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Momusayus u yenv: B Hacrosiee BpeMsl CUMTaeTCd YCTAHOBJIEHHBIM, YTO
MIPOCTPAHCTBEHHAS CTpYKTypa OenKkoB OTpeeNIAeTCs AMHHOKHCIJIOTHON
MOCJIE0OBATEIFHOCTBIO W COOTBETCTBYET MHHUMYMY  CBOOOJHOH  3HEpruu
MakpoMoJiekysl [1]. IMeroTcst Hekue 001ue MpeACTaBIECH s O TOM, YTO CTA0MIBHOCTD
3D-cTpykTypsl TpeOyeT HalW4dusi DJHEPreTUYECKOW IIEeNd MEXIy HATUBHOU
KoH(popMaIuei u OIrKalIIIMy METacTaOMITbEHBIME KOH(DOPMAaIIMAMU et  [2], a TakKe
0 HEKOTOPOM OTHOCHUTEIBHO TIJIJKOM YCTPONCTBE 3HEPIeTUYECKOW IOBEPXHOCTH
(mpuHUIMN MUHUMAaNbHOH (pycTpanmu [3]) s mpeomoiieHus mapagokca JleBuHTans
[4]. OncaHne COBPEMEHHOTO COCTOSHUS MPOOIEeMBI MOXKHO HATH B HElaBHEM 0030pe
[5]. OnHako, KOHKpETHbIe (DU3MUECKHE AaCIEKThl, KOTOPBIC OIMPEICIISIIOT IMPOIECC
¢donauHra 101IT0C BpeMs OCTABAIUCH HE OUYEHb MMOHATHHIMHU BBUIY CIIOKHOCTH 00BEKTa
U OTCYTCTBHUS aleKBAaTHBIX MAaT€MaTHMYECKHX MHCTPYMEHTOB IJIsl OMMCAHHS JaHHOTO
nponecca. IlomynsipHOCT MONYyYMSIM  KOMIIBIOTEPHBIE METOABI  NPEACKa3aHUs
MPOCTPAHCTBEHHOU CTPYKTYPHI OEIKOB, KOTOPBIE HE OCHOBAHHI Ha (QH3HKe (QOJINHTA, a
UCToNb3yIoT TexHodoru MU [6]. Otu anropuT™sl paboTaroT OBICTPO, HO C MEPEMEHHBIM
ycrexoM. B 0CHOBHOM, XOpOIIO /Jisi TOMOJIOTHYHBIX CTPYKTYP. MBI B JaHHOM cilydae
HCXOJIUM W3 TIPE3yMIIIMN TTIEPBEHCTBA (PU3NYECKON KapTUHBI U 3aKOHOMEPHOCTEH st
OHMOJIOTHYECKUX MPOIECCOB CKOJIb CIIOXKHBIMU OHU OBl HE TIPE/ICTaBIISUINCH Ha JTAHHBIN
MOMEHT [7]. PackpbiTHe (pu3ndeckux MexXaHW3MOB OpPraHU3alMd aMHUHOKHCIIOTHOI'O
KO/ JUIsl IPOCTPAHCTBEHHON CTPYKTYPBI O€JIKOB MMEET NPUHINITHATILHOE 3HAUE€HHE JUIs
MOHUMaHUs (PUBNKO-XMMHUYECKUX OCHOB JKM3HH U CIIOCOOHO CYIIECTBEHHO M3MEHHTH
MMEIOIYIOCS TapajurMy HCCIEeIOBaHUN B CTPYKTYpHOW Ouonoruu. PasBuBaembie
MPEICTABICHHUS UIMEIOT OTHOLICHNE HE TOJIBKO K MOJIMIIENTHAAM, HO U K JOPMHUPOBAHUIO
MPOCTPAHCTBEHHBIX CTPYKTYP APYTHX JTUHEWHBIX MOTMMEPOB ¥ OHOTIOIIMMEPOB.

