doi 10.18699/bgrs2024-8.3-03

In silico mouck u aHaaM3 MyTaHTHBIX ()OPM NOBBIIIEHH O
TEPMOCTAOMIbLHOCTH MPOMBIILIEHHO 3HAYUMOT0 epMeHTa
capuHa3bl u3 Bacillus lentus myrem onTuvMu3anumn
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Momusayus u yeny: @epMEHTHI MHUPOKO MPUMEHSIOTCS B PA3IUYHBIX IPOMBIIIJICHHBIX
oTpacisax aiasi oOpabOTKH MEPBHYHOTO ChIpbsi. [lo CpaBHEHHIO C TpaaWUIIMOHHBIMU
XMMUYECKUMH ~ TpolecCaMd  OMOXMMHYECKHME TOAXOAbl K  OCYIIECTBIICHHUIO
TEXHOJIOTHYECKUX MPOLECCOB IMO3BOJSIIOT JOOUTHCA OOJBLIETO BBIXOAA LEJIEBOTO
MNPOAYKTa 32 CYET BBICOKOM KaTaTUTUYECKOH aKTUBHOCTH M CIEHUPUYHOCTH
(epMEeHTOB, a Tak)Ke SKOHOMHYECCKHX M IKOJIOTMYECKUX MPEUMYIIECTB 3a c4eT Oolee
MATKHX YCJIOBHUH, YMEHBIICHHS OOBEMOB M TOKCHYHOCTH OTX0A0B. IIporeassl,
BBI3BIBAIOIIME DACLICIUICHUE TENTHIHOW CBA3M M TUAPOJIM3YIOIIHE OenKu 10
HEOONBIINX MENTUAOB U AMHHOKHUCIIOT, HCIIONB3YIOTCS Il OOpaOOTKH KOXKH M TKaHEH,
YIIy4YIIEHUs] YCBOSIEMOCTH KOPMOB M KadecTBa IUILM, IPU MPOU3BOJACTBE MOIOILUX
cpenctB u  OuororumBa. lloBeimieHne uX CcTaOWJIBHOCTH M aKTMBHOCTH B
MPOMBIIIIJICHHBIX YCIOBUSAX UX (DYHKIIMOHUPOBAHUS SIBIISIETCSI OTHOW U3 TJIaBHBIX 3a]1a4
MOTUQUKAIUU 3TOro kiacca OenkoB. @DepMeHT caBWHA3a, CEKpeTHpyemas
ankanapuwibHOM Oakrepueii Bacillus lentus, otHocuTCs K CepHHOBBIM MpoTeasaM U B
HacTosIee BpeMs HIMPOKO HCIOIb3YeTCcs B MOIOIIMX CPEJICTBAX B KauecTBe J0OaBKU
JUTS yaeHus OENKOBBIX OTJIOKeHHH. E€ onTumainbsHbIi pabounii fnana3oH TeMiepaTyp
30-70 °C u pH 8-12. benok cBsi3bIBaeT JBa MOHA KAIBIUS, KOTOPBIE HAPSAY C CEMBIO
COJIEBBIMM MOCTHKAaMH MEXAYy HOHM3MPOBAHHBIMH AMHUHOKHCIOTHBIMU OCTaTKaMu
CrocoOCTBYIOT cTadmiu3anuu ero cTpykrypbl [1]. CTaOUIBHOCTh CaBUHA3bI MOXKHO
MOJIyJIMPOBaTh MyTEM J00aBICHUS B PACTBOP OCMOJHTOB [2], HO ITOT MOJXOJ HE
SIBJISIETCS. YHUBEPCAIbHBIM, JaeT OrPaHUYEeHHBIA 3(pQEeKT U He BCeraa MOAXOAMT IS
MPOMBIIIIJIEHHOTO MCITOJIB30BaHUS.

