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IN SILICO NHCCJIEJOBAHUE COCTABA U CTPYKTYPbI
BHYTPEHHHUX IMTOJIOCTEHU, TYHHEJIEA U I1OP B
MOJIEKYJIE BPOMEJINHA IIPU CBA3BIBAHUU C

PA3JIMYHBIMU JIMTAHAAMUA
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AHHoTanusl. LlycTenHOBBIE MPOTEa3bl y4acTBYIOT BO MHOTHX acleKTax (DHU3MOJIOTHH WM Pa3BUTHUS
pacTeHuii, BKIOYas crapeHne, (JOpMUPOBAHUE [[BETKOB, PEAKIIUIO HA PA3JIMYHBIC THITBI SKOJIOTHYECKOTO
cTpecca, KOHTPOJIb 3aIporpaMMHUPOBAaHHON THOENH KieToK. C Apyroii cTOpoHbI, (hapMaKoIOTHIECKOE ACH-
CTBHE IIMCTEHHOBBIX IPOTEA3 PACTCHUH JABHO PU3HAHO.

BpomennH — 310 codnparenbHOE Ha3BaHHE POICTBEHHBIX MPOTEOINTUYECKUX (PEPMEHTOB, OOHAPYKECHHBIX
B TKaHSX BUJIOB, TPHUHAUICKAIINX K ceMeICTBY Bromeliaceae, 13 KOTOPBIX HanOoee N3BECTEH aHaHac (Ananas
comosus). Pa3migaroT 1Ba pa3MYHBIX THIIA aHaHAcOBOTO OpomenmHa: crebenpHblil (KD 3.4.22.32) u dpyxro-
BoIi (KD 3.4.22.33). Kak u mamans, OpOMeNiH SBISIETCS IIIPOKO MCIIOIB3YEMOH B TEPAITUH IPOTEa30i.

W3BecTHO, yTO (hyHKIMOHUPOBaHHE (PEPMEHTOB ONPEACTACTCA UX IPOCTPAHCTBEHHON CTPYKTYpOil. M3-
MEHEHHE B COCTABE U CTPYKTYpE BHYTPEHHHUX MOJIOCTEH, TYHHEJIEH 1 TTIOp MOXKET BIHSITH HAa TEPMOCTAONIIb-
HOCTH OMOKaTaIn3aTopoB.

B pabote nccnenoBaHbl cOCTaB, JIOKATH3ALMS X CTPYKTYPa BHYTPEHHHUX MOJIOCTEH, TYHHETIEH, TTIOp B MO-
JeKysae OpoMeNnnHa IPpH €€ CBA3BIBAHNHM C Pa3IMYHBIMU JIMTaHAAMH: L-BIUHHAsI KUCIIOTa, Cylb(ar-noH, IH-
uepoin, N-[(1S)-5-amuH0-1-(XI0paneTin)neHTI|-4-MeTHIIOCH30IICYTb(hOHAMU  (TM3UH-TIOMOOHBIN HH-
ruduTOp), 2-ameramMmuno-2-ae3okcu-oera-D-rmokommpanos3a, N-[N-[1-ruapokcnkapOOKCHITHIKapOOHII |
NeHIMITaMUHO-0yTHIT | TYaHUIWH, IIATPAT.

Hawmu o6HapyxeHo 1o 2 BHyTpeHHHE ToocTH B Mozeisix 6YCB, 6YCD u 6 YCE u onna BHYTpeHHSSA
moJIocTh B coctae cTpykrypsl 6YCF. Hanbonmpmmii cymmapHbiii 006eM BHYTPEHHHX MOJIOCTEH BBISABICH
s 6YCE, nanmensmmii — 11t 6YCB. B cocTaBe He CBA3aHHOM C TUTaHIAMHU MOJICKYITBI OpOMETHHA BHY-
TPEHHHE TIOJIOCTH HE OOHAPYKEHBI.