Memoowr u ancopummul. Pa3BuBaemble TpPENCTaBIEHUS OCHOBAHbI Ha CTPOCHHUHU
JMHEHHBIX MOJMMEPOB, KOH(OpMAIMs KOTOPBHIX ONPENEeNsIeTCs] MOBOPOTaMH IO
JBYTPaHHBIM yTjaM BOKPYr XHMHUYECKHX CBs3ei. Bkian xoneOaHMid 10 BaJeHTHBIM
cTemeHsiM cBOOOJBI B H3MEHEHHE KOHQUTypallMd MaKpOMOJIEKYJbl  SIBISETCS
NpeHeOPEeKUMO MallbiM M HE paccMarpuBaercsl. Tomojiorus KOH(GHUIypamuoHHOTO
MIPOCTPAHCTBA JINHEHHOTO MOJIMMEPA COOTBETCTBYET TOMOJIOIMM MHOTOMEPHOTO TOpA.
Oynknus mnoTteHuuanbHoi oSHepruum (IID) 3amana Ha MHOTOMEpPHOM TOpe W
npecTaBieHa B BUJE pa3sioskeHU B MHOTOMepHbIi psit @ypre. Hannune oguHakoBbIx
WJIM TTOYTH OIMHAKOBBIX MOHOMEPHBIX 3BEHBEB B AJTMHHOM ITOJTMMEPHOH LIETIH IPUBOIUT
K CHMMETPHH IOBEpXHOCTH IID OTHOCHTENHHO MMEPEecTaHOBKH COOTBETCTBYIOIINX
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YTJIOBBIX MEPEMEHHBIX. DTO MIPUBOAMT K 3aBUCUMOCTH KO3 (HUIIHEHTOB pa3IoKeHUs OT
WHBApUAHTOB ajreOpanmyeckux BEKTOPOB HOMEPOB TapMOHHUK, 4YTO IO3BOJISET
MOJEJIUPOBaTh  KOHKPETHbIE  TOHOrpauu  MHOTOMEPHBIX  3HEPreTHYECKUX
MIOBEPXHOCTEH M BBI3BAHHbIE MU KHHETHYECKHE W TepMOJMHAMHU4eCKue 3(P(eKTsl.
JBmwxenune penpesentaruBHol Touku (PT) mo mHoromepnoii mosepxHoctH [19
OIKCBIBAETCS YPAaBHEHUAMHU MEXAaHUKH B BA3KOH cpeze. B xxuakux cpenax (¢ BI3KOCTBIO
MOPSIIKA BSI3KOCTH BOZBI) MHEPLMAIBHBIMU WIEHAMH JJIsI aTOMHBIX JABHXCHUH MOKHO
npeHeOpeub. MeTogaMu MHOTOMEPHOH TEOMETPUH C YYETOM aCHMIITOTHYECKUX
CBOWCTB (DYHKIHMH, 3aJaHHBIX HA MHOTOMEPHBIX c(hepax MOKHO yCTAaHOBUTH Pl OOIINX
3aKOHOMEPHOCTEH [UIsl PEIIEHUH CUCTEMbl YPaBHEHUN ABYKCHUS U MPABUI ABYKECHUS
PT no mnorenuumansHOM mnoBepxHOCTH. IlomyuenHele mnpaBuna newxeHus PT 1o
MHOromMepHoW moBepxHocTH IID  moaTBepkAarOTCsT  pacyeToM  TpaeKTOpUil
MOJIEKYJISIPHON AWHAMUKH [7].

Pesynomamsi: MoxHo chopMmynupoBath cienyromue MpaBmia ABmwkeHus PT 1o
MHOroMepHOW moBepxHocTH [ID Makpomosekyiasl B BA3KOM cpene, KOTOpbIE
o0ecrneynBalOT KWHEMaTHYECKHE CBS3H MPH (QOJAWHTE IMHEWHBIX TOJTUMEPOB.

1. Cxopocts yosu [1D Ha Kax10M mare MexaHH4eCKOH TPAeKTOPHUH MaKCHMalIbHa 110
CPaBHEHHUIO C IPYTUMH BUPTYaIbHBIMHU ITePEMEIICHUSIMH.

