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ITPABHJIA 1A ABTOPIB

B penakuiio noacTsCs PyKOMAC yKpaiHCBKOIWO, POCIiCBKOI0 360 aHTTIHCHKOI0O MOBOIO y ABOX CKICMILIAPAX 3
HaMPAB/ICHHAM YCTAaHOBH | CKCIEPTHAM BHCHOBKOM. PYKONHCH, fKi MOAAOTHCH A0 peaaxuii, NOBHHEHI TOYHO
BLIMOBIIATH HACTYIIHAM BHMOTAM.

[TocnizoBHiCTs po3MimeHns Marepiany:
Ha nepmiii cropinmi 38epxy nmpomyckarorsca msa PAlKa; HA TPETBOMY PANKY B JIBOMY BEPXHBOMY KYVTI APYKYETBCA
YK (xypcus, 9 pt.). TloriM, micns TMPOMYCKY OZHOrO pAmKa, POSMINIYETHCA HA3BA CTATTI (NMPAMHN BAIRKHPHAH
mpu@T, 12 pt., BCi GyKBH NPONMCHI, BHPIBHIOBANKS MO uentpy). Ilicna mpomycky oxHOro pamka APyKyIOTHCA CIIOYATKY
IHIIa/IH, NOTIM Npi3BHINA ABTOPIB (MpAMuIL HAMBKHPHUH mpHGT, 12 pt., BEPIBHIOBAHNS 1O ueHTpy). Ha macTymaoMy
PAZKY APYKYIOTHCA NOBHI Ha3BH H aJpeCH YCTAHOB, 1 BHKOHYBQJIaCh poboTa (KypcHB, 9 pt., BHDIBHIOBAHHSA IIO

UCRTPY), aapeca eNCKTPOHHO] NOIITH APYKYETHCA 33 ORKAREIM aBropis. [oriM BMIIIyeTHCA 12Ta HAIXODKEHHS CTATTI
A0 peaKipi: MHCNIo-IH(pPaMy, MiCAIB-IPOMACOM, Pik-IHEppaMu (mprdT npsavmi, 9 pt., BEPIBHIOBAHES N0 IEHTPY).
IMicnis mpomycky oqHOro pamxa BMimMyeTsCH pedepar crarri, e Merme 6 i He Gimbme 12 PAAKIB, 3 KOPOTKHEM BHKJIATIOM
00’€KTY JOCHIDKEHHA, METH a0 33124, METOIHYHMX MAXOMiB, BHKOPHCTAHHX y POoGOTI, T4 OCHOBHHX pe3y.IbTaTIB i
BACHOBKIB. C110BO “pedhepar’ He mamerncs (s TEKCTY pe()epaTy BHROPHCTOBYETHCS OPAMHE MPHQT PO3MIpoM 9 pt.).
Ha HactymHoMy panky BMimyloTbCa 5-8 KIIOYOBHX CiiB (9 pt, 3aromoBox “KJIFOYOBI CJIOBA:” nmmeTsca
MPOIHCOM Ha TOMY K PAIKY, IO # KIIOYOBi CII0OBA | BHALIZETHCS HaMBXAPEHM MpPAPTOM). . '

Texcr pedepary i xmou0Bi cIOBa MarOTH IIMpUHY HA 1 CM MeHITy, HiXk OCHOBHMI TeKCT (10 0,5 CM 3 KOXKHOTO 6oKky).
ITotim, micns mpomycky oamoro pazxa, BMIINYETHCA OCHOBHHEM TEKCT CTATTI. AG3aIA NOMHHAIOTECS 3 YEPBOHOTO PAIKA
(0,75 cm). PexoMeHayeThea po36ATTA CTaTTi Ha Taki PO3ILMH: BCTyn (Ha3Ba po3giny He mumertscs), MATEPIAJIH 1
METOJH (0608’ a3k080 11 excnepaMeRTABEEX pobit), PE3YIBTATH I OBI'OBOPEHHS, BACHOBKH.
Jina TeopeTHuHMX pobiT mepenGauacThCa OB BimbHE PO3TAamYBAaHHA Marepialy, HANPHKIAN, 3aMiCTh PO3ALTY
MATEPIAJIA I METOAH pexoMeRAyOTECSH po3aims HOCTAHOBKA 3AJAYI, MOAEJb T3 ix. Posmma me

HYMCPYIOThCA (B Ha3BaX pO3AiMB yCi GyKBH NpOMHCHI i BHEITOTECE HAMIBKHPHAM MPEQTOM, BHPIBHIOBAHHA IO
ucHrpy). [lpm HeobximHOCTI po3ximM mominmoTHCH HA maposximk. Hasen migpo3minis HHIMYTHCA 3 BEMHKOI OVKBH i
BHALUTOTECA HAMIBKAPHAM mPH(TOM (BHpiBHIOBAHEA 1O uEHTPY). TTicas koxHOrO po3ainy abo mapo3mny ine oaue
nyCTrH panok. [Ticna na3s po3aims i maposainis Kpanka HE CTABHTBCAL. |

Y KiHI{ TeKCTY CTATTi, MIC/A MPOMYCKY OZHOTO panka, AKImo HEOOXiHO, 33a3HAYAECTHCH HA3BA Gorzy, axmit pinancysas
podorty, i HoMep rpanTy.

Buxopucrani 8 poGoti mitepatypmi /wkepema HymepyroThca B TNOPAIKY IHTYBAHHA B TEKCTi, HOMED NOCHIAHHS
MIICTECA Y KBaAparHuX Ayxkax. He momyckaroreca mocwiamms ma HeonmyOmmiKoBaHi po6orH. Crmcok TTEPATypH
(mprT 9 pt.) posmimyeTses oapasy 3a OCHOBHEM TEKCTOM CTATTI i BHIIIETHCA K PO3/ILL

Ha oxpemomy apxymi 3 mommm cmpasa i 3miBa mo 2,5 om, 3BEPXY 3 CM, 3HH3y 2 CM 20 CrarTi A0AAETBCA pedhepar
aHIUHACEKOI0 MOBOK. ClioBO “Abstract” re mamersca. Hassa crarTi: HpomACoM, MprGT mpammii 10 pt., HAIT BXXHPHHEH,
BHPIBHIOBAHHSA TO NCHTpY. Ha macrymsomy paaxy - imimiamz T2 NpPi3BHINA aBTOPiB (wprdr npammic 10 pt.,

Jns crareli BANMCAHHX AHTTHCHKOIO MOBOIO, KDIM OKPEMOTO pedepary aHrmificskoi0 MOBOIO, Y KIHI} CTaTTi, micns
CITHCKY JTepaTypH HABOHTHCA pediepaT yKpaiHCHKO0 MOBOIO 32 THMH 3K NpaBHIAMH

3BEPHITH yBary Ha KOMIAKTHC BHKTAZEHHA MATCPIaNy CTaTTi, 60 APYKYBAHHA XKYPHANY 3IiHCHIOETBCA HA minCTABi
caMO(iHaHCYBaHHS.

