HAHOTEXHONOrMmn

MonyyeHo: 2.03.2022 1. | MpuHATO: 13.03.2022 1. | DOI: https://doi.org/10.22184/1993-8578.2022.15.2.96.104
HayuyHas cTaThs

METOJ, OLLEHKW XUPAJIbHOCTHU BEJIKOB
U OEHUIAJIAHUHOBbIX HAHOTPYBOK KAK
IOOEKTUBHbIN UHCTPYMEHT HAHOBMOWH)XEHEPUU

A.3.Cupoposal, k.T.H., goi., ORCID: 0000-0002-9386-0178

B.C.BbICTpPOB?, 1.0.-M.H., II. Hay4.coTp., ORCID: 0000-0003-1487-9469

A.O.JlyueHKo!, MarucTpant, ORCID: 0000-0003-3274-0647

A.K.ImuryH!, marucrpant, ORCID: 0000-0001-9130-2415

E.B.BenoBal, K.¢.-M.H., CT. Hay4. coTp. ORCID: 0000-0002-7701-8765 / sky314bone@mail.ru

AHHoTanus. PaboTa MoCBsIleHa PACCMOTPEHMI0 3aKOHOMEPHOCTeH IIPOCTPAHCTBEHHOT0 CTPYKTypoobpaso-
BaHU4 B 6e/IKax U UX IPUMEHeHHUIO0 B HAaHOOHOMHKeHepHU. [IpeicTaBIeHbl METO/ bl OLleHKH XU PalbHOCTH
Pery/sipHBIX U HeperyaspHBIX CTPYKTYp 6esika, a TAK>Ke CIIMPAJIbHBIX HAHOTPYOOK Ha 0CHOBe GeHUIaTaHHHA.
PacCYMUTAaHBI BeTUUYMHA U 3HAK XU PAJIIBHOCTH O-, 3y~ ¥ T-CIIUpaJIeH, - U G-II0BOPOTOB, ()-TIeTesIb, a TAKKe IIpa-
BBIX U JIeBbIX GpeHM/IaTaHUHOBEIX HAHOTPY6OK. [To/1yueHHbIe Pe3yIbTaThl MOTYT OBITh UCII0/Ib30BAHBI B YIIPaB-
NeHHUH cO60PKOI TPUPOIHBIX U UCKYCCTBEHHBIX O€JIKOB.

KiroueBble c/10Ba: HAHOOHOMHKeHepH i, XU PaIbHOCTb, GeHH/Ia/IaHUHOBble HAHOTPYOKH, pery1sipHble U Hepe-
Ty/IsipHBIE CTPYKTYPHI 6e/1ka, IPHUPOAHbIE U HCKYCCTBEeHHbIe 6e/IKU

Jnst nutupoBaHus: A.3.Cugoposa, B.C.boicTpos, A.O.JIlyuenko, [.K.IIlnuryH, E.B.benoa. MeTo, oLleHKH
XHUPAJIPHOCTH 6eJIKOB M GeHMIaIaHNMHOBBIX HAHOTPYOHOK KaK 3pPeKTUBHBIN HHCTPYMEHT HAaHOOHOKWH KeHe-
pun. HAHOUHYCTPUS. 2022, T. 15, Ne 2. C. 96-104. https://doi.org/10.22184/1993-8578.2022.15.2.96.104

Received: 3.03.2022 | Accepted: 13.03.2022 | DOI: https://doi.org/10.22184/1993-8578.2022.15.2.96.104

Original paper

METHOD FOR ASSESSMENT OF THE CHIRALITY OF PROTEINS
AND PHENYLALANINE NANOTUBES AS AN EFFECTIVE TOOL
OF NANOBIOENGINEERING

A.E.Sidorova!, Cand. of Sci. (Tech), Docent, ORCID: 0000-0002-9386-0178

V.S.Bystrov?, Doct. of Sci. (Physics and Mathematics), Leading Scientist, ORCID: 0000-0003-1487-9469
A.O.Lutsenko!, Master’s Degree Student, ORCID: 0000-0003-3274-0647

D.K.Shpigun!, Master’s Degree Student, ORCID: 0000-0001-9130-2415

E.V.Beloval, Cand. of Sci. (Physics and Mathematics), Senior Researcher, ORCID: 0000-0002-7701-8765 /
sky314bone@mail.ru
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protein structure, as well as helical nanotubes based on phenylalanine are presented. The magnitude and the
chirality sign of a-, 3,,-, and r-helices, - and a-turns, Q-loops, and right-handed and left-handed phenylalanine
nanotubes have been calculated. The obtained results can be used to control the assembly of natural and artifi-

cial proteins.
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BBEAEHUE

CpaBHUTE/IPHO HeIaBHO BhISB/IeHA 3aKOHOMEPHOCTh
CMeHBI 3HaKa XHUPaJbHOCTH B CTPYKTYPHO-QYHK~
LIMOHAJIBHON HepapXuu 6eIKOBBIX CTPYKTYP JIeBble
(L)-mipaBsie (D)-neBele (L)-mmpaBssle (D) [1, 2]. [Jns mmoa-
TBePKIEHHS STON TeOpHUH pa3paboTaHbl BeKTOPHEIE
MeTOIbl, II03BOJIAIOIIHE OIpeelsiTh XUPaTbHOCTD
PeryisipHbIX U HeperyaspHBIX 6€IKOBBIX CTPYKTYP
Pa3HBIX YPOBHEN HepapxuU [3-7], KOTOpkle B IIpoliecce
CaMOOpraHu3aluy GOPMUPYIOTCS U3 UCXOLHO JIeBBIX
LIeII0YEeK AaMUHOKHUCIOTHBIX OCTaTKOB.

ITpu yknazKe MOMUIIENTHAHOM LU B TPeXMep-
HYI0 KOHCTPYKIIMIO IIPOUCXOOUT GOpMHUPOBaHUE,
CIMpasel, Cyllepclupasell, IOBOPOTOB U IleTelb
(puc.l).

