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Abstract

Contamination of food and feed with mycotoxins causes significant economic losses in the
food and feed industry and poses a serious threat to the human health and animal life because of
mutagenic, carcinogenic and other disruptive properties of these secondary metabolites of fungi. En-
zymatic degradation of mycotoxins represents an efficient and environmentally safe alternative to the
chemical decontamination of agricultural and food products. In this study, a synthetic adfz gene en-
coding ADTZ, an aflatoxin-degrading oxidase from Armillaria tabescens, was integrated into the ge-
nome of a Pichia pastoris GS115 strain under the control of a glyceraldehyde-3-phosphate dehydro-
genase promoter. To amplify the adtz gene, oligonucleotide sequences were constructed with specific
restriction sites HindIII and Notl added to the 5' end. The adtz gene-containing pPIG-ADTZ plasmid
obtained with the use of the pPIG-1 vector was linearized by digestion with restriction endonuclease
Apal, followed by transforming the cells of P. pastoris recipient strain GS115 by electroporation. The
transformed yeast cell were selected on YPD medium with an antibiotic. PCR amplification, restriction
analysis and Sanger sequencing confirmed insertion of the target gene. As a result, 54 transformed
clones containing the target gene were obtained, and the most productive clone secreting the recom-
binant ADTZ-14 (2.1 mg/ml of the total extracellular protein) was selected. Recombinant ADTZ
represented a monomeric protein (78%3 kDa) possessing a high affinity to aflatoxin B1 (AFB1). Saving
the functional properties of the recombinant protein was shown using experiments on assessment of its
ability to degrade AFB1 during short-time and prolonged incubation. The obtained protein was able to
degrade AFB1 by 14 % after a 2-h incubation at 40 °C; after 72 and 120 h of incubation at 30 °C, the
content of AFB1 in ADTZ-14 culture liquid (CL) reduced by 50 and 80 %, respectively, compared to
content in CL of non-transformed control GS115. These data suggest a quite high biotechnological
potential of a new recombinant ADTZ preparation in relation to the decontamination of agricultural
products contaminated with AFB1. Thus, the earlier developed expression system intended to increase
the copy number of heterologous genes in Pichia pastoris was first used to obtain a recombinant
protein able to degrade AFB1. Using this approach, we transformed yeast cells with the pPIG-ADTZ
plasmid and obtained 154 recombinant clones of P. pastoris, 77 % of which contained the target
sequence of the adfz gene. Productivity of the best transformant (clone ADTZ-14) was 2.1 mg of
protein per 1 ml of culture liquid, and about half of the pool of the extracellular proteins fell to the
share of recombinant ADTZ able to degrade 80 % of AFB1 incubated in cell-free culture broth at
30 °C and pH 7.0.

Keywords: aflatoxin Bi, mycotoxins, enzymatic degradation, ADTZ from Armillaria ta-
bescens, synthetic adtz gene, recombinant proteins, heterologous expression, Pichia pastoris
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fungal genus Aspergillius widely distributed in nature, are known as dangerous my-
cotoxins that contaminate feed and other agricultural products [1-4]. Currently,
more than 20 aflatoxins (AF), their derivatives and closely related compounds
have been identified [5]. Contamination of feeds for livestock and poultry with B-
and G-type AF raises the most serious concern [6, 7]. These mycotoxins are de-
rivatives of difuranocoumarin which have a bifuran group linked to the coumarin
core and a cyclopentane (in B-type AF) or lactone ring (in G-type AF) [8, 9].
Due to the toxicity, carcinogenicity and mutagenicity of these compounds, and
their resistance to heat treatments [10, 11], feed and other crop products contam-
inated with AF above the concentrations allowed by hygienic regulations are not
suitable for direct use or further processing into food products. Globally, contam-
ination with these mycotoxins, especially AFB1 which surpasses all other AFs in
hepatotoxicity and danger to warm-blooded animals [6, 7], causes serious eco-
nomic damage to both agriculture and the food industry, and also create risks for
human health [1, 3].

For decontamination, physical, chemical, and microbiological methods
are used, which, however, have a number of well-known limitations [1, 12]. There-
fore, there is a constant search for other effective, environmentally friendly means
and methods of AF degradation and detoxification that do not affect the quality
of agricultural products. From this point of view, an approach based on the ability
of a number of fungi [13-15] and bacteria [16-19] to synthesize enzymes that
transform AF to non-toxic or less toxic compounds seems to be very promising
[20, 22]. The use of cell-free preparations containing such enzymes makes it pos-
sible to avoid problems that may arise when using the producers themselves (for
example, deterioration of the organoleptic properties of processed products, a de-
crease in their nutritional value). In addition, enzyme preparations are technolog-
ically more convenient for feed processing [23] and, unlike those for the food
industry, do not require expensive multi-stage purification of the target product.