Brrssreno nammune | TyHHens B coctase mozeneit 6YCB, 6YCD u 6YCE. CtpykTypa u JOKaIH3anns
JAHHBIX TYHHENCH OTIMYaeTCst BO BCEX MEPEUnCIeHHBIX Gopmax Opomenura. B cocrase momenu 6YCF u
(epMeHTa, HE CBSI3aHHOTO HU C OJHUM JIUTaHI0OM, TYHHEIN He 00HapyskeHbl. Takke HaMH He ObIIO BBISB-

JICHO HaJIMYHe MOpP HY B OIHOM M3 HUCCIeAyeMbIX (hopM OpomemnHHa.
KuroueBble c10Ba: OpoMenyH, BHyTPEHHNE TTOJIOCTH, TYHHEIH, TIOPEL, in silico aHamm3.

[{uctenHoBBIE TpPOTEa3bl, KaK H3BECTHO, ydYa-
CTBYIOT BO MHOTHX acrieKTax (hU3MOJIOrHU PACTCHUH,
BKITIOUas crapenue, GopMupoBaHUe IIBETKOB U peak-
IIUI0 HAa PA3]IUYHBIC THUIIBI YKOJIOTHUECKOTO CTpecca
[1, 2]. IIpomeMOHCTPHPOBAHO YIACTHE IIUCTEHHOBBIX
poTeas B KOHTPOJIE 3alporpaMMHPOBAHHON THOeIH
KJIETOK y pa3HBIX BUAOB pacteHuit [3, 4]. C mpyroit
CTOPOHBI, (hapMaKOJIOTHYECKOE JCHCTBHE IIUCTCHHO-
BBIX MPOTea3 JaBHO Npu3HaHo. [lanann — nepsas 1u-
CTEMHOBAs IPOTEa3a, BbIICICHHAS 13 JIATEKCa Tarnaiin
(Carica papaya), ncrionb3yercs B (papMakoornde-
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CKUX UCCIIEJOBAHMSIX KaK MOTEHIIMATBHOE JIEKapPCTBO
oT OakTepualbHBIX U TPUOKOBBIX 3a00eBaHui [5].
Bpomenna — 310 coOuparensHOE Ha3BaHUE POI-
CTBEHHBIX MPOTEONIMTUYECKUX (PePMEHTOB, OOHAPYKEH-
HBIX B TKaHSX BUJIOB, MMPUHAICKAIINX K CEMEHCTBY
Bromeliaceae, w3 xoTOphIX HanMOOIEE M3BECTCH aHAHAC
(Ananas comosus). Paznuyaror 1pa pasTMYHBIX THIA
aHaHacoBoro Opomenuna: credenbHbii (KD 3.4.22.32) n
¢bpyxroBsiii (KD 3.4.22.33) [6]. Kak u nanauH, OpomMernH
— IIMPOKO HCTIONb3yeMas B Teparii rporeasa [7]. [Toxa-
3aHO, 4TO OPOMENHH sIBIIsieTCs Oe30macHoi 1 S deKTHB-
HOU THIIIeBO# J100aBKoi [8]. B apyrux mccrenoBaHusx
OBLIO YCTAHOBJICHO, YTO TPAHCTEHHAsI SKCIIPECCUS TeHa
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opomernaa BAA1 rioioB aHaHaca 00eCrieurBacT MOBbI-
IICHHYO YCTOMYMBOCTh KUTANCKOM KaITyCThl K OaKTepu-
aJIbHOM MSITKOM THUH [9].

Bpomenun wucnonb3yeTcss Kak HapogHOE JieKap-
CTBEHHOE CPE/ICTBO BO MHOTHX KOPEHHBIX KYJIBTYpax Ha
OumnnuHax 1 ['aBaiisx. Pan uccnenoanuii mokasan
0J1aroTBOpHOE BIIMSHUE OpOMENMHA TIPH PA3JIUYHBIX CO-
CTOSIHHSIX, CBSI3aHHBIX CO 3[J0POBBEM, €r0 HCIIONIB30BAIH
JUISl YCTPaHEHHsI OTEKOB, BOCIIAJICHHM, CHHSIKOB M OOJIH,
CBSI3aHHBIX C TPaBMaMH M orepanusiMi. bpomennH He
TONBKO 3 QEKTHBEH, HO M IMEET MEHbLIIE TTOOOYHBIX (-
(heKTOB MO CPABHEHHIO C HECTEPOUTHBIMH MPOTHBOBOC-
nayurensHbIMU Tpenaparavu (HITBIT) [10-15].