B KauecTBe peryJasapHbIX BTOPUYHBIX CTPYKTYP pac-
CMOTPEeHBI O, 3, 1 T-CIIUPaJIH, a B Ka4eCcTBe Hepery-
JSPHBIX — - ¥ A-TI0OBOPOTHI, Q-TIeTIH. ECiu perysp-
Hble CTPYKTYpbl GOPMUPYIOT KapKac beska B xofe
donauHTra, TO HeperyaspHble CTPYKTY PbI BHIIIOJIHSIOT
PO/b CBA3YIOIIErO 3BeHa MeXKIY PeryasipHEIMH BTO-
PHUYHBIMU CTPYKTYPaMH U COCTaBIAIOT 30-50% BTO-
PUYHOM CTPYKTYPHL I106YISpHBIX O€/IKOB K 4acTo
IIPUCYTCTBYIOT B aKTUBHBIX IIeHTpax benka, criocob-
CTByS criellMGUUECKOMY B3aUMOJEHUCTBUIO MeXAY
MmosiekysaMHU. Co3maHMe aBTOPCKOIO MeTOAa OLleHKH
3HaKa U BeJIMYUHBL XHPAJIBHOCTH Pa3IUYHEIX be-
KOBBIX CTPYKTYP IIO3BO/IMJIO PACIIMPHUTh HAIIHU 3HA-
HH S OTHOCUTEJIBHO UX CTPYKTYPHI U, CJIe[I0BATe/IBHO,
GYHKLME, YTO MOXeT OBITh HEIIOCPeACTBEHHO
KMCII0/Ib30BAHO B 6@/IKOBOM IM3aKHe.

MeTop Ha 0OCHOBe BeKTOPOB JHUIIOJIBHBIX MOMEH-
TOB I103BOJISIeT PaCCUYMTHIBATh XU PAIbHOCTh PeHUIa-
JTAHUHOBBIX CIIMPAJIBHBIX HAHOTPY6OK [6] - Briomorte-
KYJISIPHBIX HAHOCTPYKTYP, KOTOPBIe SBISIOTCS IIPU-
BJIeKaTeJIbHBIMH 00beKTaMH B PA3JIMYHBIX 061aCTSIX
6roMeIUIIUHBI K 6MOTeXHOIOTUH. MCKYCCTBEHHBIe
MeNTH/IBI, [10J06HO IPUPOJHBIM, CIIOCOOHBI K CAMO-
cbopKe B 3aBUCHMOCTH OT BBIIIOJTHEHHU S OIIpe/ie/ieH-
HON QyHKUHUU (HallpuMep, Ipoaudeparuu KIeToK
pereHepanMy aKCOHOB, KYJIBTUBHPOBAHUIO CTBO-
JIOBBIX KJIETOK, CBA3bIBaHHIO JHK u T.1.). O0HUM

INTRODUCTION

The regularity of chirality sign reversal in the
structural-functional hierarchy of protein struc-
tures left (L)-right (D)-left (L)-right (D) has been
revealed relatively recently [1, 2]. To confirm this
theory, vectorial methods have been developed to
determine chirality of regular and irregular pro-
tein structures of different hierarchical levels
[3-7], which are formed from initially left-handed
chains of amino acid residues in the self-organiza-
tion process.

When a polypeptide chain is stacked into a
three-dimensional structure, it forms spirals,
superspirals, twists, and loops (Fig.1).

The a-, 3,,- and n-helices are considered as reg-
ular secondary structures, while B- and a-turns,
and Q-loops are considered as irregular ones.
While regular structures form the protein frame-
work during folding, irregular structures act as a
link between regular secondary structures, con-
stitute 30-50% of the secondary structure of globu-
lar proteins and are often present in active centres

cnmpans 3,
3, -helix

Q-netns

B-nosopoT
B-turn

a-cnupans
a-helix

Puc.1. dnemeHmbl 8mopuyHoli cmpykmypbl 6eaka 2LZM [8]
Fig.1. Elements of the secondary structure of prortein 2LZm [8]
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13 IIPUMePOB CaMoCOOPKHU CIIOKHBIX OKOMOIEKYIISP-
HBIX CTPYKTYP SIB/ISIeTCS OPMHUPOBAHMe CIIMPAJIbHEIX
CTPYKTyp AHdeHH/IaJIaHUHA Ha OCHOBE JUIIeIITH-
I0B GeHHTaTaHUHOBON aMUHOKHUCIOTH (F vtu Phe)
[9-13]. Bbl710 YCTaHOBIEHO, YTO JUIIeNITUA I FF o6pa—
3yI0T UMEeHHO CIIMpajibHble HAHOTPY6KuU (PNT), mpu-
4YeM Pa3HOM XHUPaJbHOCTH [14-16]. B To ke BpeMs
O0Ka3ajioCh, 4YTO M CaMH MOJIeKYJbl QeHHJIAIa~
HHHA TakXe MOT'yT 06pa30BeIBaTh HAHOPUOPUIIEL
W HaHOTPYOKw (17, 18]. funentun sudpeHuNIaTaHUH
U NenTHAHBle HAHOTPYOKHU (PNT) Ha ero ocHOBe
(FF PNT) IpencTaBIdgIoOT 3HAYUTE/NbHBIHN HHTepec
BBUJY CTPYKTYPHBEIX U $HU3HYECKUX CBOMCTB, BaK-
HBIX B Pa3/JIMYHBIX 0671acTsx 6MonHKeHepuu. OHU
SBJISIFOTCSI OOCOBMECTUMBIMU U J@e MOHCTPUPYIOT
OT/IMYHYIO MeXaHHUUYeCKYI U XHUMHUUYECKYI CTa-
OMJIBHOCTB, HMEIOT I1be3031eKTPHUUeCKHe U OIITHYe-
CKHe CBOMCTBA. TH CBOMCTBA CAe/la/Iu UX epCcIeK-
THBHBIMHU KaHAUAATAMHU [IJISI CO3MAHK S Pa3/IMUHBIX
JAaTYHUKOB U YCTPOMCTB HAHOMHAYCTPUH. TaKkKe
eCTh JaHHbIe 0 BO3MOXHOM IIPUMeHeHHUH HaHO-
TpyboK Ha 0CHOBe AHUdeHHIATAHUHA IIPH afpec-
HOM JIOCTaBKe JIeKapCTBeHHBIX IIpernaparos [19, 20].
MBI nIpencTaBisgeM 34eCh MOLeNIbHbIe CTPYKTY Pl
deHMIATAaHUHOBBIX HAHOTPYOOK pa3sHON XHUPAIb-
HOCTH [21] ¥ MeTO/ bl OLleHKH UX XUPAJIbHOCTH, YTO
TaK>Ke MOXKeT MMeTh IIepCIeKTHUBEl IPHUMeHeHHU
B MeIUIIMHE U HAHOMHAYCTPHH.