Jiis oBBIIIEHUsT cTaOMITBHOCTH OEITKOB METOJaMU OSIIKOBOT'O MHXUHHUPHUHTA OOBIYHO
WCTIONB3YIOT ONITUMH3ALIMIO BHYTPUMOJIEKYJISIPHBIX B3aUMOJICHICTBUI, HAIPUMED, Yepe3
NepeynakoBKy ruipooOHOTO sApa UM CO3IaHNe HOBBIX AUCYIb(QHIHBIX, BOJIOPOIHBIX
WIM HWOHHBIX cBsA3ei. Kpome TOro, moBbIIIEHHE CTAOMIBHOCTH OEJI0B MOXKHO
OCYILIECTBUTh MOCPEICTBOM  ONTHMHU3ALUHM  TOBEPXHOCTHBIX  3apsa-3apsIOBBIX
B3auMmojercTBuil. JlaHHBIH moaxo] ObLI YCHEUIHO anpoOWpOBaH, HampuMep, i
depmenTa kemtanasza u3 Bacillus subtilis [3].
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B nmannoit pabore Ob1 mpoBeneH N SiliCO mowck W aHamM3 MyTaHTHBIX (OpM
MOBBIIIEHHOH TePMOCTaOMIBHOCTH CaBHHA3BI MyTEM ONTHMU3ALUH €€ MOBEPXHOCTHBIX
3apsA-3apsa0BbIX B3aUMOJICUCTBUMN.

Memoowr u ancopummer: Ctpykrypa Caunassl (UniProt ID: P29600) Obuta B3siTa u3
Protein Data Bank (https://www.rcsb.org/), PDB ID: 1SVN. Bxiaxg B u3MeHeHue
sHeprun [ mb6ca B mporecce AeHaTypaliu Oenka, 00yCIIOBICHHBIA 3apsaa-3apsI0BEIMHU
B3anMoaecTBUAMH, AGqq, BEIUHCIISICS ¢ moMomrsio nmporpammel TKSA-MC (Tanford-
Kirkwood Solvent Accessibility model with the Monte Carlo method)
(https://github.com/contessoto/tksamc) npu pH 8.0 u 27 °C [4] kak monHas SHEprus
ANIEKTPOCTATHYECKOTO  B3aMMOJCHCTBUS  OTHENBHBIX  Map  HOHH3MPOBaHHBIX
AMUHOKHUCIIOTHBIX OCTAaTKOB Ha OCHOBAaHMH CTATUCTUYECKOW CYMMBI BCEX BO3MOKHBIX
WOHU3UPOBAHHBIX cocTosiHMiI mpu naHHoMm pH. Ilpu aTom mpeamonaranoch, 4To B
MOJHOCTBIO  Pa3BEPHYTOM  COCTOSIHUM  JJIEKTPOCTATHYECKOE  B3aUMOJICHCTBHE
oTcyTCTBYeT. Ha nectabWim3upyromuii BKIaJ B CTPYKTYpy Oellka HOHH3UPOBAHHBIX
AMHMHOKHCIIOTHBIX OCTATKOB YKa3bIBacT 3HAUCHHE BKJIaJa TAaHHOW Mapbl OCTATKOB I U |
AEij> 0, a taroke SASA; > 50 % (Solvent-Accessible Surface Area — cpenmsist miomab
MOBEPXHOCTH Mapbl OCTATKOB, JOCTYIHAas pacTBOpUTeNo) [5]. CTpyKTypbl MyTaHTHBIX
dopm Oenka ObuTM MOJyYeHBI ¢ moMomIbl0 mporpammel  AlphaFold 2
(https://www.alphafold.ebi.ac.uk) [6].