2. CKOpOCTh JHUCCHUNALMU SHEPrud MUHUMalbHa IO CPAaBHEHUIO C JAPYTUMH
BHPTYaJILHBIMU NIEPEMEIICHUSIMH. 31€Ch HET POTUBOPEUHS C IT. 1 TaK KaKk yTBEP KIECHUS
1 u 2 mefCTBYIOT B pa3HBIX 007acTIX (a30BOr0 MPOCTPAHCTBA MAKPOMOJIEKYITHI.

3. CKOpOCTh AMCCHUIIALIUM DHEPTUH, a TaKKe CKOpOocTh yowbutm [1D mMakpoMoneKysbl
MPAKTHYECKA PaBHOMEPHO "pa3MasaHBI' MO CTEMEHSIM CBOOOIBI. DTO MPHBOAHUT K
TJIAJKUM TpaeKTopusaM Jutst nerkeHns PT ¢ m3beranmem peskux nepernanos penbeda 110
MO0 OTHOCUTENIFHO HEOOJBIIOMY YHUCIY CTereHe cBoOOIbI (MPUHIUI «HAYUHAOIIETO
TOPHOJIBDKHHKAY).

4. Kak ciencTBue, BOSHHKAET KOPPETAIH KOHPOPMAIMOHHBIX IBIKECHUH JTMHEHHON
MOJIMMEPHOH LIeNH ¢ TeHACHIMEH QOPMUPOBAHHS CITUPAIILHBIX CTPYKTYP.

Jns  tomorpadum MHOTOMEpHOW TOBepxHOCTH [ID nuHeiHOro ToNHMMeEpa ¢
OIMHAKOBBIMM WJIH TIOYTH OJWHAKOBBIMH MOHOMEPHBIMH 3BEHBSMH BO3HHMKAIOT
CJEIyIOIINE 3aKOHOMEPHOCTH.

1. IToBepxHocTh [1D nist MMHEHHBIX TOTUMEPOB, TOCTPOEHHBIX U3 MOYTH OJUHAKOBBIX
3BEHBEB, MOKET OBITH ONMCAHA B TEPMHUHAX ABYX OOOOIIEHHBIX MEPEMEHHBIX: CYMMBbI
KBaJpaTOB OTKJIOHEHUH TOPCHOHHBIX YIJIOB OT TOYKH INI00asbHOrO MUHHMYMa [1D n
CYMMBI OTKJIOHEHHH YTJIOB OT TOYKH TlI00anbHOro MuHumyma [13.

2. Tomorpaduss mnoBepxHoctu [ID mpencrariser coOOH CHUCTEMY BIIOKEHHBIX
SHEPreTHYECKMX BOPOHOK, pAa3/EleHHBIX SHEPreTHUECKUMH OapbepaMH, BbBICOTA
KOTOPBIX YOBIBAaeT 110 Mepe YAaJICHUs OT TOUKHU I1100anbHOro MUHUMyMa. LlenTpanbHas
BOPOHKA SIBJISIETCS] CAMOM TITyOOKOM.