WzBecTHO, 4TO (YHKIHMOHHpPOBaHHE (epMEeHTa
ONPEAEIISIETCS. €r0 MPOCTPAHCTBEHHON CTPYKTYpOM.
BrIsIBIIEHO, YTO «3alOJHEHHE» WMJIM «CO3AaHue» To-
JIOCTEH ¢ MOMOIIBIO CaUT-HAIIPABIEHHOIO MyTareHe-
32 MOYKET COOTBETCTBEHHO YBEJIMYMBATH UM YMEHbB-
arh TepMOCTaOMIBHOCTH Oernka [16-19].

Llenbro gaHHOM PabOTHI SIBISETCS W3yYEHUE CO-
CTaBa, JOKAIM3aUH M CTPYKTYPHl BHYTPEHHUX IIO-
JIOCTEH, TyHHEJICH, TIop B MOJIEKyJe OpOMEeIuHa U3
Ananas comosus Ipu €€ CBS3bIBAHUU C PA3THYHBIMH
JUTaHIAMH.

OBBEKTbHBI U METO/JbI
NCCIEJOBAHUSA
B kadecTtBe 00BHEKTOB HCCICJOBAHHS BHICTYIATN
MOJICTTH TIPOCTPAaHCTBEHHON CTPYKTYPBI CBOOOTHOTO

60KJ 6YCB

6YCD

In silico uccnedosanue cocmasa u cmpykmypol

(60KJ [20]) u cBsI3aHHOTO C Pa3TUYHBIMU JIUTaH]IA-
Mu OpomenuHa [21] (Tabm. 1).

Pacuer mapameTpoB M BU3yalIHM3allUI0 BHYTPEH-
HUX TIOJIOCTEM, TYHHENEW U TMOP OCYLIECTBISUIM B
nporpamme MOLE 2.5.17.4.24. Ilox «mojocTbio»
MOHUMAal CBOOOJHOE 3aMKHYTOE MPOCTPAHCTBO
BHYTPH II00YJ16I PepMEHTa, HE COOOIIAIOIIEECS C TT0-
BEPXHOCTBIO MOJIeKybl. [lof «mopoii» — cBoOoaHOE
MPOCTPAHCTBO BHYTPH TIOOYJIbI, COOOIIArOIIeecs ¢
ee TMOBEpXHOCTHIO TOJNBKO Yepe3 OJHO OTBEPCTHE,
T.€. yniyOlieHHe Ha TIOBEPXHOCTH WJIM B TOJILE MO-
nexyinsl. [lox «TyHHENEM» Moapa3yMeBaii CKBO3HOE
OTBEpCTHE B OEIKOBOU II00YJIE, T.e. CBOOOIHOE MPO-
CTPaHCTBO BHYTPH MOJIEKYJbI, coobliaromieecs ¢ ee
MOBEPXHOCTBIO Uepe3 ABa U 00jIee OTBEPCTHH.

PE3VJIBTATBI U UX OBCYXJIEHUE

Hamu 0OHapyskeHO 110 2 BHYTPEHHHE MTOJIOCTH B
Mozensix 6YCB, 6YCD u 6YCE u ogHa BHYTpeHHSA
nosnocth B coctaBe 6YCF (puc. 1). Ananuz moje-
saeit 6YCE u 6YCF mokassIBaeT Hajau4ue JUIST HUX
CXOJIHO¥ 110 JIOKaJIM3aluK, 00beMy U aMUHOKUCIIOT-
HOMY COCTaBY IOJOCTH, YTO MOXXET yKa3bIBaTh Ha
XapakTep BIMSHHUS 2-alleTaMuI0-2-1e30Kcu-oera-
D-rrokonupaHo3sl Ha KOH(DOPMAIMIO OpOMEIHHA.
Opnnako moznens 6YCE umeer B cBoeM cocTase J0-
MOJIHUTEIBHYIO MTOJIOCTh, B CBSI3U C UEM CyMMAapHbBIN
00beM JaHHBIX CTPYKTYp Bbile, ueM y 6 Y CF. Bepo-
SITHO, 9TO MOXXET OOBSCHSATHCS TEM, UTO TIPU CBSI3bI-