Pyxonmcu opopm.neni He y BinoBizHOCTI 10 HaBejenmx NPABIT HE POIT/IHAATHMY THCH,
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EFFECT OF Mg"* ON DOUBLE AND TRIPLE HELIX FORMATIONS BETWEEN
POLY(dA) AND POLY(T)

V.N. Zozulya, A.S. Shcherbakova, Yu.P. Blagoi

Institute for Low T emperature Physics and Engineering, Ukrainian A cademy of Sciences,
Kharkov, 310164, Lenin Ave. 4 7, Ukraine.
Received: November 29, 1999

transitions. Temperatures of helix-to-coil transition of poly(dA)-poly(dT) and triplex-to-duplex of
poly(dA)-2poly(dT) increase linearly with log[Mg?*] and more quickly in the last case that results in superposition of
these transitions at [Mg?']>15 mM. At [Mg*] > 20 mM during the melting of the both structures aggregation was
observed, which arised, ‘according to Bloomfield and co-workers, due to formation of cross-links by Mg** ions
bridges. between partially unplaited polymer strands and disappeared after the end of melting. It is established that at
the presence of 0.1 M NaCl magnesium ions do not induce the partial formation of the triplex structure in
poly(dA)-poly(dT) (disproportionation) as is postulated by other authors in some papers.

KEY WORDS: polynucleotides, double and triple helices, magnesium ions, helix-to-coil transitions,

Rayleigh scattering

Up to now the effect of Mg** ions on the stability of duplex and triplex structures and conformational
transitions of nucleic acids has not been completely studied. It has been shown [1] that Mg*" ions stabilize the
DNA duplex but at increased concentration they induce also the polymer aggregation during the process of helix-
to-coil transition. Because of the completeness of the phenomenon, it is worth-while to study similarly more
simple systems with synthetic polynucleotides. In one of such works [2] using calorimetric measurements it was
studied the Mg** ion effect on the helix-to-coil transition of poly(dA)-poly(dT) but gave no attention to the
possible occurrence of polymer aggregation. The other authors [3] studied by absorption spectroscopy the Mg**

ion effect on the transition of poly(dA)-poly(dT) duplex as well as of poly(dA)-2poly(dT) triplex, but the scanty
information was obtained. The aim of the present work was detailed study of the Mg** ion effect on
conformational transitions of duplex and triplex structures formed by poly(dA) with poly(dT) at the physiological
Na" ion concentration. :

MATERIALS AND METHODS |

Sodium salts of poly(dA)-poly(dT) and poly(dT) were purchased from Sigma Chemical Co. and other
chemicals used were of analytical grade. For all the experiments 10 mM sodium cacodylate buffer, pH 7,
containing 0.1 M NaCl was used as a solvent. The required concentration of Mg®* jons was created by addition of
MgSO,. Polynucleotide concentrations were determined by UV absorbance, using extinction coefficients of
12000 M"'cm for poly(dA)-poly(dT) and 8460 M cm”' for poly(dT) at 260 nm and the temperature of 25 °C.

Thermal denaturation profiles for the polynucleotides were obtained by registration of the absorbance
change at 260 nm as a function of temperature. To investigate aggregation processes, the temperature dependence
of Rayleigh scattering of light was measured at a right angle to incident beam, at 540 nm. Absorption melting
experiments were carried out on SPECORD UV/VIS spectrophotometer (VEB Carl Zeiss, Jena). Rayleigh
scattering was measured by the method of photon counting on a laboratory spectrofluorimeter constructed on the
basis of a double monochromator DFS-12 (Russia). Absorbance and light scattering were measured in the same
1.0 x 0.2 cm quartz cuvette. The cuvette was inserted into a copper holder which was heated by a computer-
operated Peltier element. Moreover, a personal computer collected the melting data. Melting experiments were
carried out at a heating rate of 1 °C/min. '

RESULTS AND DISCUSSION - : .
~Figs. 1 and 2 show melting curves for poly(dA)-poly(dT) and poly(dA)-2poly(dT) in buffer solution with 0.1M
NaCl without Mg”* ions and at different Mg?* concentrations. It is seen from Fig. 1 that for poly(dA)-poly(dT)
* the only sharp double-helix-to-coil transition (2->1) is realized, shifting to high temperatures with the increase
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Fig.1. Thermal denaturation profiles of poly(dA)-poly(dT) in  Fig.2.Thermal denaturation profiles of poly(dA)-2poly(dT) in
10 mM cacodylate buffer, pH 7, at 0.1 M NaCl alone 10mM cacodylate buffer, pH 7, at 0.1 M NaCl alone %
(®) and with different concentration of added Mg* and with different concentration of added MgSO,: (M)
ions: (0) ImM, (*) 2mM, (A) SmM, (+) 10mM. The 0:5mM, (0) 1 mM, (o) 2 mM, (0) 3 mM, (*) 4 mM,
Polymer concentration was 55 M in base pairs. (4) SmM, (+) 7 mM, (x) 10 mM, (¥) 15 mM. The

polymer concentration was 110 uM in base triplets.

in Mg*" concentration. For the triplex system poly(dA)-2poly(dT) two transitions are observed (Fig. 2). The low
temperature transition characterizes the separation of poly(dT) strand bound with poly(dA)-poly(dT) by
Hoogsteen hydrogen bonds (transition 3->2) while the high temperature transition corresponds to melting of
poly(dA)-poly(dT) itself (2->1). Hyperchromicity following the triplex melting in the absence of Mg*" ions,
lower than that in the presence of the ions, evidences the incompleteness of the triplex structure formation at
0.IM NaCl. However, Mg** ions added, beginning with 1 mM concentration, promote the complete attachment of
poly(dT) to poly(dA)-poly(dT). As Figs. 1 and 2 show, Mg?* ions increase temperatures of the both transitions
but for the transition 3—2 this effect is essentially higher than for the transition 2— 1. This results in the fact that
at [Mg*'] =15 mM the both transitions merge into one continuous transition from the triplex structure to
disordered strands.

At [Mg*'] 220 mM a strong increase of Rayleigh light scattering was observed during the melting process
both for the double- and triple-helical polymers that was not yet observed at 15 mM Mg?®* (Fig. 3). In this case
absorption melting curves become two-phase and the temperature interval of the transition broadened. This is due
to arising of turbidity in the solution (that was well observed visually), which contributes into the absorption
increase. It is remarkable that the scattering intensity increased with the temperature rise to a value approximately
corresponding to the temperature of the transition midpoint (T,,) after which it decreased sharply at the transition
end. Some “steps” on absorption melting curves induced with the absorption increase due to the medium turbidity
are observed in the region of this point (Fig. 3). On cooling down to the room temperature the systems studied
returned to the starting structure that was evidenced by the absorption data. But at [Mg2+]230 mM for the
poly(dA)-2poly(dT) system and at [Mg**]250 mM for poly(dA)-poly(dT) system ordinary aggregation was
observed already at the room temperature, resulting in the precipitation of the polymers.

Arising of the turbidity in the melting process was observed in the work [1] in the case of thymus DNA in
the presence of some divalent metal ions. The authors explained this phenomenon with “net aggregation” caused
by ionic bridge cross-linking between partially unwound different DNA strands. However, the bridges break after
the complete melting of the: double-strand polymer structure. Such an interpretation based on theoretical
calculations [4, 5] suits completely our case. The work [4] shown that the divalent cation-induced decrease of
the free energy on cross-linking is significant and is about 35% of the free energy change on stacking of
nucleotide bases. The work [2] studied by calorimetry interactions of poly(dA)-poly(dT) with Mg?* ions, and in
the concentration range of 30-50 mM the bands in d.s.c. curves in the premelting region were registered. The
bands being assigned to the formation of the triple-helical structure (disproportionation) as intermediates in the
melting process. But, in our opinion, these bands evidence the occurrence of the “net
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Fig.3. Temperature dependence of the light scattering at 540 nm

(A) and absorbance at 260 nm (B) measured in the buffer
containing 0.1M NaCl for poly(dA)-poly(dT) with 20mM
(0) or 30mM (A) Mg* and for poly(dA)-2poly(dT) at

aggregation” that was revealed in our experiments

18

ol 4_ undér the same conditions. This conclusion is

ol Sl confirmed by the fact that, for example, at 30 mM

@ 1 k; Mg"" the temperature value at the maximum of the

S 17 7’ pretransition band on d.s.c. curve, 75 °C, established

‘g 1 £ in this work coincides with the maximum of

g ’ 7 derivative for an ascending branch of light
§ & scattering intensity curve obtained in our work.