3. Ilpu 3amaHHBIX 3HAYEHHSX OOOOLICHHBIX MEPEMEHHBIX BBIYMCIISIETCS SHTPONUS H
cBoOOHAst dHeprus mnoauMepHodl 1menu. Ilpm 3TOM  BO3HUKAeT mapameTp
XapaKTepUCTUYECKONW TeMmmepaTypsl lo, KOTOpPBIH COOTBETCTBYET YAEIHHOMY
BeIMTpBIIy [13 npu cBOpayMBaHUM LIEMH, MPUXOSMEMyCst Ha | KOH(pOPMAIMOHHYIO
cTeneHb cBoOOABl B MoHOoMepHOM 3BeHe. llpm T>0.26 To cBepHyTOoe cocTosHUE
cTaHOBHTCS HEeycToHunBEIM. [Ipu Temnepatype aeHaryparuu nmopsaka 60C B cuTyauu
anb(da-aMUHOKHCIOT (2 cTeeHu CBOOOIBI HA MOHOMEpP B OCHOBHOM I1€TTH) BBIMTPHIII B
MOTEHIUATBHON 3HEPruy Ha | MOHOMED JOJKEH COCTABIIATH MPUMEPHO 5 KKaJl/MOJb,
9TO OJIM3KO K SHEPTHH BOJOPOAHOM CBS3H.
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Buisoowi: BeimenepedncieHHble 3aKOHOMEPHOCTH Tonorpaguu nosepxHoctu [19 u
npaBuia awkeHus PT narot normueckoe 00bsICHEHHE MHOTHM BECbMa Pa3HOPOAHBIM
OKCHIEPUMEHTAITLHBIM (haKTaM JUISi KHHETHKU U TEPMOJAMHAMUKH TPOLIECCOB (HOIMHTA
u pedonmunra [7]. Uro kacaercs PU3NIECKUX OCHOB BO3HUKHOBEHHUS aMHHOKHCIIOTHOTO
koxa ansi 3D-cTpyKTyphl OenKoB, TO MbI ()OPMYNHpYyeM CIeyIoUylo runorte3y. Ha
paHHel, ToOMOIOrHYECKOH CTa K PU3UKO-XUMHYECKOH IBOFOIIUN MOTJIA BO3HUKHYTh
JMHEHHbBIE TIOJIMMEPBI, COCTOSIINE U3 MOYTH OJWHAKOBBIX MOHOMEPHBIX 3BeHbEB. 1o
MPUYMHAM, W3JI0KEHHBIM BBIIIE, 3TU JHMHEHHBIC MOJUMEPHI MPH COOTBETCTBYIOIINX
yCIOBUSX (OPMUPOBAIN YHUKalbHbIE 3D-cTpykTypbl. Xumudeckas MOANUHUKAINS
MOHOMEPHBIX 3BEHBbEB (HANpHUMEp, OOKOBBIX TPYII) BTUX MOJUMEPOB B YCIOBHUIX
JaBieHus: oTOopa [8], KOTOpoe HampaBlieHO Ha COXpaHEHHE CIIOCOOHOCTH K
(hopMHPOBaHUIO YHUKANBHBIX 3D-CTpyKTyp MOIJIO TpPUBECTH, KOHEYHOM CHYETe, K
Ha0Opy MOJIMIENTHIOB U UHBIX OHOTIOIMMEPOB, UMEIOINX (PYHKITUOHATLHOE 3HAUCHHE.
Takoli MexaHu3M (HOPMHPOBAHUS MOJECKYJISIPHOTO KOJIa MOXKET MPOCKTUPOBATHCS HE
TOJIBKO HA IMOJIUIIENTUIBI, HO U HA JIMHEHHBIE IIOJIMMEPBI IPYTrOi XUMUYECKOU ITPUPOJIHL,
BKJIIOYas HYKJICOTUIBI WIH UHBIE CTPYKTYPHI, KOTOPBIE OKA3aJIMCh, B KOHEYHOM CYETE,
CIOCOOHBIMH K 00pa30BaHUIO MPOCTEHIINX PETUTUKATOPOB [9].
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Motivation and Aim: It is established that the spatial structure of proteins is determined
by the amino acid sequence and corresponds to the minimum free energy of the
macromolecule [1]. There are some general ideas that the stability of the 3D-structure
requires the presence of an energy gap between the native conformation and the nearest
metastable conformations of the chain [2], as well as some relatively smooth topography
of the multidimensional energy funnel (the principle of minimum frustration [3]) to
overcome the Levinthal paradox [4]. A description of the current state of the problem
can be found in a recent review [5]. However, the specific physical aspects that
determine the folding process have long remained unclear due to the complexity of the
object and the lack of adequate mathematical tools to describe the folding process.
Computer methods for predicting the spatial structure of proteins, which are not based
on the physics of folding, but use Al technologies, have gained popularity [6]. These
algorithms work with varying success, mainly for homologous structures. We proceed
from the presumption of the primacy of the physical picture and patterns principle for
biological processes, no matter how complex they may seem at the moment [7].
Discovering the physical mechanisms of the organization of the amino acid code for the
3D-structure of proteins is of fundamental importance for understanding the
physicochemical foundations of life and can significantly change the existing research
paradigm in structural biology. The ideas being developed relate not only to
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polypeptides, but also to the formation of 3D-structures of other linear polymers and
biopolymers.