6YCE 6YCF

Puc. 1. BHyTpeHHHE IMOJIOCTH B COCTABE MOJICKYJIBI OpOMENTNHA, CBI3AHHON C Pa3IMYHBIMHU JIUTAHIaMHA

Tabmuna 1
Jlueanovl, cesizannvie ¢ MONEKYIOU NANAUHA
Homep
MOZCITH JIuranael
B 0aze
PDB
6YCB | L-BuHHas KUCIIOTA, CYNb(AT-HOH, TIIHLEPOIT
6YCD | N-[(1S)-5-amuHO-1-(x70paneTn)neHTu]-4-MeTIOeH30ICYab(GOHAMU (JTU3HH-TIONO0HBIH HHTHOUTOP ), CyNb(haT-uoH
6YCE 2-areTaMu10-2-1e30KkcH-0eTa-D-Iimrokonupanosa
6YCF 2-areraMu10-2-1e30kcu-0era-D-rrokonupanosa, N-[N-[1-TuapoKcHKapOOKCHITHIIKAPOOHWMIT| JICHIIMIaMUHO-0y THII |
TYaHUVH, [IATPAT
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BaHuU € N-[N-[ 1 -ruApOKCUKapOOKCUI THITKAPOOHIII |
NeHIUIaMUHO-OyTHII| TYaHUAMHOM W LUTPaTOM
(BMECTe MIM TO OTIENBHOCTH) MPOUCXOAMT 4Ya-
CTHYHAS KOMIIAKTU3alUsi OpOMENNHa, IOCKOJIbKY
JAaHHBIE JUTaHbl TPUCYTCTBYIOT B Mojenu 6YCF,
HO OTCyTcTBYIOT B cTpykType 6YCE. Ilocnemnss
XapakTepu3yeTcss MAaKCUMaJIbHBIM CyMMapHBIM 00b-
€MOM BHYTPEHHHUX MOJIOCTEH, YTO MOXKET YKa3hIBaTh
Ha HauOousblIee JCKOMIIAKTU3MPYIOUIee IEHCTBUE
2-aneraMu10-2-1e30KcH-0eTa-D-rirokonupaHo3sl
Ha MOJIeKylly OpoMennHa. MUHUMAIIBHBIN cymmap-
HBII 00beM JaHHBIX CTPYKTYp uMeeT Mojienb 6Y CB,
YTO, BEPOSITHO, MOXKET YKa3bIBaTh HA HAUMEHBIIYIO
CTENEHb JEKOMIIAKTU3allMi JH3WMa IPH CBS3bIBa-
HUU ¢ L-BUHHOW KHCIOTOH, Cyab(paT-uoOHOM U TIH-
LEPOoJIOM BMECTE WJIM IO OTIENbHOCTH, MO0 Ha
KOMITEHCAIMIO JIEKOMIAKTH3AUH OJHUM M3 JTUTaH-
noB. B cocraBe Monekynbl OpoMennHa, HE CBsI3aH-
HOW HHM C OJHHUM JIMTaHJIOM, BHYTPCHHHUE IOJOCTH
OTCYTCTBYIOT. AMHHOKHUCIIOTHBIH COCTaB U 00beM
BHYTPEHHHUX IOJIOCTEH B COCTaBe MOJIEKY] Opome-
JIMHA, CBS3aHHBIX C PAa3JIMYHBIMU JIMTaHJaAMH, [IPe]I-
CTaBJeH B TalI. 2.

60KJ 6YCB

6YCD

Hamu oOnapyxeHo mo 1 TyHHeNmO0 B cocTaBe
moneneit 6YCB, 6YCD u 6YCE. Crpykrypa u Jo-
Kajan3anusa JaHHBbIX TyHHCJICﬁ OTIIMYAcTCA BO BCEX
NepeurcieHHbIX Gopmax Opomenuna (puc. 2). O1o
MOKET YKa3bIBaTh Ha pas3inyusi B XapakTepe KoHpop-
MAaIMOHHBIX MEPECTPOEK MOJEKYJbl OpOMENHHA MPH
CBA3bIBAHUM C IIPECACTABJICHHBIMU B pa60Te JJUuranaa-
MU. AMHHOKHUCIIOTHBI COCTaB TYHHEJEH B COCTaBe
MOJIEKYJT OpPOMEJIMHA, CBSA3aHHBIX C PA3JIMYHBIMU JIH-
rasjamH, npejactasieH B Tabn. 3. B cocraBe moze-
mu 6YCF u (depmeHTa, He CBA3aHHOTO HHU C OJHUM
JIUTaHJIOM, TYHHEIIM HE OOHapyKeHbl. Takke HamMu
HE 6I>IJ'IO BBISABJICHO HAJIM4YUC I1OP HU B OI[HOI>'I u3 uc-
clieyeMbIX (popM OpoMesTuHa.