: " ; Obtained in our work T, values for the 2—1

| 5 transition of poly(dA)-poly(dT) at the presence of 2

mM and 5 mM of Mg*" are in well accordance with

- — = -~ . fiata obtained by absorption method in [3]. However,

5 In contrast to our work, the authors in [3] have also

L B observed the 3—2 transition in addition to the

E "3_ —3 2—>1 one (Fig.1). They have postulated that at the

g 16 f L indicated concentrations Mg®* ions induce a

w | | g disproportionation of stochiometric

“ poly(dA)-poly(dT). However, our attention has been

B 13 : drawn to the fact that the authors in [3] have used

lowér molar extinction coefficient E,;s7=8600 M

_g L | 'em” in the measurements of the poly(dA)

11 ~ concentration on the mixing poly(dA) with poly(dT)

* at the sample preparation. Because of this the molar

W ratio 1:1 was not ensured, which probably lead to the

Lie— - partially formed triplex structure.
= ® ° ® o i Fig. 4 demonstrates the variation of the
Tarperahae, C

temperature of the transition midpoint for 2—1 and
3—2 with magnesium ion concentration in the range
0-15 mM, where the aggregation did not arise. As
can be seen, it is fitted well by linear dependence on
Ig[Mg?**] for the both transitions.

15mM (o) or 20mM (M) Mg®. Concentrations of the
polymers were as in Figs. 1 and 2.

At [Mg*"] = 15 mM the both dependencies are crossing. This means that at high magnesium ion concentration the
duplex and triplex formations melt simultaneously. Fig.4. shows data from the work [2] about the Mg** effect on
the transition 2—1, obtained from calorimetric measurements, but at low Na* ion concentration in solutions
(PIPES buffer). In this case the T, versus Ig[Mg*'] plot is steeper than that in our case, that evidences the

enhansment of Mg’* effect on T, with decreasing in sodium ion concentration. )
The data obtained for Mg™* effect can be explained by model theory of Crothers [6] and Frank-Kamenetskii
[7], where the change in Ty, of helix-to-coil transition is expresses by the equation

AT, = (RET, / AR)In{(1+ Kye)™ /(14 k)"l o

where AH is the transition enthalpy, T and T, are the melting temperatures of the transition in the absence and
presence of a ligand respectively, K and K; are binding constants of the ligand with native and melted polimer,
Bzand B are the number of phosphate groups per one bound ion, ¢ is the ligand concentration.

If K; and K are independent on ¢ and K>¢ >> 1, K;¢ >> 1 then from (1) one can obtained

AAT,)! Alnc) = (RLT, / AH)[ B, - B|] @

Equation (2) explains the linearity of Tp, versus lnggz +] plots (Fig.4). Because of AH for the 3—>.2
transition is about threefold less than that for 2—1 [8), the steeper dependence for the first transition in
comparison with that for the second one is observed. .
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o CONCLUSIONS o

i At the physiological concentration of sodium ions

340 Mg?** stubilizes double- and triple-helix structures formed

. by pely(dA) with poly(dT). Temperatures of .duplcx-

M‘ 330 F + random coil - ‘and triplex-duplex transitions increase
- linearily with 1g[Mg”*] and more quickly in the second
' case that results in superposition of the both transitions at

320F the determined concentration of Mg’* ions. This was

" observed in the present work at [Mg2+] 2 15 mM for

310F poly(dA)-2poly(dT) with the concentration of 100 uM
B base triplets. At high molar ratios Mg?*/ polynucleotide

1 2 4 2
3,5 3.0 25 2,0 -15 (in our case it is more than 200). During melting of the
2 i polymers aggregation is occurred due to formation of
lg[Mg J moll cross-links by Mg** bridges between partially unplaited
polymer strands. It is established that at the presence of
0.1 M NaCl magnesium ions do not induce the partial
Fig.4. Effect of Mg?* on the temperature at transition formation of the triplex structure in poly(dA)-poly(dT)
° midpoints (Ti) for doump and t!ipl::::nded (disproportionation) as is postulated by other authors in
complexes formed between poly(dA) and Some papers.
poly(dT): T,*" determined from Fig.1 (o) and Fig.2
(4); Ty,*? determined from Fig.2; (“) are the data
of Hopkins at al. [2] calorimetrically derived for
poly(dA)-poly(dT) in aqueous PIPES buffer (+).
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BILIMB IOHIB Mg?* HA IBOX- TA TPhOXCITIPAJILHI ®OPMYBAHHSA MIX
POLY(dA) TA POLY(T)
B.M. 3o03yas, A.C. Lllep6axosa, IQ.I1. Baaroii -
Disuko-mexHiunuil incmumym nusskux memnepamyp im. b.1. Bepxina Hayionansnoi Axadexii Hayk Vipainu
Xapxis, 310164, np Jlenina 47, Vipaina. .

Bupyeno Brums ioHiB Mg?* Ha koH(QopMaLiliHi nepexoan y mBOX- Ta TPLOXCIIPANLHHUX CTPYKTYpax, chopmoBanux
mix poly(dA) Ta poly(dT) y 10 mM xakomuratHoMy Gydepi, pH 7, mo mictuts 0.1 M Na+. Hocnimkenns nposenero
METOZIOM TEpMi4HOI AEHATypalil 3 BHKOPHCTaHHAM Y@ cnekTpockomii Ta PeneiBCcLKOro posciroBanug CBiTNA ana
OTPHMaHHA KPUBMX IUIaB/eHH:. TemnepaTypu nepexomis cmipam-kiy6ok i poly(dA)-poly(dT) Ta Tpummexc-
mynieke s poly(dA)-2poly(dT) ninifiHo mimsnmmoroTses 3 1g[Mg?¥], Ta 6imbin mBMIKo B OCTAHHBOMY BMNAJKY, MmO
MPH3IBOMMTS 0 IMUTTA nepexonis npi [Mg?] 2 15 mM. Ilpu [Mg?] 2 20 mM snponopx nnasnerns o6ox CTPYXTYp
6yno BUAB/EHO arperauiio, Mo BHHUKama, 3rigHo Brymdingy Ta CHisasTopam, i3-3a monepewnmx 3UIMBOK, WO
popMyloTECA MicTKaMH ijoHiB Mg+ MiX 9acTkoBO  POIICTEHHMH JIAHINOTAMM MOMIMEPY, Ta 3HMKana » KiHLj
mwiasnenHs. Bussnewo, mo B npucytHocTi 0.1 M NaCl ionw' marmiio me IHIYKYIOTh BHHMKHEHHS 9ACTXOBO
chopmoBaHKX TpHILIEKCHHX CTPYKTYP ¥ Poly(dA)-poly(dT) (micnponopuiiiicrs), ax nocrymsasio iHIIHMM aBTOpaMHM
esaxux poborax. . .
;JHO‘!OPBI CJIOBA: noniHykneoTHIH, NMOMBiHHI Ta NOTPilHi cnipani, ionu MarHilo, nepexin cnipam-kry6ox
peneiBchke pO3CilOBAHHA CBITNA '
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BIIMAHUE T'YIPATAIIVIM HA TAYTOMEPUIO OCHOBAHUI
HYKJIEMHOBBIX KMCJIOT: KOMITbIOTEPHOE MOJEIIMPOBAHUE
METO/IOM MOHTE-KAPJIO
B.U. lanunos

HHCTHTYT MOICKYTAPHOH 6HOTOrHH 1 reHeTHrH, HannonansHas Axanemus Hayx Ykpanusi,
252143, Kues, yn. Axagemuka JabosorHoro, 150
[Moctynuna B penakuuio 17 noa6ps 1999 r.