It is known that some xylotrophic basidiomycetes of the genera Pleurotus
[24, 25], Phanerochaete, and Armillaria [26-28] can be sources of enzymes for AF
degrading and detoxifying. An enzyme with oxidase activity [28] called by the
authors aflatoxin-detoxifizyme (ADTZ) was isolated from the mycelium of Armil-
laria tabescens using hydrophobic and metal chelate chromatography. It turned
out that ADTZ can catalyze the opening and subsequent hydrolysis of the difuran
ring [29], a structure associated with B-type AF toxicity. Further studies have
shown that ADTZ is a 76 kDa monomeric protein with high affinity for AFB
[29]. Upon contact with ADTZ, the toxicity and mutagenicity of AFB1 were sig-
nificantly reduced [28, 30].

These data indicate the prospects for the development of detoxifying drugs
containing ADTZ. However, their creation is primarily hampered by the lack of
available technology for obtaining intracellular ADTZ from A. tabescens mycelium
and, in part, by the fact that deep cultures of A. fabescens requires liquid media of
complex composition, including very specific and expensive components [31], or
a multi-stage fermentation procedure [28]. These obstacles could be overcome by
using a heterologous expression system and creating an accessible producer of the
recombinant ADTZ protein. However, there is still no suitable system for obtain-
ing extracellular heterologous ADTZ in an amount sufficient for its use in decon-
tamination of crop products. Nevertheless, a number of modern works [32, 33]
report on the successful use of Pichia pastoris yeast cells as recipients for heterol-
ogous expression.



Previously, we adapted the expression system in P. pastoris by modifying
the integration vector to increase the copy number of heterologous genes in the
yeast chromosome (the integration vector and its preparation are patented) [34].
In the present study, this approach was used for the first time to create a new
producer of the aflatoxin-degrading enzyme.

Our goal was to optimize and use this system for the heterologous expres-
sion of ADTZ in Pichia pastoris GS115 and to evaluate the ability of a cell-free
culture liquid (CL) preparation of the resulting P. pastoris ADTZ-14 strain con-
taining the extracellular recombinant ADTZ enzyme to degrade AFB1.

Materials and methods. For the expression of the adrz gene encoding afla-
toxin-detoxifizim, the yeast strain Pichia pastoris GS115 (syn. Komagataella phaffii)
(Thermo Fisher Scientific, USA) was used. Yeast cells were cultured for 3 days at
30 °C in liquid YPD medium (glucose 20.0 g/I; yeast extract 10.0 g/l; meat pep-
tone 20.0 g/1). For plasmid DNA, Escherichia coli XLL1-Blue (Agilent, USA) was
grown at 37 °C in Luria-Bertrani medium (tryptone 10 g/I; yeast extract 5 g/l;
NaCl 5 g/l; pH 7.2-7.5). The pPIG-1 plasmid was used to express ADTZ [34]. The
adrz gene encoding the aflatoxin degradation enzyme in A. tabescens (GenBank
AY941095.1) was synthesized at ZAO Evrogen (Russia) according to the codon
compositions in P. pastoris.

PCR mix for the adtz gene amplification (50 ul) contained 1X buffer with
3 mM MgCl2 and 5 U Taq polymerase (NEB, UK), 0.2 uM ADTZ-fwd (5’-gaa-
gcttctATGGCTACTACAACTG-3") and ADTZ-rev (5 -cgcggccgc TTACAATCT-
TCTCTC-3") oligonucleotides, and 0.1 ng DNA as a matrix. The reaction was
carried out under the following conditions: 95 °C for 15 s, 62 °C for 15 s, and
72 °C for 120 s (25 cycles) (a T-100 amplifier, Bio-RAD, USA). The PCR prod-
ucts were evaluated electrophoretically (a 1% agarose gel, a Sub-Cell GT Cell,
Bio-RAD, USA).

The amplification product, vector pPIG-1, was digested with HindIII and
Notl restriction endonucleases according to the manufacturer’s recommendations
(NEB, UK).