3AKJTIOYEHUE

IlucrenHoOBBIE MpPOTEAa3bl UIPAKOT BAKHYIO POJb
B (usnonornu u 3amute pacteHuid. [Ipum sTom mx
(GYHKIMOHMPOBAHHE ONPEAENISIeTCS] MPOCTPAHCTBEH-
HOH CTpyKTypoul. M3yueHue mpoueccoB U3MEHEHUsS
KoH(popMaru (epMeHTa TPU €ro CBS3BIBAHUU C
pa3IMYHBIMU JIMTaHAAMH TI03BOJISIET DIyOXke TOo-
HATH MYTH €ro ()YHKIHOHUPOBAHUS B COCTaBE TaKO-

6YCE 6YCF

Puc. 2. TynHenu B cocTaBe MOJICKYJIbI OpOMEIIiHA, CBA3aHHOM ¢ Pa3INYHBIMU JIUTaHIaMH

Tabnuua 2
AMmuHOKUCTOMHUDIL COCMAB U 00beM 8HYMPEHHUX NOLOCMell 8 COCMABe MOLeK) bl OpoMenuHd,
CBA3AHHOU C PA3TUYHBIMU TUAHOAMU
. Yucno O0nbewm,
Monenb AMUHOKHUCIIOTHBIN COCTaB
AMUHOKHCIIOT Al
1. Vall3, Thr14, Ala32, Thr33, Glu35, Ser36, Leu45, Pro128, Vall60, Ile162, Argl77 11 142.2
6YCB | 2. Trp26, Ala57, Val58, Ser59, Gly65, Trp66, Lys69, Ala70 8 44.6
CyMMapHbIe 3HaUCHHS KOJIMYECTBA aMHHOKHCIIOT ¥ 00beMa MoJI0CTer 19 186.8
1. Vall6, Lys17, Cys25, Phe28, Ala29, Ile31, Ala32, Glu35, Glu50, His157, Alal58, 16 2885
6YCD Ile159, Val160, Argl 77, Asn178, Ser179
2. Vall3, Thrl4, Ala32, Thr33, Glu35, Ser36, Leu4$5, Pro128, Vall60, Ile162, Argl77 11 136
CyMMapHbIe 3HaUYCHHS KOJIMYECTBA aMHHOKHCIIOT ¥ 00beMa MoJI0CTer 27 424.5
1. Alal3, Vall4, Thrl5, Vall7, Lys18, Sch26, Phe29, Ala30, Ile32, Ala33, Glu36, Ser37, ” 447 3
Leu46, Glu51, Pro129, Alal59, Val160, Thr161, Ile163, Lys178, Asn179, Ser180 )
6YCE | 2. Vall32, Vall34, Phel40, Vall60, Vall77, Asnl79, Trpl185, Gly189, Ile191, Met193,
11 1443
11e206
CymMMapHbIe 3Ha9€HHs KOIMYECTBAa aMHHOKHUCIIOT ¥ 00beMa MOoJIoCTel 33 591.6
6YCF Alal3, Vall4, Thrl5, Vall7, Lys18, Cys26, Phe29, Ala30, Ala33, Glu36, Ser37, Leu46, 21 446.4
Glu51, Prol129, Alal59, Val160, Thr161, Ile163, Lys178, Asn179, Ser180
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In silico uccnedosanue cocmasa u cmpykmypol

Tabnuma 3

Amuroxuciommuwlii cocmas myHHerezZ 6 cocmaee MoJieK)iibl 6p0MeruHa, CBA3AHHOU C pasiudHvimu AUSAHOAMU