Peszynomamer: Anamns poduist AGgq, ToITydeHHOTO TS CaBUHA3BI ¢ ToMoInbio TKSA-
MC, moka3zan, 49To aMHHOKHCIOTHBIE ocrtatkm Lys229, Lys231 m Lys245 Ha
MOBEPXHOCTH OEIKOBOW MOJIEKYJIBI BHOCST BKJIAJ B ee Aectabmimzanuio. Kpome toro,
ANIEKTPOCTATHYECKOE OTTATKWBAHHE MEXY OCTATKAMH JIM3WHA C OJHOW CTOPOHBI W
ocTaTkaMH TUCTHAMHA W aprubuHa ¢ gpyrou (Lys229:Hisl118; Lys231:Arg269;
Lys245:Arg241; Lys245:His243) mnoHmwkaeT CTaOMIBHOCTh OCIKOBOW MOJICKYJIbI.
WuBepcust 3apsima myTéM 3aMeHBbl STHX OCTATKOB Ha OTPHLATENBHO 3apsHKEHHYIO
acmaparnHOBYIO KUCIOTY (ASP) HODKHA CIIOCOOCTBOBATH MOBBIIICHHIO CTAOMIFHOCTH
(dbepMeHTa, YTO KOJTMYECTBEHHO BhIpaxkaeTcst B u3MeHeHNH AGqq B pe3ysbTaTe MyTalun
AAGwt—mut = AGmut — AGwt. Ananmn3 mytammu Lys229Asp mokasai, 4To oHa HE BHOCUT
CYIIECTBEHHOTO BKJIa/1a B M3MEHEeHNE CTaOUITLHOCTH Oenka
(AAGLys220asp = 0.77 xJIx/mMomb). 3amena Lys231ASp mpuBOAMT K JIeCTAOMIU3AIUH
caBuHa3bl (AAGuys2iasp = 14.49 x/Ix/Moib), B TO BpeMs kak mytarust Lys245Asp
MPUBOJNUT K TMOBBIIIEHUIO cTabnibHOCTH PepmerTa (AAGLys2asasp = —1.70 x/Ix/Moub).
JIBoliHBIE MyTalMM HE CHOCOOCTBYIOT TIOBBINICHUIO CTAOMJIBHOCTH CABHHA3BI
(Lys229Asp+Lys231Asp:  AAGaza9+231 = 2.52 x/Ix/monb;  Lys231Asp+Lys245Asp:
AAGa31+245 = 4.92 x/x/Monb).  JloOaBnenne TouyeuHoW 3amenbl LYyS229Asp
Lys245Asp ue Bimsuto Ha 3HadeHne AAG 10 CpaBHEHHWIO C OJMHOYHOHN 3aMEeHON B
nonoskeHuu 245 (AAGa2g+245 = —1.70 xJ>x/Momp). 3ameHa Bcex Tpéx octaTkoB (Lys229
Asp, Lys231Asp, Lys245Asp) cmnocoOCTBOBajga 3HAYMTEIBHOMY — ITOBBIIICHUIO
crabunpHOCTH 6ennkoBoil MoeKynbl: AAG29+2314245 = —7.98 k/IK/MOnb. OTMETHM, YTO
MPOBEICHHBIC TOYCYHBIC MYTAllMd TaKXKe MPHUBEIM K 0O0Jee  «BBITOJHBIMY
AIIEKTPOCTATHUECKUM B3aHMOJICHCTBUSM C COCEJIHUMHU TOJIOKUTEIBHO 3apsDKEHHBIMU
aMHUHOKHUCITOTaMH. J[jist aMHHOKHCIOTHBIX octaTkoB His118 u His243, pacnonokeHHbIX
B TPEXMEPHOH CTPYKType Omm3Ko k ASP229 n Asp245, snauenne AG m3menumnock ¢ 0.00
1m0 —4.88 x/x/Monb u 10 —3.97 k/[»/MOJIb COOTBETCTBEHHO, YTO TAKXKE YCTPAHHUIIO
JIeCTaOUIM3UPYIONIHE B3aUMOICHCTBHSL.

Buigoovi: Takum o0pazoM, B JaHHOM paboTe OBUI MpOBENEH aHAIW3 BKJIaJa
MOBEPXHOCTHBIX 3NIEKTPOCTATHUECKUX B3aMMOJICHCTBUI 3apsUKEHHBIX
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aMUHOKHCIIOTHBIX ~OCTaTKOB CaBMHA3bl. bbUIM BHIOpaHBI TOYCYHBIE 3aMCHBI,
MOTCHIIUAIBHO TPUBOMAIIME K MOBBIIMICHUIO CTa0WibHOCTH (DepMmeHTa. llomydeHHbIe
JlaHHBIE OYIyT B AabHEHIIIEM HCIIOB30BAHBI ISl IU3aliHA U aHAJH3a MyTaHTHBIX (hOpM
CaBHWHA3BI TTOBHIICHHON TEPMOCTAOMIEHOCTH.
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Motivation and Aim: Enzymes are widely used in various industrial sectors for
processing raw materials. Compared to traditional chemical processes, biochemical
approaches to the implementation of technological processes make it possible to achieve
a higher yield of the target product due to high catalytic activity and specificity of
enzymes, as well as economic and environmental advantages due to milder conditions
and reduction in toxicity and volume of waste. Proteases, which cause cleavage of
peptide bonds and hydrolyze proteins into small peptides and amino acids, are used in
treatment of leather and fabrics, improving of feed digestibility and food quality, and in
the production of detergents and biofuels. Increasing their stability and activity under
industrial conditions is one of the main tasks of modifying this class of proteins. The
enzyme savinase is a serine protease secreted by the alkaliphilic bacterium Bacillus
lentus and is widely used in detergents as an additive to remove protein stains. Its optimal
operating temperature range is 30—70 °C and pH 8-12. The protein binds two calcium
ions, which, along with seven salt bridges between ionized amino acid residues, help
stabilize its structure [1]. The stability of savinase can be modulated by adding osmolytes
to the solution [2], but this approach is not universal, has a limited effect and is not
always suitable for industrial use.

