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Kak wu3BecTHO, I MOJTHOTO ONMUCAHHS «YyCT-
poOMCTBa» MaKpOMOJEKYIbl HYXHO B MPUHIIHIIE
3HATh KOOPJIWHATHl BCEX BXOIAIIUX B HEEC aTOMOB.
Ho nns muormx 3amau [1-6], Takmx, Hampumep,
KOTOPBIE BCTPEYAIOTCSH B MOJIEKYISIPHON THHAMUKE
WU K€ MPU BBIYUCICHUU MOTEHIMAJIOB B3aUMO-
NeUCTBUS MaKpPOMOJIEKYJ APYr C JAPYroM, CTOJb
noapoOHas nHGOPMAITUS IBIICTCS JaKe U30BITOU-
HOH. [[1ns TakuX 3a7a4 BIOJHE 1OCTATOYHO 3HAHUS
JIOKAJIbHOW TUIOTHOCTH 3apsAna Kak (yHKIUU KO-
opauHaT. 3aAaTh *Ke Mono0Hbe PyHKINH B SIBHOM
BHJIC MOYKHO B BHUJIE PA3JIOKCHHUH 1O KOMOUHAIIUSIM
Pa3IUYHBIX CIIEMUAbHBIX QyHKIUi. [1pu aTOM XKe-
JaTEeNbHO BRIOUPATh TaKue Celualbable PYHKIUH,
KOTOpBIE TO3BOJISIIOT OTHOCUTEIBHO JIEFKO pac-
CMaTpUBATh JIBUXKEHHUS MAaKPOMOJIEKYJIBl KakK Iie-
moro. K mogoOHBIM NBUXEHUSM OTHOCATCS Tepe-
MEIIEHNI MaKpPOMOJIEKYIIBI B MPOCTPAHCTBE H ee

nmoBopoThl. Ho B TO Bpems Kak Ui ONHCAaHUS
MOBOPOTOB yIOOHEE BCEro WCIOJIb30BATh BCEBO3-
MOJXHBIE cpeprueckue creruanbHbie QYHKINHU, TS
OTIMCAaHUS CMEIICHHH MaKpOMOJIEKYJ KaK IIeJOoTO
(T.e. ANMA MapayIeNbHOTO MEepeHoca MaKpOMOJIEKY-
Bl B NPOCTpPAaHCTBE 03 ee MOBOPOTOB) ymoOHee
BCEro MpUMEHATh 00biyHOe Dypbe-mpeodpasoBa-
HUE, OCHOBAHHOE HA MCIOJIb30BAHHUH IJIOCKHUX BOJIH
Buna . B Tex e clydasx, KOrga Tpebyercs
paccMaTpuBaTh OAHOBPEMCEHHO MW MTOBOPOTHI, U
CMEIIeHUs, BO3HUKAET HEOOXOJUMOCTH B CBOErO
polla «kKOMOMHMPOBAHHOMY» MaTEeMaTHYECKOM TOJI-
X0Jle, B KOTOPOM MPUXOJUTCA HCIOJH30BaTh pas-
JIOKEHUS TIJIOCKUX BOJIH MO CHEPUIECKHM TapMo-
HUKaM.

Ha cerogusmuuii AeHb CymecTByeT psax padoT
M0 MPEACTAaBICHUIO MaKpPOMOJEKYJISPHBIX 00BeK-
TOB (TOouHee, (QYHKIIUHA, XapaKTEPHU3YIOMIUX OTH
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00BEKTHI) B BHUJE PA3JIOKEHUNW MO KOMOWHALUSIM
Pa3IUYHBIX CIENHATbHBIX (QYHKIHWH — MOJUHOMOB
Jlexxanapa, paznuuabiXx Bapuanuii ¢GpyHkui Jlare-
pa, monuHoMmoB [lepHuke u Tak nanee. [logoOHBIE
pa3loXKEHUs HEpPeAKO NPOJI0KAIT HMEHOBATH
dypre-npeoObpa3oBaHUIMHU, XOTA OYEHb COMHH-
TEIbHO, YTO UX MOXHO KaKMM-TH0O o0pa3om cBe-
cTH K 00brvHOMY Dypbe-nmpeoOpa3oBaHHUIO:

g(k) = _[f(r)exp (—ikr)dr. (M

YMECTHO BBIpA3UTh ONPEIEIEHHBIA KPUTULU3M
M0 MOBOJAY MOAOOHOTO MPOW3BOJA, BHITCKAIOIIHUH
W3 TPOCTBIX MHTYUTHBHBIX cooOpakeHuii. Bo-mep-
BBIX, B TaKHX CIIy4asX HaJ0 OBITh OCTOPOKHBIM
B OTHOILIEHUU MAaTEMaTUYECKUX CBOUCTB TaKHUX pa3-
JIO)KEHUH, B TOM YHCIE IPH OINEpalUAX CBEPTKHU.
Bo-BTOpBIX, B TakKuUX pa3jI0kKEHUSIX HapyLIaeTcs
COOTHOCHUMOCTb JAPYT € APYrOM Pa3iIU4YHBIX KOOP-
OUHAT, U MpeoOpa3oBaHMs MPOCTPAHCTBA B TaKUX
CIy4asiX MOTYT IPUBOJUTH K MCKAXECHUSIM DPE3Yib-
TaTOB Pa3JI0KECHUI.

B Hacrosmel craTbe mpeanaraercd BHUMAHHUIO
YUTATENIs] UCKOMBIH BBIBOJ mpencraBieHus Dypoe-
00BEKTOB B CPepHUUECKUX KOOpAMHATAX, MMOJTyUYeH-
HBIH M3 MPEANOJIOXKEHHUSI BO3MOXKHOCTU MpPEACTaB-
JIEHUS! UCXOOHOU (YHKLUMU B BUIE Pa3OKEHUS IO
chepuuecKuM TapMOHHUKaM.

I/ICXOI[I/IM U3 49aCTHOro ciy4das rereH6ay3p0B—

CKOTIo O606H_I€HI/I$I HUHTCrpajia HyaCCOHa, B35B V=
12 [7):

B (2)
J,, Wz)= (—i)”\/zj.eiZCOS(‘P)Pn(cos((p))sin((p)d(p,
2 21 o

raeJ, +% — @ynkuus beccens moayuenoro nopsaka.

[TepBas "acTh mOKa3aTenbCTBA MPOBEACHA TO-
MOOHO TOMY, KaK 3TO HCIOJIb3yeTrcs B pabore [7]
JUIsL 10Ka3aTelbCTBAa IBOMHOTO WHTEerpana [eren-
Oayspa tuna [lyaccona. PaccmoTpum oueBugHOE
CIEACTBHE ATOTO HHTErpania:

Ex 3)
‘]n + 1(2) = (fl.)” ijeizcos(e) x
2 2n |

x P (co s(G))sin(G)d@%Isino((p)d(p.
0

B kauecTBe crnemyromiero mara, paccMaTpuBas
YTJIOBBIE KOOPIAWHATH KaK MHUPOTY M TOJITOTY, C
Mepexo/IoM B JAEKapTOBYIO CHCTEMY KOODAMHAT U
0003HaUYEeHWEM HAIPABIAIONINX KOCHHYCOB BEKTO-

BATSHOBCKUM u np.

pa umHTerpupoBaHmus kKak L = cos(¢)sin(0), M =
sin(p)sin(0), N = cos(0), a Takxke y4YHUTBIBAs, YTO
aneMeHT nmoBepxHocTh dQ) = sin(0)d0do, 3anumem:

7, 1(2) = N [P (nmoao.
2 21 nM -0

[IpoBens HUKINYECKYIO TEPECTaHOBKY OPTOB,
MOJTY4HM:

J, 1) = CiyNZL[[estp (1 )v0de,
2 2n

N2=0

HIIn

. “)

22n

a2z 1 . .
J, %(z) = (=i)" 27”-5-([ .([ezzcos((p)sm(e) «
x P, (cos(¢)sin(0))sin(0)dedo.

Y4uuTeiBasg, 4TO B BBIpaxeHUW (4) OOAWH W3
WHTErpajioB OXBaThIBA€T MOJHBIM NMepuoJ] MOIUH-
TerpajbHONW (YHKIUH MO KOOPJIWUHATE (p, MOKEM
3aMycaTh €ro CIEIyIIIUM 00pa3oM:

. )

22n

1 ) .
T 1(z) = (—i 2L £12¢08(¢ — k)sin(0) x
"+5(Z) ) 2n '([{ ’

x P, (cos(¢ — kg)sin(0))sin(0)depdo,
Ty JE) = (i

2
22n

y \/Ll I J.eiz(cos((p)cos(ke)+sin((p)sin(k9))sin(6) y
2nm 00

x P,((cos(p)cos(ky) +
+ sin(@)sin(ky))sin(0))sin(0)dpdo.