[TpoBeneHo axcTeHCHBHOE KOMMBIOTEPHOE MOACIHPOBAHHE TMAPATALIHH OCHOBAHHIT HYKJIEMHOBBIX KHUCJIOT U
WX OCHOBHBIX TayTOMEPHbIX (opM Meronom Monre-Kapno. IMokasaHo, yTo B Boje JakTaMuas dopma
ryaHHHa W aMHHHas (OpMa LIMTO3MHA JHEPreTHYECKH Golnee NPEANOYTHTENbHBI, YeM MX JIAKTUMHAS M
HMHHHAs QOPMbI CQOTBETCTBEHHO. BoNblias CTaGMIBLHOCTL B BOJHOM Kjacrepe oObIuHbIX HOpM 3THX
OCHOBAHMH 1O CPaBHEHUIO C MX PEIAKHUMH TayTOMEPHBIMH (POPMAMH LIETMKOM 00yC/I0BJICHA 3HEPreTHYECKH
Gonee BLITOAHBIM B3aMMOZIEHCTBHEM MOJIEKYN BOMIBI Apyr ¢ apyroM. B To xe Bpems oGHapyxeHo, 4To
MMHHHasd (QopMa aJeHWHa M JIaKTHUMHAs (OPMbI THMHMHA H ypauuna OGonee crabGuibHbL, uYem
COOTBCTCTBYIONIMC aMHHHAsA M JakTaMHas ¢opMbl. OTOT (akT onpenenseTcs 6oJee BHIFOTHBIM
B3aUMOJCHCTBUEM peaKuX GOPM OCHOBAHMIA C BOJOA.

K/IIOYEBBIE CJIOBA: HykneoTHAHblE OCHOBaHHS, TayTOMEpHs, ruapartauus, merox Momnre-Kapro,
KOMNBIOTEPHOE MONENTHPOBAHHE

BO3HUKHOBEHHE TOYEYHBIX CMOHTAHHBIX MYTALMii YaCTHYHO CBA3BIBAIOT C CYLLIECTBOBAHUEM PEAKHX
T2YTOMEPHBIX (POPM MYPHHOBBIX U MAPUMHUANHOBBIX OCHOBAHHH HYKJIEMHOBBIX KHCIOT W, KaK CleACcTBHE
3TOro, 00pa3oBaHUEM OIMGOYHBIX (HE YOTCOH-KPHKOBCKHUX) nap ocHoBaHuii. [IoaToMy BecbMa BaXKHbIM
ABJIACTCA 3HAHHE OTHOCHUTENBHBIX CTAOMILHOCTEH TayTOMEPHBIX (OPM HYKIEOTHAHBIX OCHOBAHMIl U
POACTBEHHBIX MOAENIbHBIX CHCTEM.

Hns Toro, 4To6bl OLEHHTb OTHOCHUTENbHbIE CTAGHILHOCTH TayTOMEPHbIX (QOPM OCHOBaHHI B
MOCIEAHHE TOMbI ObUIO BbIMNOJIHEHO GOJNBLUIOE KOTHYECTBO KCIIEPHMEHTANLHBIX M TEOPETUYECKUX paboT
(cMm., HanpuMep, 0630pbl [1-4]). TeopeTnueckue MccaenoBaHUs GbUIH NPOBEAEHbl MU HU30JMPOBAHHBIX
OCHOBaHMH (OCHOBaHHHi B BaKyyMe), T.e. B OTCYTCTBHHM MEXMONEKYIAPHOrO B3aHMOIECTBHS MEXTy
OCHOBAHWAMH H HX OKpYXEHHEM. Pe3ylbTaThl TaKMX DacyeTOB CIEAyeT CPaBHMBAThb C JAHHBIMU
IKCNEPHMEHTANILHOTO H3yueHHs K-criekTpoB ocHoOBaHMii, M30JIMPOBaHHBIX B MHEPTHBIX MaTpHuax [3]. B
TO X€ BpeMsl MOAABIAIOLIAA YaCTh IKCIIEPUMEHTANIbHbIX HaHHbIX Obla NOMyYeHa B pacTBOpPAaxX W TBEPAOii
dase [1]. B 3TOM cmyyae U3ydyeHHE AEHCTBHA OKPYXEHHS HAa OTHOCHTEbHbIE CTAOMILHOCTH TayTOMEpPOB
OOBIYHO NMPOBOAMIOCH B PAMKAX B3aUMOIEHCTBHSA MONAPHOM CHCTEMBI C HEMpPEPLIBHON AUIJIEKTPHUYECKOM
cpenoii (cM., Hanpumep, [5]).

Onmnako s HMccnenoBaHMs CTaGMIBHOCTH TayTOMEPOB B PacTBOPax HeoGXOAUMO U3YYUTb
B3aWMONCHCTBHS PaCTBOPHTENb-PACTBOPUTENb, PACTBOPUTENL-PACTBOPEHHOE BELIECTBO M PacTBOpEHHOE
BELUCCTBO-PACTBOPEHHOE BELIECTBO HAa MOJIEKYIAPHOM YpoBHe. IIpaBMiIbHOE OMMCaHME BIUAHUA
CONbBAaTaLMKM HA TAYyTOMEPHIO OCHOBAHHH JOJDKHO pacCMaTPHBATh B3aMMOMEHCTBUE MEXAY MOJIEKYIaMH
PaCTBOPHTENA X PAaCTBOPEHHOIO BEILECTBA B ABHOM BHAE. TaKUX TEOPETHYECKHX JAHHBIX A0 HACTOALLErO
BPEMEHH HE HMEETCH.

MATEPHUAJIBI U METO/BI |

B cBA3M ¢ 3THM Mbl TpPOBENH KOMMbIOTEPHOE MOAENMPOBAHME TMAPATALUMH NYPHHOBBIX M
NMAPHMUAKWHOBBIX OCHOBaHui Ade, Gua, Cyt, Ura, Thy u ux OCHOBHbIX TayTOMepHBbIX ¢opM. Bbuna
M3y4YeHa aMHUHO-UMHHHajs H JIaKTaM-JIaAKTHMHas TayTOMEpHs I3THX coemuHenwii. [Ipu 3tom 6buin
PaccMOTpeHbl 002 BO3MOXHBIX MOJNIOXEHHA HMHHO- U THAPOKCHJILHOW TPYyNN MO OTHOLIEHHIO K aTOMy
N(1) nypuHoBbIix U aTomy N(3) nHPMMHAMHOBBIX OCHOBaHHM - anti- U syn-konpopmauuu. B nanbHeiiem
3TH TayTOMEpPHbIe GOpMbl AJI1 OCHOBaHHWI 0003HayaloTca kak imino (ant), imino (sym), lactim (ant),
lactim (sym).