The processed fragments were ligated with T4 DNA ligase (ZAO Evro-
gen, Russia), and Escherichia coli XL1-blue cells (Agilent, USA) were trans-
formed with the 2 pl mixture by the heat shock method. Transformants were
selected on Luria-Bertrani agar medium containing ampicillin (100 pg/ml). The
pPIG-ADTZ plasmid was isolated from ampicillin-resistant transformants using
the Plasmid Mini-prep kit (ZAO Evrogen, Russia). The presence of the target
gene insert in the pPIG-ADTZ plasmid was confirmed by PCR amplification,
restriction analysis as described above, and Sanger sequencing. Sequencing was
performed in both directions from primers used for the gene amplification. Gene
sequencing and synthesis of primers used for amplification were performed at
00O Sintol (Russia).

The pPIG-ADTZ plasmid was linearized by digestion with restriction en-
donuclease Apal (NEB, UK) according to the manufacturer's protocol and trans-
ferred into P. pastoris GS115 by electroporation [35]. Transformants were selected
on a YPD agar medium supplemented with 200 ug/ml antibiotic zeocin (Thermo
Fisher Scientific, USA). DNA was isolated from antibiotic-resistant colonies [36]
and the ADTZ insert was checked by PCR.

The recombinant ADTZ protein was produced by culturing the P. pastoris
ADTZ-14 producer strain in 24-well plates (3 ml YNB liquid medium, 30 °C,
aeration 200 rpm, 3 days). Every 24 hours, 40% glucose solution in 20 mM



potassium phosphate buffer (pH 6.0) was added to the wells to a final concentra-
tion of 2%.

The recombinant ADTZ in cell-free CL was detected by polyacrylamide
gel electrophoresis with sodium dodecyl sulfate (DNS-PAGE, Mini-PROTEAN®
Tetra, Bio-RAD, USA). Total protein concentration was measured by the Lowry
method [37].

The degradation kinetics of AFB1 and AFG1 was studied in experiments
with short-term incubation of P. pastoris ADTZ-14 cell-free CL. Commercial
preparations of AFB1 and AFG1 (VNIIVSGE, Russia) were dissolved in 20 mM
Na-phosphate buffer (pH 6.7) to a final concentration of 2.5 pg/ml each. The
concentration was controlled using the molar extinction coefficients ¢ = 21800
and ¢ = 17700 (at A = 362 nm) for AFB1 and AFG1, respectively. The CL of the
P. pastoris ADTZ-14 transformant was incubated with toxins in the wells of a
thermostated autosampler plate (30 or 40 °C). A 5 ul aliquots were taken from the
reaction mixture every 30 min for 2.5 h and the AF content was determined by
reverse-phase chromatography on a thermostated (30 °C) Kromasil Ethernity 5-
C18 column (4.6%250 mm) (Akzo Nobel, Sweden) equipped with an appropriate
guard column. An Agilent 1200 chromatographic system (Agilent Technologies,
USA) with diode array detection was used. Chromatographic separation was per-
formed in a water/acetonitrile gradient (from 40% to 68% acetonitrile in 20 min,
detection at 360, 235, and 225 nm, slit width 8 nm). The degree of AFB1 and AFG1
degradation was assessed by the change in the area of the corresponding chromato-
graphic peak. The CL of the untransformed strain P. pastoris GS115 was a control.

To assess the ability of the recombinant ADTZ enzyme to degrade AFB1
during prolonged incubation, 1 ml of P. pastoris ADTZ-14 CL samples (2.1 mg
total protein/ml) after pre-sterilization by filtration (membranes with a pore size
of 0.22 ym, Millipore, USA) were added with 1.0 pug of AFB1 (Sigma-Aldrich,
USA) dissolved in a minimum volume of methanol. Samples (1 ml) of CL of non-
transformed strain P. pastoris GS115 addedd with the same amount of AFB1 were
used as a control. Samples were incubated for 3 and 5 days at pH 7.0 and 30 °C.
The post-incubztion AFB1 concentration was measured using high-performance
liquid chromatography (HPLC) on a thermostated (27 °C) Symmetry C18 col-
umn (5 pm, 150%x4.6 mm) in isocratic elution mode (mobile phase methanol:water
60:40, 10 ul sample injected, A = 362 nm) using a Waters 1525 Breeze system with
a Waters UV 2487 detector (Waters Corp., USA) [12, 38]. Prior to HPLC analysis,
CL samples were diluted 100-fold with the mobile phase. Toxin concentrations
were measured in the linear detection range in the test and control samples, The
concentrations were calculated from the calibration curve for the AFB1 standard
(Sigma-Aldrich, USA). The percentage of degradation was determined relative to
the amount of toxin detected in the corresponding control sample.