Methods and Algorithms: The concepts being developed are based on the structure of
linear polymers, the conformation of which is determined by rotations along dihedral
angles around chemical bonds. The contribution of vibrations in the valence degrees of
freedom to the change in configurations of macromolecules is negligible and is not
considered. The topology of the configuration space of a linear polymer is a
multidimensional torus. The potential energy (PE) function is defined on a
multidimensional torus and is represented as an expansion into a multidimensional
Fourier series. The presence of identical or almost identical monomer units in a long
polymer chain leads to symmetry of the PE surface with respect to the permutation of
the corresponding angular variables. This leads to the dependence of the expansion
coefficients on the invariants of algebraic vectors of harmonic numbers, which makes it
possible to model specific topographies of multidimensional energy surfaces and then
the kinetic and thermodynamic effects. The movement of a representative point (RP)
along the multidimensional surface of the PE is described by the equations of mechanics
in a viscous medium. In liquid media (with a viscosity on the order of that of water), the
inertial terms for atomic motions can be neglected. Using the methods of
multidimensional geometry and taking into account the asymptotic properties of
functions defined on multidimensional spheres, it is possible to establish a number of
general patterns for the rules for RP motion on the multidimensional PE surface. The
resulting rules for the RP motion are confirmed by the molecular dynamic simulations.
Results: We can formulate the following rules for the RP movement along the
multidimensional energy surface in a viscous medium, which based on kinematic
connections for linear polymer nods during the folding [7].

1. The rate of decrease in PE on the mechanical trajectory is maximum compared to
other virtual movements.

2. The rate of energy dissipation on the mechanical trajectory is minimal compared to
other virtual movements. There is no contradiction here with point 1, since statements 1
and 2 operate in different regions of the phase space of the macromolecule.

3. The rate of energy dissipation, as well as the rate of PE decrease are almost uniformly
“spread” over the macromolecule degrees of freedom. This leads to smooth trajectories
for the RP motion with the avoidance of sharp changes in the PE relief over a relatively
small number degrees of freedom (the “beginner skier” principle [7]).

4. As a consequence, there is a correlation between conformational movements in
polymer chain and to form helical structures tendency.

The multidimensional PE surface topography for a linear polymer chain with identical
or almost identical monomer units, the following patterns arise [7].

1. The PE surface for linear polymers (built from almost identical units) can be described
in terms of two generalized variables: the sum of squared deviations of torsion angles
from the PE global minimum point and the sum of the deviations of angles from the PE
global minimum point.

2. The topography of the PE surface is a system of nested energy funnels, separated by
energy barriers, the height of which decreases with distance from the global minimum
point. The central funnel is the deepest.

3. For given values of the generalized variables, the entropy and free energy of the
polymer chain are calculated. In this case, a characteristic temperature parameter To
arises, which corresponds to the specific negative gain in potential energy during chain
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folding per 1 conformational degree of freedom in the monomer unit. At T>0.26 To, the
folded state becomes unstable. If the denaturation temperature is about 60°C as in the
situation of alpha amino acids (2 degrees of freedom per monomer in the main chain),
the negative gain in potential energy per 1 monomer should be approximately 5 kcal/mol,
which is close to the hydrogen bond energy.

Conclusion: The above-mentioned regularities of the topography of the PE surface and
the rules of the RP movement provide a logical explanation for many heterogeneous
experimental data for the kinetics and thermodynamics of the folding and refolding
processes [7]. As for the physical basis for the emergence of the amino acid code for the
3D structure of proteins, we formulate the following hypothesis. At the early,
prebiological stage linear polymers consisting of almost identical monomer units could
arise. For the reasons outlined above, these linear polymers formed unique 3D structures
under appropriate conditions. Chemical modification of monomer units (e.g. side
groups) of these polymers under selection pressure [8], which is aimed as preserving the
ability to form unique 3D structures, could ultimately lead to a set of polypeptides and
other biopolymers with functional significance. Such a mechanism for the formation of
a molecular code can be designed not only for polypeptides, but also for linear polymers
of a different chemical nature, including nucleotides or other structures that ultimately
turned out to be capable of forming the simplest replicators [9].
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