Pacaernl ObimM BbimonHeHbl MetogoM Monte-Kapno B xaHonuyeckom (T, V, N) ancambae,
MCronb3ys BoIOOpKY Mertponoiuca [ 6]. B xaxno#i uzyyeHHo# cucteMe (OCHOBaHHE + BOIHBIH KjacTep)
4ynucio Monekyn Bomel cocraBisuio 400. Temnepatypa cucrembl Obina paBHoii 298K. B kauecrse
ITPaHHYHBIX YCIIOBHH Mbl BOCMOJb30BAMCh KNACTEPHbIM NpubIMmxeHnem Abpaxama u ap. [7-10], Tak kak
OHO XOPOIIO OMHCLIBaeT 00pa30BaHKE AAPA XKHAKOCTH H XXHIKHX PaCTBOPOB M3 napa.

JUia  BBIYHCNEHHA JHEPrudi  MEXMOJIEKYJISPHOTO B3aMMOJEHCTBHS ObIIM  MCMOJbL30OBaHbI
NOJy3MNUPHYECKHE ATOM-aTOMHBbIE TMOTEHUHANIbHbIe G(YHKUMH, npemioxeHHble IlonTeBbIM W ero
kosteraMu (cM. CBOIOKY AaHHbiX B pabotax [l11-13]). B cooTBeTcTBHM ¢ 3THMH QYHKLMAMM 3apaibl Ha
Pa3nuYHbLIX aTOMaX OCHOBAaHHUH M MX TAYTOMEPHbIX POpMax BbIYMCIIEHbl TaK XK€, KAK B HAlUMX HEJABHHX
paborax [11-13). Ilpu npoBemeHUH pacueTOB IA BCEX M3Y4YEHHBIX MOJIEKYN ObUla HMCNOJbL30OBaHa
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ONTHMHU3aUHEH reOMETPHM B paMKax ramuibTOHMaHa Metona AMI (cm. [14]). ATombl BOAOPOIOB
METHJIbHBIX TPYNN ObUTH yYTEHBI B ABHOM BHUIIE. 7
[lepBonauanbHo pammyc chepbl GbiT paBeH paauycy cepbl A1 HaHIEHHOH Had9aTbHOM
KOH(Urypauun BOXHOro kiacTepa BOKPYr KaXaoi MOJEKy bl pacTBopenHoro BewecTa (Re=23.0 E). Ans
CO31aHus B TakoW cdepe «BOAOMOAOGHOW» CTPYKTYpbl GbUIM MPOBENEHbI BbIYHCIEHHMS, BKIIOYAIOLIHNE
2.4x10¢ xonurypauumii. 3aTem cornacHo xnactepHoii Teopu [7-10] paauyc chepbl LS paccMaTPHBAEMbIX
cucteM Obut yBennueH o 25.0 E u BbinonHeHb! AalbHeRIIHE BLIYUCIEHHS, KOTOPbIE COAEPKANH 2.4x10¢
kOHQurypauuii. Takum o6pasom, Wis TOro, uTobbl YPaBHOBECHTb KAKAYI M3 CHCTeM, ObUTH
ncnonb3oBaHbi 4.8x 106 koHdUrypaumit, KOTOpPbIE MPH BHIYUCIEHHH CPEAHUX CBOMCTB ObliM OTOPOMIEHI.

B Hawux BblYMCTEHMAX CcTaTUcTHYeckas owMOka (3HayeHHe aucrepcun) Obina BbIYMCIEHA C
ToyHoCcTbI0O + 0.005. JIna Toro, 4trobbl NpH BbIYHCIEHHH TEPMOAMHAMHYECKHX MHaHHBIX HOCTHYD
YKa3aHHOW TOYHOCTH, [UTMHbI FEHEPHPYEMbIX MapKOBCKMX Lieneil /U M3yYaeMbix CHCTEM (OCHOBaHHE +
BOAHbIH Knactep) Obinu cnemyiomumu: Ade — 1.6x107 xondurypaumii, Ade imino (ant) - 1.68x.107
KoHOurypaumii, Ade imino (syn) — 1.76x107 kondurypauuii, Gua — 2.08x107 xonpurypauui, Gua imino
(anti) - 1.72x107 xoHburypaumii, Gua imino (sym) — 1.68x107 xoudurypaumit, Cyt - 2.32x10’
koHurypauuii, Cyt imino (antj) — 1.32x107 kondurypaumii, Cyt imino (syn) — 2.04x107 koHpHTypaLHH,
Thy — 1.44x107 kondurypauwii, Thy imino (ant) - 1.76x107 kondurypaumii, Thy imino (syn) - l.2x.l 07
koHpurypauuit, Ura — 2.44x107 kondurypauuii, Ura imino (ant)) — 1.96x107 kondpurypauuii, Ura imino
(syn) — 2.28x107 kondpurypauwuii, Boaa — 2.64x107 koHpurypauuii.

Bce pacuersl Obutn BbimonHeHsl B Kuese Ha rpynne pa6ouux cranuui UltraSparc-II Pakosoro
uHCTHTYTa UM. Po3Ben napk B Bapdamo (CILIA) ¢ nomowpio rnobansHoi ceth INTERNET.

PE3VJIBTATBI 1 OBCYKAEHHUE
PesynbTaThl pacyeTOB CpemHMX 3HA4YeHMH TMOTEHUMANbHOM JHepruM cucreMbl U, 3HEPruH
B3aUMOJeHCTBHA Boga-BoAa Uww M 3HEPrMM B3auMojeicTBus Boga-ocHoBaHWe Uwv maHel B Tabm. 1.

BennyuHbi SHEPIrvH ruapaTalmu AUhyd JUIA BCEX CUCTEM, MOJYYE€HHbIC U3 MPUBESACHHBIX NaHHBIX, TAKXC
NpeaACTaBJICHbI B 3TOM Tabnuue. 3nech xe NMPpUBEACHDbI 3HAYCHHUA CTATUCT WYECKOM OIIUOKHU (CTaHﬂapTHOF 0

OoTKIOHEHUS) A U ¥ AUhya.

Tabnuua 1. DHepreTHyecKkHe XapaKTEPUCTHKH THApPATALUMH OCHOBAHWH HYKIIEMHOBBIX KHCIOT M HX
OCHOBHbIX TaYyTOMEPHbIX HOpM?

OcHoBaHue (0L Uwwb Uws Uhyd®
Ade -8.331 + 0.005 -8.091 -0.240 -43.6 + 2.8
Ade imino (ant) -8.374 + 0.005 -8.053 -0.321 -60.8 + 2.8
Ade imino (syn) -8.429 + 0.005 -8.102 -0.327 -82.8+ 2.8
Gua -8.407 + 0.005 -8.111 -0.296 -74.0 + 2.8
Gua lactim -8.381 £ 0.005 -8.085 -0.296 -63.6 +2.8
Gua lactim (syn) -8.390 + 0.005 -8.083 -0.307 -67.2+28
Cyt -8.341 + 0.005 -8.128 -0.213 -47.6 + 2.8
Cyt imino (ant) -8.301 £ 0.005 -8.087 -0.214 -31.6+2.8
Cyt imino (syn) -8.333 + 0.005 -8.118 -0.215 -44.4 + 2.8
Thy -8.321 + 0.005 -8.177 -0.144 -39.6 +2.8
Thy lactim (ant) -8.335+ 0.005 -8.104 -0.231 -45.2+28
Thy lactim (syn) -8.342 + 0.005 -8.130 -0.212 -48.0+2.8
Ura -8.333 + 0.005 -8.194 -0.139 -44.4+28
Ura lactim (ant) -8.383 + 0.005 -8.133 -0.250 -64.4+28
Ura lactim (syn) -8.376 + 0.005 -8.162 -0.214 -61.6 +2.8 .
Water - -8.222 + 0.005 -8.222 - »

aHeKOTOpbIE OTIMYHA IHEPIETHYECKUX XAPAKTEPUCTHK OObIYHON POPMbI OCHOBAHMII OT AHANOrMYHBIX
NaHHbIX, moay4YeHHbIX B [11, 12], 00ycnoBieHs! HCNONL30BaHHEM B JaHHO#M paboTe uHOI TEOMETPUH (CM.