Statistical processing of AFB1 quantification data was performed using the
STATISTICA 6.1 program (StatSoft, Inc., USA). Significance of differences at
p < 0.05 was confirmed using Student’s z-test for independent variables. The table
and figures indicate the mean values (M) of two measurements for each of the
three biological repetitions with standard deviations (£SD).

Results. The gene for the aflatoxin-degrading enzyme from A. tabescens
was cloned by PCR using the developed oligonucleotides.

The size of the amplification product corresponding to the synthesized
adtz gene was 2088 bp. Sequencing of the obtained product confirmed its identity
with the sequence of A. fabescens (GenBank AY941095.1) (Fig. 1).



ADTZ_sint 1 ATGGCTACTACAACTGTTCACAGAGAGAGATTCTTGGC TGACAAGTCTGLTCCATTGTGT 60

PECLE EU REEEEE, R b e e PO TE e e

ADTZ_A.tabescens 92 ATGHCCACCAC AACTETCCACCGEGAGCGATTCC THECAGATARGTCTECTCCTTTGTGT 151
ADTZ_sint [31 GGTATGGACATCAGAAAGTCTTTCGATCAACTGTCTTCCAAAGAGAAGCTGTACACTCAC 120
PELCLRLE ET TR TE T il LU TR T
ADTZ_A.tabescens 152 GGTATGEATATTAGAAAGTCATTTGATCAGC TCAGLTE TAAGBAAAAGLTCTACACGEAT 211
ADTZ_sint 121 TATGTCACAGARGCC TCATGGGCTGGTGL TCATATCATTCAAGC TCAATGGACTCCACAL 188
IR I
ADTZ_A. tabescens 212 TACGTGACCGAAGCTTCT TEGECEEECGEAAGAATCATCCAGGC TCAGTGEACELCGEAG 271
ADTZ_sint 181 GCTACTGACTTGTATGATCTGTTGATTC TRACCTTCTC TRTCAATRGTARGCTRGCAGAT 248
I T e
ADTZ_A.tabescens 272 GCGACAGATCTATATGATCTGTTRATC TTACGTTCAGCOTAAATEOAAGLTCOCCEAC 331
ADTZ_sint 241 TTGAATGCTCTCAAGACTTCTTCTGG - - TTTRAGTGAAGATGACTEEGAAGCCTTGATTC 298
FEHLEE T FEEEE Tt T EE T R T
ADTZ_A.tabescens 332 CTGAATGCCCTTAAGACGTCGTCAGGCCTTTCAGAG - - GACBATTGGEAGGCCTTAATAC 389
ADTZ_sint 299 AGTACACTGTTCAAGTTTTGTCCAACTTGGTEAACTACAMGACCTTCGGATTCACTAAGA 358
PELCEE 0T T e T FEEEEE L VTR T F
ADTZ_A.tabescens 398 AGTACACGGTCCAGGTATTGAGLAATCT TGTCAACTACAAGACGTTCGGATTTACGAAGA 445
ADTZ sint 359 TCATTCCTAGAGT TGATGC TGAGARATTCGAATCTGTTGTCAAAGCATCTTCCAATGCTG 418
CEECLEE et e L e e e e el
ADTZ_A.tabescens 456 TCATTCCCCECGT CBACGCAGAMAAGT T TGAGTCAGTGGTCAAMGOCTCTAGCAACGCAG 589
ADTZ_sint 419 ATCAAGGTTCTGLCTTGT TCACCARATTGARACAACACATCTATGCCTTGTCTCCAGAGT 478
IR
ADTZ_A.tabescens 518 ACCAGGGCTCEGCAC TATTCACCAAGTTGARACAACACATATATGLGCTTTCTCCTGAGT 569
ADTZ sint 479 CTGCCTTGTTCAT TRATAAGCGTARGATGGTCATGTTTCCAACTACTACTTGEGTGAM. 538
R I
ADTZ_A.tabescens 578 CAGCGCTATTCAT TRACAAAAGGARGGACGETCACGTATCAAATTACTATCTTGATGAAC 629
ADTZ_sint 539 CAGTTGGTGATGCAGAAGT TGATSCCATTCAGAATGTTGLTGAGAAATTGEGTGTTGACA 598
VLT TREEE T T TR T PR T T et 1
ADTZ_A.tabescens 638 CTGTTGEAGATGL TRAGGTCGATGL TATCCAGAATETCGL TRAGAAGTTAGGCGTTGATA 639
ADTZ_sint 599 TTTTGAACACTAGAGTTAAGAAGAATGGTACTGRAGATTACACTETGTTGATTACTTETG 658
R A i
ADTZ_A.tabescens 698 TCCTCAATACTCECGTGAAGAAGAATCOAGCEGETGATTACACGC TCTTAGTTGCETETG 749
ADTZ_sint §59 COAMMACATCTECTCCATCTGTTCATGACTTECAGAT TRATTCTACTCCTECCAMGTTGA 718
R i
ADTZ_A.tabescens 758 CTAARACCAGTCCACCCTCCOTOCATGACTTCCARATCBACTCAACTCCGGCTAATTGA 80T
ADTZ_sint 719 CCATTGAGTATGETGACTATGCTTCTTCCTTRACTARAGTTETTGCAGCTTTGEARGAAG 778
LR e P e et e e e eI
ADTZ_A.tabescens 8l@ CGATTGAGTATGECGACTACGCATCATCTCTAACGAAGGT TSTCECCACCCTTCAGRAGE 869
ADTZ_sint 779 CTAAMCAGTATACTGCTAATGATCATCAATCTGCTATGATTGAMGGCTATGTCAAGTECT 838
R .
ADTZ_A.tabescens 878 CCARACAGTATACCGUGAACGAT CATCAATCAGCGATGATCOAMGGCTATGTCAAGTCET 929
ADTZ sint 839 TCAACTCTGET TCCATTCCAGAACACAAAGCTGCC TCAMC TGAGTGGETTAAGRACATTG 898
VLR T TE T TR TEEE T DD T T T
ADTZ_A.tabescens 939 TCAACTCAGEATCAATTCCGGAACACARAGCTGCGTCAACAGAATEGGTGARAGATATTG 989
ADTZ_sint 899 GTCCAGTTGTTGAGTCCTACATTGGTTTCG TTGAGACCTATGTTGATCCATATGGTGGAA 858
R e
ADTZ_A.tabescens 99@ GACCGETTGTAGAGTCCTACATCGGGTTCGTEGARACCTATETCGACCCATATGCGGAC 1849
ADTZ sint 959 GAGCTGAGTEGGAAGGT T TCACAGCCAT TGTTGACAAACARCTGTCTGLCAAGTATGAAG 1018