W Tenepn, CHOBA MOBTOPSAS MPEAbIAYIIHE OTe-
panuy N0 MUKJIMYECKON MepecTaHOBKE OPTOB, IO-
JIY4HM:

o Z L[ .
Jn +%(Z) — (_l)n g;jjel (Leos(ky) + Msin(kg))

N>0
x P, (cos(kg)L + sin(kg)M )dC,

o Z L[ .
Jn + %(Z) = ()" E;‘Uel (Neos(kg) + Lsin(kg))
M=>0
x P, (cos(kg)N + sin(ky)L)dQ,
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Jus2@) = (6)

T
— (_i)n‘\[il J‘ Ieiz(cos(e)cos(ke) + sin(@)sin(k y)cos(¢))
21w 00

xP,((cos(B)cos(ky) +
+ sin(0)sin(kg)cos(¢))sin(0)dedo.

Bocnonp3dyemcs Ha NaHHOM 3Tale TEOPEMOU
CyMMHUPOBaHHS CHEPUIECKUX TapMOHHK, TOUYHEE,
€€ CIeAYIOLIUM BHUAOM:

P, (cos(8))cos(8,) + sin(8))sin(6,)cos(p)) = (7)

(=1y"P,"(cos(0,))P"(cos(0,))cos(mo),

m=-n

rae P — o600mennbll nonuHom Jlexanapa.

B wmrTore mMoxHO 3ammcarthb ciIeayromee BbIpa-
JKCHHUC!

nn
(8)
J, 1) = CiyNZL [ [apdosin(e) x
2 2nm 00
x eiz(cos(B)cos(ky) + sin(B)sin(ky)cos(9))

n

x Z(—l)mPg’(co s(0)P,"(cos(ky))cos(m)).

m=-n

BoiHEeCS CyMMHpPOBaHHE M MHOXHTEIH, COJACP-
Kamue HE3aBUCHUMBIC NEPEMCHHLIC, 3@ 3HAK HHTC-
rpaja W WCIOJb3ys (GOpMyJBl Ditjepa, moxydaem:

n
N . ©
J, ., Uz)= (=) z 1 ZP;’"(CO s(kg))e kg x
2 2nm
m=-n
n2n
X (~1)" .[ j 5in(6)ei=(cosO)c0s(ky) + sin()sink)cos(p ~ k)
00
x P™(cos(0))e™.

Ipu stom P7(cos(0))e”? u P;"(cos(0))e ™k, —
3T0 chepudeckass (QYHKIUS W KOMILIECHO-COTIPS-
KeHHas e, mpaBna, 6e3 HOPMHUPOBKH. B pe3ynb-
TaTe cpaBHeHHs BbIpaxkeHuil (9) u (10), sBmusro-
HINXCSl HEMOCPENCTBEHHO BhIpakeHneM Dypne-mpe-
obpaszoBanust (1) B cdepuyueckux KOOpAHMHATAX,
cnoco0 Beipaxenus: ®ypbe-00beKTOB B cdepuue-
CKOW crucTeMe KOOpPOUHAT BBISABISETCS B BUAE pas-
JIOXKEHUS 10 KOMOMHAIUAM chepudecKuX QyHKIUM
n (yHKOEH beccemss moiymenoro mopsaka:
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Fik,, kg ko) = [Pdrfsin(0)d6 x
0 0

2n
x J.e—2niz(cos(9)cos(ke) + sin(@)sin(k y)cos(¢p — kq))f(},.’ e’ (P)d(Pa
0

rae f(r, 0, @) — ucxongHas GyHKOHUS B chepruecKux
koopauHatTax, F(k,, kg, k(p) — ee ®ypre-00pa3 Bek-
TOPOM YacTOT, BBIPa)XKEHHBIM OIATH K€ B cepu-
YECKUX KOOPJIUHATAX.

B mpencraBieHHOM BBIBOJE MCHOJIB3YIOTCS HeE-
CKOJIbKO OoJiee 00IIMe mpeAcTaBieHus 0 QYHKIHUH
Beccens, yem ObITyromue MpeACTaBICHUS, B KOTO-
PBIX HCIOJB3YIOTCS BO3MOXHOCTH Pa3li0XKEHUS
¢F’110 KOMOUHALHAM COOTBETCTBYIOIIUX (PYHKIIH
[8]. PesynmpTaT mpu 3TOM OKa3bIBAETCS HIECHTHY-
HBIM, XOTS JUJIs Cllydas Pa3JIOKEHHS IO IJIOCKUM
BOJIHAM TpeOyeTcs, KpoMe MpHUBEACHHUS K (dopMe
dypre-npeobpa3oBaHus, e€lie U HUCHOIb30BaHUE
CBOWMCTB OpPTOTOHAJIBHOCTU C(EepHIECKUX TapMO-
HUK W GyHKIUA beccens. M3 cooTHomeHu#, 1mo-
MOOHBIX TPEACTAaBICHHOMY BBIBOIY, MOXHO VIIO-
MSHYTh BapWaHTHI, OMHCaHHBIe B paborax [9,10].
Ho B aTHX paboTax He MOJHOCTHIO YYHTHIBAIOTCS
YIII0BbIE KOOPJAWHATHI U PACCMOTPEHUE OTpaHUYe-
HO JIMIIb CIy4asiMH, B KOTOPBIX UCXOJHBbIC (yHK-
WU 3aBUCAT TOJBKO OT paguyca, iTo B pe3yabTaTe
MPUBOJUT JIMIb K HYJICBOMY WICHY Pa30XKeHUs.