Monenb AMUHOKHUCIIOTBIN COCTaB Yucmo aMMHOKHUCIIOT
6YCB Glull7, Glull7, Argl18, Met121, Arg194, Asp195 6

6YCD Gly65, Trp66, 11e67, 1le67, Ala132, Leul55, Leul55, Asp208 8

6YCE Glu68, Glu68, Phe69, Phe69, Argl12, Asp209, Leu211 7

ro komruiekca. [IpeacraBnennsie B paboTe HMaHHBIC
0 COCTaBE€, CTPYKTypE U JIOKAIU3aLUMU BHYTPECHHUX
[OJIOCTEH B MOJICKYJIE OpOMEJIMHA BayKHbBI JUISI IOHH-
MaHHUsI MEXaHH3Ma }Z[CﬁCTBHSI pa3HI/I'-IHI)IX JIUTaH10B
Ha MPOCTPAHCTBEHHYIO CTPYKTypy 3H3uMa. Kpome
TOTO, OHU MOT'YT OBITh MCIIOJIb30BaHbBI JIJISi HCCIICIO-
BaHUS KAaTAJIUTHUYCCKHUX CBOﬁCTB (I)CpMCHTa, TaKHUX
KakK TCpMOCTa6I/IJII)HOCTI), HpI/I cero B3EWIMOILCI71CTBI/IH
C COCIMHEHUSMHU PAa3IUIHON MPUPOILI KaK B COCTa-
BE OpraHM3Ma PacTEHUs, TaK U MPH pa3paboTKe Mpo-
MBIIIJICHHBIX KaTaHI/I3aT0pOB.

Paboma svinonnena npu (huHancosol noddepoicke 6 opme cpanma
Ipeszudenma Poccuiickoii Dedepayuu st 20CYOapCmMEeHHOU nOA0eplc-
KU MOJLOOBIX POCCULICKUX YUeHbIX — 00Kmopos Hayk M/]-1982.2020.4. Co-
enawenue 075-15-2020-325.
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IN SILICO STUDY OF THE COMPOSITION AND STRUCTURE
OF INTERNAL CAVITIES, TUNNELS AND PORES OF THE
BROMELAIN MOLECULE AT BINDING WITH DIFFERENT
LIGANDS

F. A. Sakibaev', M. G. Holyavka'?, V. G. Artyukhov'

"Voronezh State University
“Sevastopol State University

Abstract. Cysteine proteases are involved in many aspects of plant physiology, including aging, flower
development, response to various types of environmental stress, and control of programmed cell death. On
the other hand, the pharmacological action of plant cysteine proteases has long been recognized.

Bromelain is the collective name for related proteolytic enzymes found in the tissues of species
belonging to the Bromeliaceae family, of which the pineapple (Ananas comosus) is best known. There
are two different types of pineapple bromelain: stem bromelain (EC 3.4.22.32) and fruit bromelain (EC
3.4.22.33). Like papain, bromelain is the widely used protease in therapy.

It is known that the functioning of enzymes is determined by their spatial structure. Changes in
the composition and structure of internal cavities, tunnels and pores can affect the thermal stability of
biocatalysts.

The work investigated the composition, localization and structure of internal cavities, tunnels,
pores in the bromelain molecule when it binds to various ligands: L-tartaric acid, sulfate ion, glycerol,
N-[(1S)-5-amino-1-(chloroacetyl)pentyl]-4-methylbenzenesulfonamide (lysine-like inhibitor),
2-acetamido-2-deoxy-beta-D-glucopyranose,  N-[N-[1-hydroxycarboxyethylcarbonyl]leucylamino-
butyl] guanidine, citrate.

We found 2 internal cavities in models 6YCB, 6YCD and 6YCE and one internal cavity in 6YCF
structure. The largest total volume of internal cavities was found for 6YCE, and the smallest for 6YCB. In
the composition of the bromelain molecule not bound to ligands, no internal cavities were found.

The presence of 1 tunnel was revealed in the models 6YCB, 6YCD and 6YCE. The structure and
localization of these tunnels differs in all of the listed forms of bromelain. No tunnels were found in the
6YCF model and the enzyme not bound to any ligand. Also, we did not reveal the presence of pores in any
of the studied forms of bromelain.

Keywords: bromelain, internal cavities, tunnels, pores, in silico analysis.
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