FLEE TEEEE R T T e T T T TEEEE T
ADTZ_A.tabescens 1058 GCGCGRAATRGGAGGGTTTCACTGCCATCGTCGACAAGCAGCTGAGTGCGAAGTACGAAG 1189
ADTZ sint 1e19 CTCTGETGAATGEAGCACCAAAGT TGATCAAGTCATTGCCATGGGGTACTGACTTCGAAG 1078
EREEnanm FLE TR T T |
ADTZ_A.tabescens 1118 CATTGGTTAACGGTGETCC TAAGTTGAT CAAGAGTCTTCCATGOGGAACGRACTTCGAGE 1169
ADTZ_sint 16879 TTGATGTGTTCAGAARACCAGACTTCACTGCTTTGGAAGTTGTTTCCTTCGCTACTGGTG 1138
NN .
ADTZ_A.tabescens 1178 TTGACGTCTTCAGGAAGCCGGACTTTACTGCGTTGGAAGTCGTATCATTTGCAACAGGAG 1229
ADTZ sint 1139 GTATTCCTGCTGGTATTAACATTCCAAACTATTATGAAGTCAGAGAAAGTACTGGTTTCA 1198
IR

ADTZ_A.tabescens 1238 GTATTCCTGCCGEAATCAATATACCAAACTATTATGAAGTCCGGGAAAGCACAGGGTTTA 1283

ADTZ_sint 1199 AAAATGTTTCATTGGCTAACATTCTGGCTGCTAAAGT TCCAAACGAAGAGTTGACTTTCA 1258
A A A s Ay

ADTZ_A.tabescens 1298  AGAATGTTTCGCTAGCGAATATTTTGGCGGCCAAGGTALLAMACGAGGAGTTARCTTTCA 1349

ADTZ_sint 1259 TTCATCCAGACGATGTTGAGTTGTACAATGCTTGGGATTCTAGAGCTTTCGAGCTGCARG 1318

P Tt E P e e it
ADTZ_A.tabescens 1358 TCCATCCTGATGACGTAGAACTATATAACGCTTGGGATAGTCGCGCATTTGAACTTLAGG 1499
ADTZ_sint 1319 TTGCTAATCATGAGTTGT TGREACATGGTAGTGGLAAGTTGTTCCAAGAAGGTGLAGATG 1378
VLT LELEEE T TEE LR T
ADTZ_A.tabescens 1418 TGGCCAACCACGAACTTTTGGETCATOGLTCCOGCAAGCT TTTCCAAGAAGGTOLTGATG 1469
ADTZ sint 1379 GTARACTGAACTTCOATCCTGAGAAAGTCATCAATCCATTGACTGGCAAACCTATCACTT 1438
PR T LR T T LT T
ADTZ_A.tabescens 1478 GGAAACTGAACTT COATCCCGAAMAGGT CATAAACCCTCTGACTGGAAAGCCGATAACTT 1529
ADTZ_sint 1439 CTTGGTACAAACCAGGTCAAACACCAGATTCTGTGTTGGGTGAAGTTAGTTCTTCCATGG 1498
R s i
ADTZ_A.tabescens 1530 CATGGTATAAGCCAGGGCAAACGCCGGATTCTGTTTTAGGCGAAGTGTCGTCGTCAATGG 1589
ADTZ_sint 1499 AAGAGTGCAGAGCTEAGACTGTTGCCTTGTACTTAGTTTCCAATTTGGACATCTTGAAAA 1558
PECE DL DT T Dy ek f e
