALIOB. AHTH(PU3HBIE
oenrkn (ADPB) oOHapy:KeHbI NMOYTH BO BCEeX THINAX KUBBIX OPraHHU3MOB,
BKJIIOYasi: HACEKOMBbIe, I'PUObIL, IPOKKU, DAKTEPUH U PACTEHHS.

I'en anTH(pU3HOro OesIKa - INIIOKaH 3H10-1,3-0eTa-D-rioko3ugasa (ScGlu-
3) u3 p:ku moceBHoii (Secale cereale) ObLT KJIOHHPOBAaH B COCTaBE YEIHOYHOIO
BekTopa pPICZoA. KomnerenTHble KiaeTkn aposx:keii Pichia pastoris mramma
GS115 0b1In TPaHCchOPMUPOBAHBI JAHHBIM BEKTOPOM M IIYTEM CeJIeKIHH ObLI
nojiyueH mramMMm, cexkperupywommii ScGlu-3 B KyJbTypajbHYI0 cpeay,
ucnosib3ysi 3% MeTaHo1 B KayecTBe €JIMHCTBEHHOr0 HMCTOYHHKA Yriepoja.
MeToioM BecTepH-OJOTTHHIa OBLIO YCTAHOBJIEHO, YTO0 MAaKCHMAJIbHOE
HakomiieHue ScGlu-3 B kyabType npoucxoaur nmociae 48 4acos (pepMeHTALINH HA
cpeie ¢ MeTaHOJIOM. YcCTaHOBJeHO, 4To rScGlu-3 ocaxnaercs Ha 50-65%
cyiabgara aMMOHUS.

KawueBble cioBa: anTudpu3Hblii 0eslok, mramm, menrua, Secale cereale,
reH, YeJHOUHBII BekTop, Pichia pastoris, cyibgpar ammoHus.
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