METOAbI NCCNIEAOBAHUSA
benkoBbIe CTPYKTYPhl XapaKTePU3YIOTCSI YEeTKO
ompejeieHHbIM PacIlojoKeHeM aTOMOB yIiepoja.
Jnsa oueHKH 3HAKa XMPAJbHOCTHU PEryJspHBIX
Y HepeTy/ISPHBIX BTOPUYHBIX 6€IKOBBIX CTPYKTYP
JOCTaTOYHBIM YC/JIOBHEM SBJISeTCS B3aMMHOe pac-
II0JIOKeHHe A-YTIJIePOJOB ~ OIIOPHBIX TOUEK B CIIKpa-
n5X, MOBOPOTax U MeTisx (puc.2) [3-5, 7]. 3To mo3Bo-
JeT CTPOUTH I10C/IeJoBaTe/IbHbIe BeKTOPhI, COeIH-
HSIOIIMe OIIOPHbIe TOUKHU B CIIHMPasix 6e1KoB, U I0
MEeTOJYy CMeIIaHHOTO BeKTOPHOI'O IIPOU3BeIeHU s
PacCYMTHIBATH BEJIMYMHY M 3HAK XM PATbHOCTH CIIH-
PaJIbHBIX U HePerylasapHbBIX CTPYKTYP [7].
XHUPanbHOCTh CyHePCHOHUPaNU —~ CTPYKTYPHL CJie-
OYIOIIEero YPOBHS MePapPXHUU ~ 3aBHUCHUT OT HallpaB-
TMeHUS 3aKPYTKHU KaXK[IOH OTAEeNbHOU Q-CIHpaIH
OTHOCHUTEJIBHO OCH BCel CyIepCIHpaaH, TO eCcTh
yIaa MeX/Jy OCbI0 CylepCIHpaau U oCcIMHU obpa-
3yIIMX CIOHpajer. BennduHa yria ompeje-
JISeTCS C IOMOINBIO CKaJSPHOTO NPOU3BeIeHU,
KOTOpoOe /i TYIbIX YIJIOB OTPULIATENIbHO, A A1
OCTPBIX ~ IOJOKHTeNbHO. OLleHKa 3HaKa XUPalb-
HOCTH CyIIepCHHPAIA PACCUYUTHIBACTCS C IIOMOIIBIO
yCpegHeHUS 3HaYeHM I KOCUHYCA COOTBETCTBYIOIIEr0
yIJa sl BCeX CIIMPpaseH, 06pasymomuX CynepCnu-
pans (puc.3) [5].

HAHO MHAVCTPUA Tom 15 Ne 22022

Puc.2. Mpauyeckoe nocmpoeHue 8ekmopos vi 0As paciema
CMeleHH020 8eKMOPHO20 NPOU38edeHUs CnUPAAbHbIX CMpPYK-
myp 6eakos. Ci — amombl a-y2/epodos — 0NOPHbIX Mouek 8 cnu-
pansx: a - a-cnupanb (6eaok 1L63 [22]); b - B-nosopom (6e-
10K 1A4G [23]); ¢ - Q-nemas (6enok 1ACT [24])

Fig.2. Graphical construction of vectors vi to calculate the
mixed vector product of protein helical structures. Ci are atoms
of a-carbons - anchor points in helices: a — a-helix (protein
1L63 [22]0); b - 8-turn (protein 1A4G [23]); c - Q-loop (protein
1ACT [24])

of protein, contributing to specific interactions
between molecules. Development of the author’s
method for assessing the sign and magnitude
of the different protein structures chirality has
improved our knowledge of their structure and,
therefore, functions, which can be directly applied
in protein design.

The method based on dipole moment vectors
enables to calculate chirality of phenylalanine heli-
cal nanotubes [6], which are biomolecular nano-
structures that are attractive targets in various
fields of biomedicine and biotechnology. Artificial
peptides, like natural peptides, are capable of self-
assembly depending on a particular function (e.g.
cell proliferation axon regeneration, stem cell cul-
ture, DNA binding, etc.). Formation of helical
structures of diphenylalanine based on phenylal-
anine amino acid dipeptides (F or Phe) [9-13] pres-
ent an example of self-assembly of complex biomo-
lecular structures. It was found that the FF dipep-
tides form exactly spiral nanotubes (PNT) with dif-
ferent chirality [14-16]. At the same time, it turned
out that phenylalanine molecules themselves
can also form nanofibrils and nanotubes [17, 18].
Diphenylalanine dipeptide and peptide nanotubes
(PNT) based on it (FF PNT) are of considerable inter-
est due to their structural and physical properties
important in various fields of bioengineering. They
are biocompatible and present excellent mechanical
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[IpMeHHUTeIbHO K OMOMHKeHepHH, Ha OCHOBE OITH-
CAaHHOM BbIIIle MEeTOAUKH OLIeHKH XHUPAJIbHOCTH 6e/IKo-
BBIX CTPYKTYP [4, 5, 7] 6b11 ITpe/iIoskeH 1 aHAIOTMUHBIE
MeTo[, OIlpe/le/leHUsI XUPaJbHOCTH deHMIaTaHUHO-
BBIX U IUPeHH/IaTaHUHOBBIX CIIMPA/IbHBIX CTPYKTYDP,
OCHOBaHHBIH Ha YeTKOH ITPOCTPaHCTBEHHOK I10C/IeI0-
BaTe/IBHOCTH B 3TUX CIIHPAJISIX BEKTOPOB JUIIOTbHBIX
MOMEHTOB OT/IeJIbHBIX MOJIEKYJI eI TU/IOB [6, 7] (puc.4).