ADTZ_A.tabescens 1598 AAGAATGTCGGGCGGAGACCGTAGCGCTCTACTTGAT TAGCAACCTCGATATTCTTAAAA 1649
ADTZ_sint 1559 TCTTCAACTACGT TGACARACAAGATATTGAAGACATTCAGTACATCACTTTCTTGTTGA 1618
RN
ADTZ_A.tabescens 1658 TTTTCAATTACGTCOACAAGCAAGACATTGAAGATATCCAGTACATCACGTTCTTGCTTA 1783
ADTZ sint 1619 TGACTAGAGCTGETTTGAGAGCT TTGGAATTCTATGATCC TGCTACCAAGAAACATGAGTC 1678
P L e et DL L L L T
ADTZ_A.tabescens 1718 TGACCCRCGCTRATC TRCGGGCAC TAGAGTTTTATGATCCAGCCACCAAGAAGCACGGAC 1769
ADTZ_sint 1679 AAGCTCACATGLAAGLTCGTATGGGTATCACTCAGTACTTGATTCAAGCTGGTATTGCTA 1738
PEE T T b R T TEEEEE EEEL VLT T
ADTZ_A.tabescens 177@ AGGCACATATOCAGOCCAGAATOOOCATAACCCAGTACCTGATTCAAGLTGGOATTOLGA 1829
ADTZ_sint 1738 GATTGGAATTGATTCAAGATGLTARTGATGAATTGRAGAACTTGTATGTTAGAGTTGATA 1798
PEL TR T T T e T T rrtl
ADTZ_A.tabescens 183@ GACTTGAATTGATCCAGGATGLCAACGGCGAACTCGAAMACTTATACGTTCGGGTTGACC 1889
ADTZ_sint 1799 GAGACAAAGTCTTGTCCARAGGLARACAAGTTOT TGO TCAACTGTTGATTGAATTGCAAG 1858
R e s
ADTZ_A.tabescens 189@ GEOAGAAAGTOT TETCCARAGGAAAGCAGO TTOTTGOTCAATTGC TGATCGAALTCCAAG 1949
ADTZ sint 1859 TTAG--AAAGTCAACTGCTGATGGTACAGGATCTAGAGACTTCTACACTACCTTGACTGA 1916
NI .

ADTZ_A.tabescens 1958 TCCGGAANAGT - - ACCGCAGACGGCACCGGCTCCCGAGATTTCTACACAACGCTGACCGA 2007

ADTZ_sint 1917 ACCAATCTCTGGTTGGGAAGGTAAGATCAGAGACATTGTGCTGAAGAAGAAGTTGLLTCG 1976
PECCCRLERTE TEEEE 0 R T T TR T

ADTZ A.tabescens 20BE  ACCAATCTCTGGATGEGAGERCAAGATCCGAGACATCGTTTTGAAGAAGARGCTTCCTCG 2867

ADTZ sint 1977 TAAGATCTTCGTTCAACCTAACACCTTCGTTETCAATGGTGAAGTTCAGTTGABAGAGTA 2836

FEATEE T PR P LT TEEEE U TP T T T
ADTZ A.tabescens 2068  AMAAATCTTTGTCCAACCCAATACATTTGTCGTCAACGRCGAAGTCCAGCTCARAGAGTA 2127
ADTZ_sint 2837 TCCATTGACTGCAGLTGGAGTGATTGAATCCTTCATTGAGAGARGATTGT 2086