BbILLIE).
bKkan/monb pactBopuTens. ©Kxan/Mosib CHCTEMBI.

BuaHO, YTO BENUYMHBI SHEPrMM TMAPATAUMH JUIS BCEX M3YYEHHBIX CHCTEM OTPHMUATEIbHbL. DTO
HaXOAMTCA B COTJIACHMM C IKCMEPHMEHTANLHBIMM JAHHBIMH MO SHTANLMAUM THAPATALMM OGBLIYHBLIX
TayTOMEPHBbIX (OPM -OCHOBAHUH, KOTOPBIE JIETKO MOTYT ObIThb BBLIYHCHIEHBI M3 U3MEPEHHBbIX TEMIoT
pacTBOpeHus u cybnumaunu [15-21].

CpaBHEHHE TEOPETHYECKHX H IKCTIEPUMEHTaNIbHBIX 3HAYEHHH AUnya s A, U, T, G u C (cm. Ta6a. |

u paHHble [15-21]) moka3biBaeT HEYNOBIETBODHTENILHOE COINIACHE MEXIY HHUMM. OKCnepUMEHTANIbHbIE
3HaYeHUs CYLIECTBEHHO HMXKE 3HAYEHHH, NPUBEAEHHDbIX B Tabn. 1.
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Bnusxve runparanym Ha TayTOMEPHIO OCHOBAHHUI HYKJIEWHOBBIX KMCIOT.

MOXHO NPeANnoONOXKHUTL, YTO NOTEHLHAIbHbIE yHKUMH, KOTOPbIE MBI MCTIONB30BAM I OMUCAHUS
B3AWMOZICACTBHA BO/A-PACTBOPEHHOE BELIECTBO, MPHUBOAAT K NEPEOLIEHKE 3TOT0 B3aMMOIEHCTBHS.
JApPYTHMH CTIOBAMHM, OCHOBAHHS HYKIEMHOBBIX KHUCIOT THAPATUPYIOTCA B BOAHOM KJIACTEPE HAMHOTIO
CHITbHEE, YeM B peanbHO#M Bome. Torma cinenyer oxumath, yTo B 6ojee PEANMCTHYECKO BOJE 4YIleH,
OTBETCTBEHHDIH 32 B3aUMOMEHCTBHE BOJA-OCHOBAaHHUE, GYIET HECKObKO MEHbILE,

Onxaxo napaMeTpsl 3THX MOTEHLHANBHBIX ¢yHkuni 6buTH BLIGPaHL! Tak, 4TO6b AnMHbLI H-cBa3eii
MEXIY MOJIEKYNOH BOAbI M OCHOBAHMAMH M 3KCIEPUMEHTAJILHBIE TOJIOXKEHUs MOJIEKY]T BOAbLI B
KPHUCTAJUIOrMApaTaX OCHOBAHWH, HYKJIEO3UIIOB, HYKIICOTUAOB M POACTBEHHBIX COEMMHEHUIl MOL/IN GbITh
BOCMpOM3BEAeHbI. B pesynbraTe noTeHUMaNbHbIe QYHKUHHM IS B3aWMOIEHCTBHS BOZa - PaCTBOPEHHOE
BEILCCTBO MO3BOJIMIIM HAM HAWTH CXe€Mbl MOHOTHAPATALMH HYKICOTHAHBIX OCHOBAHMH M MX nap u
SHAYCHHA SHEPTMH B3aUMONCHCTBHMA BOJAA-OCHOBaHHME [22, 23], KOTOpblE OYeHb GIM3KH K 3HAYEHUAM,
MOJy4EHHBIM C MOMOLIBLIO ab initi0 aTOM-aTOMHBIX MOTEHLHANLHBID (BYHKLHMIA [24, 25] M yTOYHeHHbIX
MONySMINHPHYECKHX MOTEHUHANbHbIX QyHKUMA [26]. OTH noTeHUHanbHBIE DYHKUMH TaKKe MO3BOJHIM
HaM TONy4HTb 3HAYCHWS OSHTaNbNMM 00pa3oBaHMA MOHO-, AM- W Tpuruapatos Ade [27] w
MeTwinpousBoAHbiX Ura u Thy [28], koTopble HaxomiTcs B KONMYECTBEHHOM COLACHH C
IKCMEPUMEHTAIILHLIMH IAHHBIMH, OTIPEENCHHBIMH B BaKyyM€ HA OCHOBAaHHM MacC-CIEKTPOMETPHYECKOTO
usyyenus [15, 16].

B To xe Bpems ciienyeT noaYepKHYThb, YTO MOJEIHPOBAHUE TMApPAaTaldHd METHINPOU3BOAHBIX Ura u
Thy B knacrepe, cocrosmem u3 200 Monexyn Bozb! [28], ¢ TEMH Xe MOTEHLMATLHBIMHY GyHKUMAMU, YTO U B
JAaHHOW paboTe, MPaBHWILHO BOCIPOW3BOAMT MOCIENOBATENbHOCTb WX 3KCMEPUMEHTAJIbHBIX 3HAYEHHI
AUsolv. AHAJIOTHYHOE MOZIENMPOBAHKME TMAPATALMH KodenHa [29, 30] nokasaiio, YTO 3HaYEHUS IHTAJBIUU
THpaTallii, BBIYUCIICHHbIC Ha OCHOBE TEOPETHYECKMX M IKCIIEPMMEHTAJIbHBIX HAHHBIX, HAXOMATCA B
XOPOLIEM COTJIaCHH.

HecMOTps Ha BCe CKasaHHOE B3aMMOIEHCTBHE BOAA-OCHOBAHHME MEHCTBUTENbHO MOXET ObITh
NMEPEOLCHEHO U3-32 HEAOOLICHKH B3aMMOICHCTBHSA BOJa-BO/IA B KJIACTEPHOMN TEOPHH, TAK KaK MEXIY ITHMH
B3aHMOJICHCTBHAMU BCETZia CYLUECTBYET KOHKYpeHLMs. DakThuecku, 310 GbUIO MpsMo NOATBEPKACHO
M3Y4E€HHEM THApAaTalMH OObIYHBIX (OpM ocHOBaHMi MeTogoM MoHre-Kapio ¢ wucnons3oBanuem
NMEPHOAMYECKHX TPAHUYHBIX yCiIoBHi [31]. IIpumenenue B 3ToM paboTe yTOUHEHHBIX MOMYIMIHPUYECKHX
aTOM-aTOMHBIX MOTEHUHANbHbIX QYHKLUUHA PHBENIO K IHEPTETHYECKMM M CTPYKTYPHBIM XapaKTePHCTHKAM
KMIKOH BOIBI H 3HAYCHMAM IHEPTMM OOPA30BAHHS MOHOTHADPATOB OCHOBAHMii, KOTOPbIE MOXOGHBI,
MONy4YEHHbIM HaMH JaHHbIM. B To xe Bpemsa 3T0 mo3Bonunao aBTopam [31] BBIYUMCIMTH SHEpruu
rugpatauun wis Ura, Thy u Ade, KoTopbie XOPOLIO COrNACYIOTCA ¢ 3KCIEPHMEHTANBHBIMH 3HAYEHHAMH.