PE3Y/IbTATDI

ABTOpaMHU IIPOBe/ieH aHa/IM3 XU PaJIbHOCTH 26150 criu-
Pa/IbBHBIX CTPYKTYP -, 31y~ U T-CIIKpaekl. Bce ucce-
JIOBaHHBIE -, 3,,~CIIMPaJIK, COIJIACHO HAIlIeMY METOY,
SIBJISIOTCS B [1OJIaB/IsIOIIeM OOJIBIIMHCTBE IIPaBo3a-
Kpy4eHHBIMH [7], UTO IOJTHOCTBIO COIJIACyeTCsl C KOH-
Leml el XUPaJbHON Hepapxuu 6elKOBBIX CTPYK-
Typ (1, 2]. JleBrle a-cIiMpanu COCTaBAsAIOT 0,06%
OT 06111ero KoJIM4ecTBa A-CIIKPaJlek, a JeBble 3,-CIIH-
panu - 4,6% oT obmiero KoJH4uecTBa CIIUPaen 3y,.
Bce m-crmpanu (CTPyKTYpEL U3 [26]) - mpaBble. TakKe
paccMoTpeHo 78 a-1OoBOPOTOB, 850 PB-r1OBOPOTOB
1 190 O-rietens. [lonyyeHHbIE PE3YAbTATHI ITI0KA3a/IH,
YTO /JIS1 BCeX paCCMOTPeHHBIX CIIMpaJell U II0BOPO-
TOB Mepa XHPaJAbHOCTH JIMHEKMHO 3aBUCHUT OT YHC/Ia
aTOMOB B CIIMPaJIM. YUYHUTHIBAS CIOKHYIO IIPOCTPaH-
CTBEHHYIO OPHEHTAIHIO IeTesb (pHC.2C), 3HaUeHHe
KX XHUPAJIbHOCTH, B 3aBUCMMOCTH OT KOJIMYeCTBa
[10C/IeJOBAaTeAbHbBIX PACUYETHBIX OCTATKOB, MOXKET
HM3MEHSIThCS KaK I10 3HaKy, TaK U KOJTU4YeCTBEHHO [7]
(tabin.l).

Tabauya 1. dmansl pacyema 3HavyeHus xupaabHocmu Q-nemau
2ACT (ocmamiu 8-13), 6enok 1BKV

Table1. Steps for chirality value calculation of the 2ACT (residues
8-13) Q-loop, protein 1BKV

Konuye- Konu- Konunue- o6uwas
CTBO OCTaT- 4ecTBO CTBO CMe- XUPpaNbHOCTb
KOB BEKTOpPOB WaHHbIX Ha L aHHOM
Quantity Quantity npousse- ware
of residues of vectors BeHuin Common
Number of chirality on
mixed prod- the step
ucts
1 - - 0
2 1 = 0
3 2 = 0
4 3 1 0,0554
5 4 2 0,0077
6 5 3 0,0508

Puc.3. Cxema 0CHOBHbIX 3Manogé memodd onpedeneHus 3Ha-
Ka xupaabHocmu cynepcnupaau coiled coil Ha npumepe 6ea-
ka 1BB1 [25]: a - 6eakosas cynepcnupaab; b — ocu cnupanel;
€ - 0Cb cynepcnupanu

Fig.3. Schematic diagram of the basic steps of the method for
determining the chirality sign of a coiled coil super helix exempli-
fied by the 1BB1 protein [25]: a - protein super helix; b - helix axes;
c - super helix axis

and chemical stability and piezoelectric and optical
properties. These properties have made them prom-
ising candidates for various sensors and devices
in nanoindustry. There is also evidence of possi-
ble applications of diphenylalanine-based nano-
tubes in targeted drug delivery [19, 20]. We present
here model structures of phenylalanine nanotubes
of different chirality [21] and methods to evaluate
their chirality, which could also have promising
applications in medicine and nanoindustry.

RESEARCH METHODS

Protein structures are characterised by a well-
defined arrangement of carbon atoms. To assess
chirality sign of regular and irregular second-
ary protein structures, the mutual arrangement
of a-carbons - anchor points in spirals, turns and
loops (Fig.2) is a sufficient condition [3-5, 7]. This
allows to construct consecutive vectors that con-
nect anchor points in protein helices and calculate
the magnitude and chirality sign of helical and
irregular structures by the mixed vector product
method [7].

Chirality of a superhelix - the structures at the
next level of the hierarchy - depend on the direc-
tion of twisting of each individual a-helix with
respect to the axis of the whole superhelix, that
is, the angle between the axis of the superhelix
and the axes of the forming spirals. The value of
this angle is determined by the scalar product,

VoL.15No. 22022 NANO INDUSTRY
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Puc.4. ®eHunanaHuHosble cnupabHble CMpYKMypbl — HAHO-
mpy6ku (PNT), cobpaHHble Memodom MoAeKyAspHOL duHa-
muku (M) [21]: a - npasas xupanbHas HaHompy6ka D-PNT
Ha ocHose M/[-c6opku U3 48 monekyn ¢eHuaanaHuHa L-F48
8 UCX0OHOU Aesoll xupanbHocmu L-F; b - neeas xupanbHas Ha-
Hompy6ka L-PNT Ha ocHose M/-cb6opku 48 monekyn peHua-
AaHUHa D-F48 8 ucxodHol npasol xupaabHocmu D-F; ¢ — eek-
mMopbl 0MOeAbHbIX OUNOAbHbIX MOMEHMO08 MoAeKyA peHuAana-
HUHa F 8 00HOM 8UmMKe cnupanu HaHompybku D-PNT Ha ocHoge
peHunanaHuHa nesoll xupanbHocmu L-F; d — eekmopbl omoenb-
HbIX OUNOAbHbIX MOMEHMO08 MoAeKyA HeHUNaAaHUHA F 8 00HOM
gumke cnupaau HaHompy6ku L-PNT H ocHoge D-F