IR |

ADTZ_A.tabescens 212§ TCCTTTGACGGCTGLCGGGGTAATTGAAAGTTTCATTGAGAGACGATTGT 2177

Fig. 1. Sequence alignment visualization of the codon-optimized adrz gene and the natural adrz gene



of Armillaria tabescens (GenBank AY941095.1, https://www.ncbi.nlm.nih.gov/genbank/). Optimiza-
tion of the codon composition was carried out by ZAO Evrogen (Russia) using the codon frequency
table for Pichia pastoris (https://www.kazusa.or.jp).

pPIG_ADTZ

7674 bp

Fig. 2. A map of the pPIG-ADTZ plasmid obtained by cloning the sequence of the synthesized aflatoxin-
detoxphyzyme (ADTZ) adtz (synthetic_ADTZ) gene into the pPIG-1 vector.

The resulting recombinant gene was integrated into the pPIG-1 vector
by the restriction ligation method. Restriction analysis of the resulting new plas-
mid, after double digestion with HindIII and Notl, resulted in 5500 and 2100 bp
products, confirming the correct integration of the target sequence into the pPI1G-
1 vector. The resulting recombinant plasmid (Fig. 2) was called pPIG-ADTZ.

Plasmid pPIG-ADTZ, linearized with restriction endonuclease Apal, was
electroporated into competent P. pastoris GS115 cells, and transformants were
selected on YPD medium added with zeocin. Cloning resulted in 154 clonal col-
onies. Genomic DNA isolated from 70 randomly selected transformed clones was
analyzed by PCR to identify the adfz gene insert. PCR analysis of the DNA of
these transformants grown on the selective media showed that at least 54 clones
contained the target adrz insert. Among them, the ADTZ-14 clone turned out to
be the most productive and was used for further work. Already after 72 h of culture,
expression of ADTZ in this clone led to the accumulation in the CL of the extra-
cellular recombinant protein. The size of this protein according to the SDS-PAGE
analysis was 78*3 kDa (Fig. 3), while in the CL of the nontransformed recipient
P. pastoris GS115 we did not find proteins of a comparable size. In the CL of the
transformed ADTZ-14 clone, the total protein concentration was 2.1 mg/ml.



Fid. 3. Electrophoregram of the culture liquid proteins of the strain
Pichia pastoris ADTZ-14 (1) transformed with the recombinant
pPIG-ADTZ vector containing the synthesized aflatoxin-detoxi-

s fizyme (ADTZ) adr: gene, and the recipient P. pastoris GS115 (2).
100 M — molecular weight marker PageRuler™ 26614 (Thermo
ADTZ , gs  Fisher Scientific, USA).
70

Comparison of the degradation kinetics of

% AFB1 and AFG1 in CL of P. pastoris ADTZ-14
showed that the recombinant enzyme is capable
of destroying both toxins; however, its efficiency
40 against AFB1 turned out to be significantly higher
than for AFG1. Thus, under the action of CL of

the producer of recombinant extracellular ADTZ,
already after 2 h of incubation, the concentration

of AFB1 toxin decreased by approximately 14%
compared to the initial level, while for AFG1 the decrease was only 4% (Fig. 4).

Fig. 4. Degradation kinetics of aflatoxins G1
(1) and B1 (2) in the cell-free culture fluid
of the Pichia pastoris ADTZ-14 strain trans-
formed with the pPIG-ADTZ recombinant
vector conyaining the synthesized aflatoxin-
detoxphyzyme (ADTZ) adtz gene at 40 °C
and pH 6.7 (n = 3, M=SD).
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The obtained results were
0 20 40 60 Vi [i?m 100 120 140 160 consistent with the data of other
authors who noted the high speci-
ficity of intracellular ADTZ from
A. tabescens to AFV1 [29]. In this regard, we studied the degradation activity of
recombinant ADTZ with respect to the indicated toxin during its longer incubation
with cell-free CL of the P. pastoris ADTZ-14 strain.
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Fig. 5. Chromatograms of culture liquid (CL) samples of Pichia pastoris (incubation at 30 °C and pH 7.0).
A: CL of the non-transformed recipient strain GS115 (control).
B: CL GS115 + aflatoxin Bi (APB!, 1 ug/ml) after incubation (control sample). The peak
on the chromatogram corresponds to 10 ng of AFB| in the injected sample.
C and D: CL of the P. pastoris ADTZ-14 strain transformed with the pPIG-ADTZ recom-



binant vector containing the synthesized aflatoxin-detoxiphyzyme (ADTZ) adtz gene, + AFVi
(1 pg/ml) after 3 and 5 days of incubation, respectively.