Takum oOpa3oM, pasnuuMe MeXIDy TEOPETHYECKMMH M IKCTIEDUMEHTANIbHBIMM 3HAYEHUAMH
SHTAJILMHK THAPATAaLlUH OMNpENENAeTCs HE BHIOODOM MOTEHLHATOB B3aWMOACHCTBMSA VIS CUCTEM BOJA-
OCHOBaHHME, a CBfA3aHO C HCMNOJbL30BaHHWEM KiIacTepHOd Teopun. HemooueHka B3aumonelcTBHs
PaCTBOPHTENIL-PACTBOPUTEND, MPUBOAALLAA K MMEPEOLIEHKE B3aUMOJEHCTBHUS PACTBOPHTE/Ib-PACTBOPEHHOE
BEILECTBO, ABJIACTCA MPUYMHOMN 3aBBILICHHBIX 3HAYEHH JHEPTUM FMAPATALMH [UI U3YYEHHBIX OCHOBAHMIA.
Omnako, Tak Kak JanbHeiilliee PacCMOTPEHHE OCHOBAHO HA JHEPreTHYECKHX PA3JIMYMSAX, KaXKeTcs
HEBEPOATHBIM, YTOObI JaHHbIE, MpUBeAeHHbIE B Ta0J1. 1, MOTJIM CYILIECTBEHHO M3MEHHTbCA.

Kak BuaHO M3 3TOH Tabmuubl, W3 ABYX PacCMOTPEHHbIX KOHGoOpMauuii (anti M syn) xaxmol u3
peaxkux Gopm Oonee cTtabunbHol ABnsercs syn-koHpopmauus. Mckmouenue cocraBiser Ura. OmHako
mis Thy u Ura 3TOT BbIBOA HENOCTOBEPEH, MOCKOJbKY pAa3sHOCTb 3HEPIMH MEXIy anti- W syn-
KOH(OpMaLMAMH PaBHA CTATHCTHYECKOM omuoKe.

W3 3T0it xe Tabmauubl cnemyer, 9To nakTaMHas popma Gua u amuHHas ¢popma Cyt 3HepreTuyecku
Oonee BBLITOAHBI, 4€M Ka¥Jgads M3 KOHPOpPMAUMi JIAKTUMHOW M HMMHHHOM TayTOMepHbIX (GOpM
COOTBETCTBEHHO. ITOT BbiBOA M Cyt cormacyercs ¢ pe3yabtatom paboTbl [32], B kOTOpOH ObliH
BBIYMCIIEHbI PDA3HOCTH CBOOOHBIX 3HEPTHil MEXAy aMHHHOM MU UMMUHHOIN TayToMepHbiMM popmamu Cyt
METOOOM MoOJIeKyJspHOM auHamuku. M3 Tabn. 1 BumHo Takxke, yTo Oosbluas CcTaOWILHOCTL B BOXE
OOBIYHBIX (OPM 3THX OCHOBAaHHI MO CPaBHEHHUIO C WX PeAKMMH (OpMaMH LETMKOM O0OYyCIOBIIEHA
IHEPreTHYeCKUM WIEHOM Uww, KOTOPBIA ONHUCHIBAET B3aMMONEHCTBHE MOJIEKY] BOALI APYr C JPYTOM.
Hnade roops, Boa BOKpYyr ob6biyHbIX GopM ocHoBaHu#ii Gua u Cyt 6onee CTpYKTypUpOBaHa, YeM BOKPYT
penxkux GopmM.

B T0 xe BpeMs o6HapyxeHo (cM. Tabun. 1), uto B Boae kaxaas u3 KoHpopmauuit uMuHopopmsbl Ade
H 1akTUMHOH ¢popmbl Thy u Ura Gonee crabunbHa, yeM ux aMHHO- U TaKTaMHas POPMbl COOTBETCTBEHHO.
3710 onpeaenserca Goyee BHITOAHbLIM B3aUMOAEHCTBHEM PEAKHX (GOpM OCHOBaHMH C BOHOM, T.e. UJIEHOM
Uws. . -
3nece cnegyer OTMETHUTb, 4TO, Oonblias (MeHblas) BbITOAHOCTb SHEPTETHYECKOTO "eHa Uww H,
ciefoBaTeNbHO, Oonbiias (MeHbIIas) CTPYKTYPHPOBAHHOCTb BOAblI BOKPYI OCHOBaHMH He BCErja
oOycnoBneHbl OoablIMM (MEHBIIMM) YWCIOM BOAOPOAHBIX CBA3eH, 0Opa3zyeMblX MeXAy MOJIEKyJIaMH
Bofbl. O0 3TOM CBMAETENLCTBYET aHaMM3 QYHKUMH pacnpefeneHus IS BOAbI, KOTOpPbie 3HECh HE
NMPUBOIHM.

XOTs CONOCTaBJICHHE TEOPETHYECKHX PEe3YAbTATOB MO 3HEPreTHYECKO#H BBIFOAHOCTH OOBIYHBIX H
peaxux GopM ¢ 3KCNEPUMEHTAIbHBIMH JAaHHBIMH HEBO3MOXHO H3-32 OTCYTCTBHMA TOCIEAHUX Ul
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GONbLIMHCTBA MOZENMpYEMBIX CHCTEM, OJHAKO, KaK JErko BLIYHCAMTh M3 Tabm. 1, KOMMYECTBEHHOC
3HAYEHUE  IHEPreTMYECKOW PAa3HOCTH 3HAYMTENLHO MPEBOCXOAMT  CTATHCTHHECKYIO owHoKY,
BO3HHMKAIOILYIO MPH BbIYMCIEHUX MeTogom Monre-Kapno. Tomko B ciayuae Cyt pasHOCTb FHEPIHH
Mexay syn-KoH®OpMaumeii ero HMHHODOPMBI ¥ aMHHODOPMOl cocTaBiseT 3.2 KkaW/Molb, 4TO THLIL
HE3HAYMTENIbHO MPEBOCXOAMT CTATHCTHYECKYIO OWIHOKY, paBHYIO 2.8 Kkal/MOJIb.
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H3YYEHUE T'NAPATAIIMU PA3JIMYHBIX CTPYKTYPHBIX ®OPM
MOJIMPUBOLIUTUAUIOBOM KUCJIOTHI U EE KOMIIOHEHTOB METOIOM
MOHTE KAPJIO. 2. BIUSHHUE IPOTOHUPOBAHUS HA I'MAPATAIINIO
ACCOLHUATOB IIMTO3UHA.

A.B. lllectonanosa, /I.B. AunuleHKo', B.51.MaJnieeB

Hncmumym eaduoqbu.?uku u anexkmpornuku HAH Yipaunw, yn. Axademuxa lIpockyper 12, 310085, Xapwvkos;
Xapokosckuii 20cyoapcmeenmbiii ynusepcumem, nn.Ceoboowl, 4, 310077, Xapexos
Cratesa noctynmnia B penakiyro 20 OKTA6ps 1999 r.