Fig.4. Phenylalanine helical structures — nanotubes (PNT) assem-
bled by molecular dynamics (MD) [21]: a - right chiral D-PNT
nanotube based on MD assembly of 48 phenylalanine L-F48 mol-
ecules in original left chirality L-F; b - left chiral L-PNT nano-
tube based on MD assembly of 48 phenylalanine D-F48 mole-
cules in original right chirality D-F; c - vectors of individual dipole
moments of phenylalanine F molecules in one helix of D-PNT
nanotube based on phenylalanine of left chirality L-F; d - vectors
of individual dipole moments of phenylalanine F molecules in one
helix of L-PNT nanotube based on D-F

AHanus 116 cynepciupanell Iokasasl, 4To TaKHe
CTPYKTYpHl, CDOPMHUPOBAHHbIE U3 IIPaBbIX CIIHpa-
JTIeH, SIBJISIOTCS JIEBBIMU, A U3 JIeBBIX CIIMpajleH - IIpa-
BBIMH [5], UTO [TOJIHOCTBIO COTIACYeTCsl C IUTepaTyp-
HBIMU IAaHHBIMHU U KOHIIeMI ek XU palbHOM Hepap-
Xxuu 6eKOBBIX CTPYKTYP [1, 2].

XUPaJbHOCTh BUTKOB B CIHPpaJsiX MPaBhIX
(D-PNT) u neBbix (L-PNT) HaHOTPY6OK (pHC.5) pac-
CYMTBIBANIACh 10 JHUIIOJIBHBIM MOMEHTAM OTHeNb"
HBIX MoJeKky1 peHunananuna (F) (puc.4c, d) neBoit

HAHO MHAVCTPUA Tom 15 Ne 2 2022

1 BUTOK Ha ocHoBe D-F
1 turn based on D-F

1 BUTOK Ha ocHoBe L-F
1 turn based on L-F

Puc.5. BbideaeHHbie u3 cnupanbHbix PNT omodeabHble 8UMKU
no 12 monexyA F pasHol xupaabHocmu L-F u D-F, co3darouiue cym-
MApPHBbILi OUNOAbHBIL MOMEHM 8UMKA pa3HOU HAnpasAeHHocmu
Fig.5. Separated individual turns of 12 F molecules of different
chirality L-F and D-F, creating a total dipole moment of different
orientation

which is negative for obtuse angles and positive
for acute ones. Chirality sign of superhelix is cal-
culated by averaging the cosine value of the corre-
sponding angle for all spirals forming the super-
helix (Fig.3) [5].

As the bioengineering is concerned, based on
the above described technique of protein structure
chirality estimation [4, 5, 7], a similar method
of phenylalanine and diphenylalanine chiral-
ity determination was proposed based on distinct
spatial sequence in these helices of dipole moment
vectors of the individual peptide molecules [6, 7]
(Fig.4).

RESULTS

We have analyzed 26,150 chirality structures of
a-, 3;o- and mn-helices. All studied a-, 3,,-helices,
according to our method, are overwhelmingly
right-handed [7] which fully agrees with a con-
cept of chiral hierarchy of protein structures [1, 2].
The left-hand a-helices represent 0.06% of the total
number of a-helices and the left-hand 3,,-helices
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(L-F) m mpaBo# (D-F) XUpanbHOCTH [7] IIONTySMIINpH-
YeCKHMM KBAaHTOBO-XMMHUUYECKUM MeTOomoM RM1 [27,
28]. U3 ucxonHo neBbIx (L-F) MOHOMepoB peHHIA-
JTAHWHA IOJy4YeHBl MOJeNH HAaHOTPYOOK IIpaBou
(D-PNT) XHUpaIbHOCTH, & U3 UCXOAHO IIpaBhIxX (D-F)
MOHOMEPOB — Mofe/IH HaHOTpybok neBoit (L-PNT)
XHUPaNIbHOCTH (Tab1.2), 94TO TaK>Ke ITIOJTHOCTHIO COOT-
BETCTBYeT KOHIIEIIIIMH CMEeHBI TUIIA XUPATBHOCTH
IIPpU HepapxHU4uecKOM YCIOKHEHHUH IeNTHUIHBIX
cTpyKTYyp [1, 2].

OBCYXAEHUE

AHanIHu3 PacCMOTpPeHHBIX CIIMpaleHr U MOBOPO-
TOB I10Ka3aJl THHEHNHYI0 3aBUCHMOCTb BeTUYHHBI
XHUPAJIBHOCTH OT YHC/IA aTOMOB B 3THUX CTPYKTY-
pax. IIpocTpaHCTBeHHAsI OPHEeHTALUs IeTesb
BIIMsIeT Ha KOJIMYeCTBeHHble 3HAaUeHHU I XU PaJIbHO-
CTH 3THX CTPYKTYP: B 3aBUCHUMOCTH OT KOJTHYeCTBa
II0C/IefOBATeIBHBIX OCTATKOB, B3SITHIX AJISI pac-
YeTa, XUPATBHOCTh MOKET HU3MeHSThCSI B 60JIb-
Yy 1160 MEeHBIIYI0 CTOPOHY. AHAIHU3 XUPAIbHO-
cTH cymnepcrnupaen coiled coil mokasan, 4To Takue
CTPYKTYPHI SIBJISIIOTCS. B a6COTIOTHOM 6OJIBIIMHCTBE
neBBIMH [4], a mogaBnsiiomee 60TBIIMHCTBO HU3Y-
YeHHBIX CIHpael - NPaBbIMHU, YTO IIOJHOCTBIO
COrJIaCyeTCsl C MU3BeCTHBIMH M3 HAay4YHOM JTHTepa-
TYPbI JAHHBIMH U KOHLEIILIHeH XU PaJIbHOM Hepap-
Xx1u 6eIKOBBIX CTPYKTYP [1, 2.