To increase the stability of proteins, engineering methods usually use optimization of
intramolecular interactions, for example, through repacking of the hydrophobic core or
the creation of new disulfide, hydrogen or ionic bonds. The increase of protein stability
can also be achieved by optimizing surface charge-charge interactions. This approach
has been successfully tested, for example, for the xylanase from Bacillus subtilis [3].

In this work, an in silico search and analysis of mutant forms of increased thermal
stability of savinase was carried out by optimizing its surface charge-charge interactions.
Methods and Algorithms: The structure of savinase (UniProt ID: P29600) was taken
from the Protein Data Bank (https://www.rcsb.org/), PDB ID: 1SVN. The contribution
to the Gibbs energy change during protein denaturation caused by charge-charge
interactions, AGgyq, Was calculated using the TKSA-MC program (Tanford-Kirkwood
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Solvent Accessibility model with the Monte Carlo method)
(https://github.com/contessoto/tksamc) at pH 8.0 and 27 °C [4] as the total energy of
electrostatic interaction of individual pairs of ionized amino acid residues based on the
partition function of all possible ionized states at a given pH. It was assumed that in the
fully denatured state there is no electrostatic interaction. The destabilizing contribution
of ionized amino acid residues to the protein structure is indicated by the contribution of
a given pair of residues i and j AE;> 0, as well as SASA;; > 50 % (Solvent-Accessible
Surface Area) [5]. The structures of mutant forms of the protein were obtained by
AlphaFold 2 program (https://www.alphafold.ebi.ac.uk) [6].

Results: Analysis of the AGqq profile obtained for savinase using TKSA-MS showed that
the amino acid residues Lys229, Lys231 and Lys245 on the protein surface contribute to
its destabilization. In addition, electrostatic repulsion between pairs of lysine residues
with histidine or arginine residues (Lys229:His118; Lys231:Arg269; Lys245:Arg241;
Lys245:His243) reduces the stability of the protein molecule. Charge inversion by
replacing these residues with negatively charged aspartic acid (Asp) should increase the
stability of the enzyme, which is quantified by the change in AGgq because of the
mutation AAGwimu = AGmut — AGwt. Analysis of the Lys229Asp mutation showed that
it does not significantly contribute to protein stability (AAGyysz20asp = 0.77 kd/mol). The
Lys231Asp substitution leads to destabilization of savinase
(AAGLys231asp = 14.49 kd/mol), while the Lys245Asp mutation leads to increased enzyme
stability (AAGLys24sasp = —1.70 kd/mol). Double mutations do not increase the stability of
savinase (Lys229Asp+Lys231Asp: A4Gas+231 = 2.52 ki/mol; Lys231Asp+Lys245Asp:
AAGaz1+245 = 4.92 kJ/mol). The addition of a substitution Lys229Asp to Lys245Asp had
no effect on the AAG value compared to a point substitution at position 245
(AAG29+245 = —1.70 kd/mol). The replacement of all the residues (Lys229 Asp,
Lys231Asp, Lys245Asp) led to a significant increase in the stability of the protein
molecule: AAGa29+231+245 = —7.98 kJ/mol. Note that the point mutations also led to more
“favorable” electrostatic interactions with neighboring positively charged amino acids.
For amino acid residues His118 and His243, located in the tertiary structure close to
Asp229 and Asp245, the AG value changed from 0.00 to —4.88 kJ/mol and to —
3.97 kJ/mol, respectively, which also eliminated destabilizing interactions.

Conclusion: Thus, in this work, the contribution of surface electrostatic interactions of
charged amino acid residues of savinase was analyzed. Point substitutions that
potentially lead to increased enzyme stability were selected. The data obtained will be
further used for the design and analysis of mutant forms of savinase with increased
thermostability.
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