Hano ormeruts, uto dypre-nmpeodpa3zoBanue
B cepHuecKknxX KOOpAMHATaX — Ha caMoM Jeje
CyliecTBeHHO Oojiee oOmMpHas Tema, 4eM Ta ee
4acTh, KOTOpasi paccCMOTpeHa B JAHHOM HCCIEN0-
BaHuu. CyIIeCTBYIOT, K IPUMEPY, U HESIBHBIE YHC-
JIGHHbIE METOJbl BBIYUCICHHS paauanbHOU (QyHK-
nnun Dyppe-pasnoxeHus B chepuuecKuX KOOpIH-
HaTaXx COBMECTHO C KOMOWHaIMell Bce TexX Ke
chepryecKknX TapMOHHK 4Yepe3 30HaJbHBIC (PYHK-
uuu uiau cpepudeckue panguaibHele aapa (spherical
radial kernels) [11]. CrtocoObl OBICTPBIX BBIYHCIIEC-
HUW CBSI3aHHBIX C TAaKOTO poJia MpeoOpa3zoBaHUs-
MU, pa3nyarolirecs Mo NPUMEHEHHIO M pealin3a-
UM, MOXXHO HaWTtu B pabotax [11,12].

B urore ormerum, 4TO HpUBEICHHBIE B Ha-
crodameld paboTe aHATUTUYECKHE BBIPAXKEHUA, IO-
3BOJISIOIINE pa3jaraTh IUNIOCKHWE BOJHBI MO chepu-
YeCKUM (DYHKIUAM, MOTYT OBITh 3(h(PEeKTHBHO HC-
MOJIb30BAaHbl NMPH ONHCAHUU IUIOTHOCTH 3apsiia B
MaKpOMOJIEKyJIaX, YTO HE0OXOAMMO MPHU PELICHUH
3aJa4 MOJIEKYJISPHOTO Y3HaBaHHS TJIOOYISIPHBIMH
OuomosmMepaMd ¥ KOHCTPYHPOBAHHUS MaKpOMO-
JEKYJISIPHBIX CTPYKTYp. IlomoOHBIe pasmoxeHus
OKa3bIBAIOTCA OYEHb yNOOHBIMH, B YACTHOCTH, NIPH
OJHOBPEMEHHOM PacCMOTPEHUHU IOBOPOTOB U Bpa-
IEHU B IPOCTPAHCTBE.
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A Mathematical Approach that Includes the Fourier Transform (Plane
Waves Decomposition Using Spherical Coordinates) for the Study
of Simultaneously Complex Movements in Particular Rotations
and Displacements in Complicated Molecular Constructions

A.V. Batyanovskii*, V.A. Namiot**, L.V. Filatov**%*,
N.G. Esipova****  and L.D. Volotovskii*

*Institute of Biophysics and Cell Engineering, National A cademy of Sciences of Belarus,
ul. Akademicheskaya 27, Minsk, 220072 Belarus

**[nstitute of Nuclear Physics, Lomonosov M oscow State University, Leninskie Gory 1/2, M oscow, 119991 Russia

***M oscow Institute of Physics and Technology, Institutskiy per. 9, Dolgoprudny, M oscow R egion, 141700 Russia

*xxxEngelhardt Institute of M olecular Biology, Russian A cademy of Sciences, ul. Vavilova 32, M oscow, 119991 Russia

We propose a “multimodal” mathematical approach. This approach allows us to consider the
Fourier-objects arising from the description of macromolecules in spherical coordinates. The use
of spherical coordinates allows for a relatively simple identification of certain symmetries that may
occur in macromolecules. In addition, it is possible with this approach that performs plane wave
decomposition (intended to describe macromolecules) in a series of spherical functions to consider
rotations and displacements of the macromolecule simultaneously as a whole in space.

Keywords: Fourier transform, macromolecule, plane waves, spherical functions, long range interactions,

molecular recognition
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