YYUTBIBAsl 4aCTOTY BCTpedaeMOCTH CIIHpa-
NeM, cymepcrnupaned, «- U B-IOBOPOTOB, a TAKXKe
Q-meTenb, MaHHOE HCCIeLOBaHHE II03BONISET
JydIlle IOHSATh 0CO6EHHOCTH CTPYKTypoobpasosa-
Hus 6e/IKOB, KaK IPHUPOAHBIX, TAK M UCKYCCTBEH-
HBIX. B HacTosmee BpeMs B obnacTu 6e1KOBOro
OM3aMHA UCIIONB3YIOTCS KOPPeNsIUuU MeX/Ay aMH-
HOKMCJIOTHOH ITI0C/IeJOBATe/IbHOCTBIO U CTPYKTYPOH
He TOJIBKO JJIsl CIIMpaiei, HO U Jsl bosee CIOXK-
HBIX CTPYKTYp (HalpuMep, CymepcIupanei). 9To
IIPHUBEJIO K 3HAYHUTETPHOMY yCIIeXy B KOHCTPYHUPO-
BaHHUH de novo CyrepCcIUpaabHBIX CTPYKTYP, KOTO-
pBle MOTYT SIB/ISITBCSI HHCTPYMEHTOM JIJIS yIIpaBJIe-
HH s COOPKOM KaK MPUPOAHBIX 6€/1KOB, TaK M UCKYC-
CTBeHHBIX KOHCTPYKIIUI B 6€/IKOBON MHKeHEPUH
1 MaTepHaaoOBeJeHUHU. MCIoNb30BaHUe MeTola
pacyeTa XHUPAJbHOCTU Cyllepcliupanen B obia-
CTH BBIYHCAUTEIBHOrO AH3aHHA [T03BOJIUT PellaTh
HEKOTOpHhIe Po6sieMbl OMOUHKEHEPU U,

PacyeTsl OHUIIOIBHBIX MOMEHTOB OT/[EIbHBIX
BUTKOB CIIMpaner HaHOTPybok F PNT mokasanm,
YTO, AaHAJIOTHUYHO CMeHe 3HaKa XUPAJTbHOCTH IIpHU
nepexope Ha 6oyee BBICOKUI yPOBEeHDb Hepapxuye-
CKOM OpPraHHU3allUU - OT CIIMpajield K CYyIepCIIu-
pasisiM, HAHOTPYOKHU LeMOHCTPUPYIOT XapaKTep-
HOe M3MeHeHHe 3HaKa XUPaJIbHOCTH ~ OT MOHOMe-
POB K CIIMPAIbHBIM HAaHOTPY6KaM. DTO I103BOJISIET

Tabauua 2. BeauquHa u 3Hak XupaabHOCMU HAHOMpY6OK HA OC-
Ho8e Mmonekyn peHunaraHuHa F. Memoo pacdema: RM1 RHF
Table 2. Magnitude and sign of nanotubes chirality based on phe-
nylalanine F molecules. Calculation method: RM1RHF

UcxopHas xupaibHocTb  [II:ELR(EES)
monekyn peHunnanaHmHa QNS

Initial chirality of phe-

nylalanine molecules

"MpaBas" (D-F)
Right

3HaK XvpasbHOCTU
CNUpaNbHOM CTPYKTYPbI

"MpaBas" (D) "Nesas" (L)
Right Left

HaHOTPY6KM
Chirality sign of nano-
tube spiral structure

Be/IMuMHA XMPAIbHOCTHU
Ciotalr Debve3
Magnitude of chirality

20,266 19,647

represent 4.6% of the total number of 3,,-heli-
ces. All m-helices (structures from [26]) are right-
handed. Also, 78 a-helices, 850 B-helices and 190
QO-helices were considered. The results show that
for all considered helices and turns the chirality
measure depends linearly on the number of atoms
in the helix. Given the complex spatial orientation
of the loops (Fig.2, c), the value of their chirality,
depending on the number of consecutive calcu-
lated residues, can change both in sign and quan-
titatively [7] (See Table 1).

Analysis of 116 superspirals showed that these
structures formed from the right-hand helices
are left-hand, and from the left-hand helices - the
right-hand [5], which fully corresponds to the lit-
erature data and the chiral hierarchy concept of
protein structures [1, 2].

Chirality of the turns in the spirals of right
(D-PNT) and left (L-PNT) nanotubes (Fig.5) was cal-
culated from dipole moments of individual phe-
nylalanine (F) molecules (Fig.4c, d) of left (L-F) and
right (D-F) chirality [7] by the semiempirical RM1
quantum chemical method [27, 28]. Nanotube mod-
els of right-hand (D-PNT) chirality were obtained
from initially left-hand (L-F) phenylalanine mono-
mers and nanotube models of left-hand (L-PNT) chi-
rality were obtained from initially right-hand (D-F)
monomers (Table 2), which also fully corresponds to
the concept of chirality type change during hierar-
chical peptide structure complexity [1, 2.

DISCUSSIONS
Analysis of the considered helices and turns
showed a linear dependence of chirality
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ompezesnsiTh pesKMMBbL CUMYISIIUK CAaMOCOOPKH KaK
deHMIANTaHUHA, TaK U APYTUX, CAMBIX Pa3/IHYHBIX
AMHUHOKMCJIOTHBIX [IOC/IeJOBATe/IbHOCTE M, KaK Hau-
bosiee asleKBaTHbIe GOPMUPOBAHUIO TAKHUX HCKYC-
CTBeHHBIX HAaHOTPYOOK [21]. ITOCKONIBKY XHPaIbHOCTD
CIIMPAJIBHBIX CTPYKTYP HAHOTPYOOK omlpefensieT UX
OH1OMOru4YeCcKy0 aKTUBHOCTb, 3TOT aCIeKT Heobxo-
OUMO YUUTBIBATh IIPU B3aUMOJEHMCTBUU IIPUPOJ-
HBIX OHOIIONIMMePOB C UCKYCCTBEHHO CO3/laHHBIMU
OMOXMMHUYECKUMHU CTPYKTYypPaMU, 4TO 0Co6eHHO
Ba’kKHO B 06/1aCcTH GapMaKOIOTHH.