In these experiments, it was found that after 3 days the concentration of
the toxin added to the CL decreased by almost 2 times, and after 5 days the
efficiency of its degradation reached 80% (Fig. 5, Table).

Dynamics of enzymatic degradation of aflatoxin B1 (AFB1) in the cell-free culture
liquid (CL) of the Pichia pastoris ADTZ-14 transformant straindecreting the recom-
binant aflatoxin-detoxphyzyme (ADTZ) (n = 6, M£SD)

Incubation time

Strain 0h 72h 120 h

AFBi1, ug/ml | AFBi, pg/ml [degradation, % | AFBi, pg/ml | degradation, %
ADTZ-14 0.974£0.01 0.5710.06 41.2a 0.19£0.04 80.4b
GS115 (control) 0.984+0.01 1.01£0.01 0.0¢ 0.90£0.05 0.1¢

Note. The ADTZ-14 strain was obtained by transformation of the P. pastoris GS115 recipient with the pPIG-
ADTZ recombinant vector with the synthesized aflatoxin-detoxphyzyme (ADTZ) adtz gene. Before incubation,
AFBI1 was added to the culture liquid (CL) to a concentration of 1 pg/ml; for 0 h, the concentrations detected in
the CL samples before incubation are indicated (opening from 96 to 99%).

abe Differences between percent degradation marked with different letters are statistically significant at p < 0.05.

The data we presented here indicate a rather high biotechnological poten-
tial of the new producer of recombinant ADTZ and expand the so far limited
spectrum of recombinant enzymes of other xylothorophic fungi degrading AFB1
obtained using the system of heterologous expression in P. pastoris [39].

It should also be noted that the ADTZ-14 producer was characterized by
a rather high level of expression of extracellular proteins for P. pastoris. Probably,
the use of a synthetic gene with optimized codons contributed to an increase in
the productivity of yeast cells. A similar approach has been successfully used pre-
viously for the expression of bacterial a-amylase in P. pastoris [40]. However,
according to recent data, the use of synthetic genes can lead to protein misfolding,
degradation, and a decrease in its activity and stability. This may be the cause of
partial degradation of secreted recombinant proteins [41], which, as noted above,
we also observed in our experiments with electrophoretic analysis of the CL of the
transformed clone ADTZ-14. Therefore, it is necessary to continue research on
increasing the efficiency of AFB1 degradation by recombinant ADTZ, additional
testing of the effect of this recombinant enzyme on other aflatoxins, as well as
experiments on the treatment of crop products contaminated with AFB1 with the
enzyme preparation. It is also possible that heterologous expression using other
eukaryotes, e.g., filamentous fungi which are used for bioprocessing of feed to
increase its nutritional value, will allow for obtaining new producers of highly
active extracellular ADTZ. Such producers could be promising for the simultane-
ous decontamination of plant raw material contaminated with aflatoxin and in-
creasing the availability of their nutritional components.

Thus, this article is the first report on the production of a recombinant
protein capable of cleaving AFB1 using an expression system developed by us
earlier to increase the copy number of heterologous genes in Pichia pastoris. Yeast
cells were transformed with the pP1IG-ADTZ plasmid and 154 recombinant clones
of P. pastoris were generated, 77% of which contained the target sequence of the
ADTZ synthetic aflatoxin-detoxiphyzyme adtz gene. The protein yield of the most
productive ADTZ-14 transformant was 2.1 mg/ml cell-free culture liquid, and in
this case, about half of all extracellular protein pool was recombinant ADTZ.
Incubation of AFB1 with this recombinant ADTZ led to 80% degradation of the
added toxin. The transformant strain P. pastoris ADTZ-14, secreting functional
ADTZ, can be a producer of an accessible and sufficiently active recombinant
enzyme for AFB1 degradation. Based on P. pastoris ADTZ-14, preparations for
the enzymatic degradation of AFB1 can be developed in the future. Confirmation



of the decontamination potential of the recombinant enzyme will indicate the
feasibility of optimizing biotechnology to increase the yield of the target product
and develop its formulation.
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