BbIBO/AbI

[ToslyyeHHBbIe pe3yabTaThl [IOKA3aJIM, YTO IIPUHIIH-
MIKAJIbHO HOBBIM MeTOJ[, Olpefe/ieHUs XHUPaJbHO-
CTHU 6eIKOBBIX CTPYKTYP ~ PeryasipHBIX (CIIHMpab-
HBIX U CyIIepCIIHUPATbHBIX) U HeperyasipHbIX (II0BO-
POTOB U IleTesIb) -~ Ha OCHOBe pacyeTa CMeIlaHHOIo
BEeKTOPHOI'O IIPOH3BeJeHU s BEKTOPOB, COeIUHSAIO"
IIMX OTIOPHBIE TOUKHU B 6€IKOBBIX CTPYKTYpax, IO~
HOCTBIO IOATBEPKAAEeT 3aKOHOMEPHOCTh CMEeHBI
3HaKa XU PaJbHOCTH PeryasipHbIX 0e/IKOBBIX CTPYK-
Typ. HeobXoAHMMBIM U LOCTATOUYHBIM yCJIOBHUEM
MeToJa SABJIeTCS TUIIb B3AUMHOE PacCIIooKeHHe
Q-yIraeposoB. DTO II03BOJISET Ha HOPSAJOK CHHU3UTH
Konu4yecTBO o6pabaTeiBaeMor HHPOPMALIKMH, YTO
SIBJISIeTCS SIBHBIM IIPeMMYILecTBOM IIpu 06paboTke
6O/NBIIMX MACCHUBOB AAaHHBIX. MeToJ HeobXoquM
O CTPYKTYPHOTO aHAa/JIM3a M KOHCTPYUPOBAHMU A
benKoB.

Pa3paboTaHB KOMIIBIOTEpPHBIE IIPOrpPaMMEI
ECPHS m ECSSP mnsg OLleHKH XHUPaJbHOCTH
COMPAJbHBIX M CYINepPCHUPaJIbHBIX CTPYK-
Typ. PyHKUHOHAJIbHEIE BO3MOXHOCTHU IIpIBM:
s3BIK ImporpamMel - Python 3.7. Tpapuueckum
HHTepderc peaTn30BaH C MOMOUb0 6ubIHO-
Teku tkinter. Ilporpamma mo3BoIsIeT 3arpyxkaTh
MoOZeNb U3 ¢pania, BEIBOJAUTH CIIMCOK CIIHPab-
HBIX CTPYKTYp, OIpelesasaTh 3HAK UX XUPaTbHO-
CTH U BBIBOJUTH TPeXMepHoOe H300paskeHHe NPHU
nomomu 6ubnuorexku matplotlib. BxogHble nan-
Hble IIPe/ICTBIISIOT CO60M $akIbl C pacliupeHHeM
.pdb unu .txt; cpenHee BpeMs pacyeTa - 10 50 Mc.
CBUZETeNbCTBA O TOCYaPCTBEHHOM PerucTpaliuu
nnsg 9BM: Ne 2021613546 ot 10 mapTta 2021 roga;
Ne 2021665783 ot 1 okTs16pst 2021 roga.

Ha ocHOBaAaHMHU MeTOAa OIlpele/IeHUS XHUpalb-
HOCTH 6eKOBBIX CTPYKTYP CO3JaH MeTOJ pacueTa
Be/IMYMHBI U 3HaKa XUPAJIBHOCTU QeHUJI- U Jude-
HHJIAJIAHWUHOB IIOCPeACTBOM CMEIIAaHHOIO BeK-
TOPHOTO IIPOM3BeleHUS JUIIOJbHBIX MOMEHTOB.
[TonydeHHBIe pe3ynbTaThl A1 L- 1 D-HaHOTPY6OK,
dbopMHUpyeMbIX U3 peHUJIAIAHHUHA, XOPOLIO KOP-
PenUpYIOT C 3KCIIePUMEHTA/JIbHBIM M TeopeTHye-
CKMMU OaHHBIMHU [6]. ClegoBaTebHO, JaHHBIHA
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magnitude on the number of atoms in these struc-
tures. The spatial orientation of the loops affects
chirality magnitudes of these structures: depend-
ing on the number of consecutive residues taken
for the calculation, chirality can change up or
down. Analysis of coiled coil superhelixes chirality
demonstrated that such structures are left-handed
in vast majority [4], and vast majority of the heli-
ces studied are right-handed, which is in good
agreement with the data known from scientific
literature and the chiral hierarchy concept of pro-
tein structures [1, 2].

Given the frequency of helices, superhelixes,
a- and B-helixes as well as Q-loops, this study
provides a better understanding of structure for-
mation of proteins, both natural and artificial.
Correlations between amino acid sequence and
structure are currently used in the field of protein
design not only for helices but also for more com-
plex structures (e.g. superhelixes). This led to con-
siderable success in the design of de novo super
helical structures, which can be a tool for control-
ling the assembly of both natural proteins and
artificial constructs in protein engineering and
materials science. The use of superspiral chirality
calculation method in computational design will
allow of solving some bioengineering problems.

Calculations of dipole moments of individual
coils of F PNT nanotubes have shown that, simi-
larly to change of the chirality sign in the tran-
sition to a higher level of hierarchical organi-
zation - from helical to super helical, nano-
tubes show a characteristic change of chirality
sign - from monomer to helical nanotubes. This
makes it possible to define the modes of simula-
tion of self-assembly of both phenylalanine and
other, very different amino acid sequences, as the
most adequate for the formation of such artificial
nanotubes [21]. Since the helical structures chiral-
ity of nanotubes determines their biological activ-
ity, this aspect must be taken into consideration
in the interaction of natural biopolymers with
artificially created biochemical structures, which
is particularly important in pharmacology.

CONCLUSIONS

The results obtained showed that the fundamen-
tally new method for determining chirality of
protein structures - regular (helical and superhe-
lical) and irregular (turns and loops) is based on
the calculation of mixed vector product of vectors,
that connect the anchor points in protein struc-
tures, fully confirms the regularity of regular pro-
tein structures chirality reversal. Only mutual
arrangement of a-carbons is a necessary and
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MEeTO/J pacyeTa BeJIMYHMHBI U 3HaKa XHUPaJTbHOCTHU
(3-5, 7] Anst pa3sIUUHBIX CIIMPaJIbHBIX 6KIOMaKpPOMO-
7eKyJ MoXeT O6BITh C yCIIeXOM IIPUMeHUM B 0071a-
CTH OMOMH>XKeHepUHU [Jis OLleHKH XHUPaJIbHOCTHU
CaMOOPraHHU3YWIIHUXCI CIHUPAJIbHBIX HAHOCTPYK-
TYpP Ha OCHOBE Pa3/IMYHbIX aMHUHOKHCJIOT, a TaK>Ke
MenTUI0B U JUIIEIITU/I0B.

HcKyccTBeHHBIe 6e/IKU IO3BOSIIOT ONpefesiTh
Y TeCTHPOBATh IPUHIIUIIBI 6€/IKOBOK UHKEHePHUH,
BOCCO3[aBas U PacIIMPssl eCTeCTBeHHbIe QYyHKIIUHU
OenKOBBIX CTPYKTYP, U A/l UX CO3JaHUS OUeHb
Ba>KHO ompelejeHHe XHPaJIbHOCTH KaK MOHO-
MepoB, Tak U GOopMHUPyeMBIX U3 HUX bosee CI0OX-
HBIX CTPYKTYp. [71y60KOe MOHHMMaHUe B3aHMOCBS-
3el U CTPYKTYp Pa3/IHUHBIX TUIIOB 6€1KOB [103BO-
75eT PacIIMPUTb BO3MOKHOCTH yIpaBIeHUs cbop-
KOM KaK IIPUPOAHBIX 6e/IKOB, TaK U UCKYCCTBEHHBIX
KOHCTPYKILHH B HAHOOHMOTEXHOIOTHSIX.

WHOOPMALLUA O PELLEH3UPOBAHUU

Pemakuus 61arofapuT aHOHHMHOTO pelieH3eHTa
(pelLieH3eHTOB) 3a UX BKJAaJ B pelleH3UPOBaHHUE
3ToM paboThl, a Takyke 3a pa3MelleHHe CTATeH
Ha camTe XXypHaa U Iepefavyy UX B 3JIeKTPOHHOM
Buge B HOb eLIBRARY.RU.
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M.: TEXHOC®EPA, 2020. - 408 c.
ISEN 978-5-94836-5%6-1

Llena 1300 py6.

B yiebHOomM NOCOBKKM, COCTORLLEM W3 BEEASHWA M 1] race, 060BLWEHE PEIYALTATH MCCASAD-
BAHKM, NOCBALLEHHBLIX DA3IAMYHBIM ACNEKTAM BHMOAKTHMBHEIX M ASKAPCTEEHHLIX HOHOKOMMO3MTHBIX
cucTem. BOABLLOE BHUAMOHKME YASAEHO OCOBEHHOCTAM CHHTE3O M TOMY HOBOMY, YTO AQET HAHO-
paimep oDOLEKTOB B NPOTEKAHMKM B HMX PAZAMYHEIE COMIMKO-XMAMMHECKMX NRPOUECCOB, Kpome Toro,
CABAQHO NOMNBITKA CMCTEMATHIMPOBATE METOALI CHHTEIA, NPMBOAALLME K NOAYHEHMIO COBAMHEHMIA
DA3AMYHOTO KAQCCd. NoadepkMBaeTcs, YT0 2D EKTMBHOCTE AEKQPDCTEEHHLIX BELECTE M WX dhap-
MOKOAQTMHECKWE CRBOMCTBA BO MHOMOM 3QBUCAT OT KPUCTOAAMYECKON CTRYKTYREI, B HOCTHOCTH OT
MNEMCYTCTEMA TEX MAM MHEIX NOAMAMODCHBEIX MOAMGOMEQUMM MAKM GMOPMdHOro cocToaHmi. MNepso-
OHEPEAHOE HOYEHME MMEET DOIMED HOHOYOCTHLL TOK KOK MOABIM HOCTHLLOM NIPOLLLE NPE0ACASBEOTE
IAWMTHEIE BOpLERE OPIOHMIMA YEADBEKO M KMBOTHEIX, MDOHKMKATE B KAETKM M HOKQMNAMBOATLCA
B TKOHAX.

Bce raqsbl HOMMCAHBI TEYNMNAMKM HAYYHBIX COTPYAHWKOB, GKTMBHO pADOTOOLLMX B DO3HbIX
oBAQCTAX HOHOBMOMEAMLUMHEL Hapaay C 0B300HBIM MOTERHMAAOM, M3AQIQIOTCA M ORMIMHOABHLIE
MCCAEBAOBAHMA QBTOROE, 0BOBLLaDWME 1MX pABOTh 30 HECKOABKD NOCAEAHKMX AeT. [peasaraesmasn
KHIMIa BYAST NOAS3HBIM YHEDHBIM 1 YHEBHO-HAYYHEIM NOCOBMEM AAR YUTATEASH LUMPOKOTO KpYra
MHTEPECOB OT CTYASHTOBR M QCNMPOHTOR AC NPENCACQBATEASH WM HAYYHEIX COTRPYAHMKOB, MHTE-
PECYIOWMXCA PA3AMYHBIMM QCNEKTAMM TEODRKK M NDAKTMKK HAOHOPAIMEDHLIX BUMOAKTHBHEIX
M AGKOPCTEEHHLIX BELWECTB.

Kak 3akaszaTh HallK¥ KHUIM?

Mo noute: 125319, Mockea, a/a 91

Mo chakcy: (495) 956-33-46 WH®POPMALMA O HOBMHKAX

E-mail: knigi@technosphera.ru
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