Meroaom Monte Kapio usyuensl npouecchl accouuaimy HEHTPA/bHOM ¥ NMPOTOHUPOBAHHOW NO N3 NOJOKEHHMIO
GopM uMTO3MHA B BOAE M BIMAHME IIPOTOHMPOBAHMS Ha B3aMMOLEHCTBHE aCCOLMATOB LMTO3MHA C BOAHBIM
OkpyxeHHeM. Iloay4yeHsl - SHepreTuueckue CTPYKTYPHBIC ~ XapaKTEPUCTHKH  CHCTEM,  COAEPKALIMX
BoaopoaHocea3aHHyo (BC-) napy neitrpansHoro (C) u npoToHupoBaHHoro (C*) uuro3una, CTIKMHI-UMEPLI 06eunx
$opm tmuTo3una u 200 monekyn Bozawl. ITokasano, uTo obpasoBanye BC-napbi B Bosie 3HepreTuyeckyu HEBBII'01HO, a B
BaKkyyMe Takas mapa crabunbHa. O6pasoBanme crokuur-gumepos C-C u C*-C* B Boze SHEPreTHYECKU BBITOIHO.
OHepreTuyeckas MpeArnOYTHTENLHOCT oOpasoBanus  cTakuHr-numepa C-C B Boge 00yc/ioBNEHA  Kak
B3aMMOJCHCTBMEM AUMEP-BOAA, TAK M JHEPreTUUECKH BBIFOAHBIM M3MEHEHHEM CTPYKTYpbl BOAbI Npu 0OpazoBaHum
CTOKMHT-IMMEpa M3 1BYX H30/JMPOBAHHBIX LHTO3MHOB. DHEPreTHYECKas MPEANOYTHTENLHOCTD ¢dhopMUpoBaHHs
crakuur-numepa C'-C* B BOE ONMpeAensercs CHIbHBIM B3aMMOAeHCTBHEM AvMep-BoJa U 00pazoBaHMEM BOAHBIX
MOCTHKOB MEXIy LMTO3MHAMM, KOTOpbIC CTAOMIM3MPYIOT Takoi accounar. OnpeaeieHsl CXeMbl THApaTaUuK Tpex
accoLMaToB

KJIFOYEBBIE CJIOBA: accoumars untosuna, NPOTOHHPOBaHHe, ruapatauus, Mmetos Moure Kapno.

N3yueHue BAMAHUA MPOTOHMPOBAHHS LMTO3MHA 1O N3 TMONOKEHMIO Ha B3aHMOLEHCTBHE ero accouuaroB -
BOAOPOAHOCBA3aHHbIX (BC-) map M CTOKMHI-IMMEPOB - C BOAHBIM OKPY)KEHHEM SBASETCS C/IEIYIOIIMM 3TanoM
fPA UCCIICNI0BAHHH HAMHM POJIM BOABI B CTAOMIM3ALMU PA3TUYHBIX CTPYKTYPHBIX GOPM NOJTHUPHOOLIMTHANIOBOI
kucioThel (polyrC) [1-3].

H3BecTHO, 4TO B BOAHBIX pacTBopax polyrC o6pa3yeT HecKoJbKo CTPYKTYPHBIX (POpM, OMpeaenseMbix
BHCIIHMMH yCIIOBHAMHY, B 4aCTHOCTH, pH. B He#TpanbHeX M crabowmenoynsix pactsopax polyrC Haxomutcs B
OAHOCTHMpanbHOH (opMme [4], B o6mactu 3.7< pH < 5.5 - B AByXcnHMpabHOM, a npu pH < 3.5 - B MoNHOCTBIO
NMPOTOHHMPOBAHHOM, pasynopsnaodeHHo# ¢opme [5]. Crabunuzawmo ONHOCTIMPATBHON CTPYKTYpbl OOBACHIIOT
HATHAHEM CTIKHWHIA MEXIY COCEIHUMH LIMTO3MHAMM, PACMONOXEHHBIMU BIONb Lenu polyrC, 1 BOAOPOAHBIMH
cBa3aMH (BC), Bo3HMKaOWMMU MeXAy TMAPOKCHIBHBIMK rpynnamu C2°OH pubo3bl [4,6], a cTabuausaumxo
NBOMHOH CIHMpany MOIyNpOTOHUPOBaHHOH (opMbi polyrC - o6pazoBaHueM Tpex BC mMexay uuro3uHamu ABYyX
cocenHux neneH [5]. HenaBHue uccieoBaHuA MOKA3aiM, 4TO CyIECTBEHHYIO poJib B CTaOMIM3aLMK PA3THYHBIX
CTPYKTYPHbIX ¢opM polyrC urpaer B3auMONEHCTBHE C BOAHBIM OKPY)KEHHEM, M CTAGMIN3ALMA JOCTUraeTCs npu
CBA3bIBaHMH 10-12 Monexyn BObI Ha HyKIEOTHA /IS OAHOCIMPAIbHOH (GOPMbI U He MeHee 9 MOJIEKYJ1 BOAbI Ha
HYKICOTHA MiA JAByXCrHpanbHOW ¢opmel [1,3]. Metomamu UK cnexTpockonuu u Mbe30rPaBUMETPHUM
OTNPENEJCHBl THAPAaTHOAKTHBHBIC LEHTPH M CTeneHb ruapatauuu polyrC, mpemloxeHa BO3MOXHas cxema
JIOKaIM3altii  MOJIEKY] BOAbl B IBYXCrMpaibHOM Komruiekce polyrC - polyrC’. Ho 3sHepretuyeckue H
CTPYKTYPHbIC U3MEHEHUS BOIHOIO OKpYxkeHHs polyrC ¥ ee KOMNOHEHTOB, BO3HUKAIOLIHME ITPH MPOTOHHPOBAHUH
LMTO3MHA, HE H3YYaJlHCh. | .

3aCTyMBa€T BHHWMAaHMA M MCCIEJOBAaHME aCCOLMALMH B  BOJHOM pacTBOpe HEWTpalbHOM U
NPOTOHHPOBaHHOH (POpM LMTO3HHA ¢ 06pa30BaHMEM OCHOBHBIX CTPYKTYPHBIX KOMIIOHEHTOB polyrC - BC-nap
ABYX UMTO3HHOB, 00pasyromux Tpu BC 1 onpenensiolux Mexuenoyeynsie B3aumosneiictaus B polyrC - polyrC',
4 TakKke CTIKMHI-JHMMEpPOB HEHTPAILHOIO M  NPOTOHMPOBAHHOIO  LIMTO3WHOB, - OTBETCTBEHHBIX 3a
BHYTpHILENIO4eTHbIe B3auMonencteusa polyrC. B Teuenuwe MHoOrux ier oﬁmenpu_uﬂmm ObUIO MHEHME, 4TO
CTabWIBHOCTL NBOMHBIX CNHMpaeil HyKJIEHMHOBBLIX KHCIOT B BOJE OMpENENseTcd HE CTONBLKO BOAOPOIHBIM
CBA3bIBAHHUEM, CKOJIbKO CT3KHHT-B3aHMONCHCTBHAMH OCHOBaHMH. 3TO MHEHHME OCHOBBIBANIOCH HAa pe3yJibTaTax
MCCACNOBAHMHA, NOKa3aBIIMX MPEANOYTHTEILHOCTL (PopMuUpoBaHus BC-nap B BakyyMe M UX HeCTaOWILHOCTD B
BOJIHOM pacTBOpE M, HA00OPOT, JHEPreTHYECKYIO BHIMOJHOCTh 00pPa30BaHUs CTIKMHI-aCCOLIMATOB OCHOBAHMIl B
BOME ¥ X HECTaOWILHOCTB B BaKYYME H HEMONAPHBIX pacTBopHTenx [7-10]. IMpouecchl accounauuu asyx hpopm
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HUMTO3NHA MOTYT OT/IMYATLCA OT MPOLECCOB ACCOLMALMM OCHOBAHMIA HYKJIEAHOBBIX KHMC/IOT TEM, YTO acCOLHATHI
obpasyrorcs mexay HEHTPANILHON MOneKynol UMTO3MHA M ee MOIEKYJApHBIM HOHOM. [lorTOMYy H3y4YEHHE
aCCoUMaUNH Pa3NHYHBIX (POPM LIMTO3UHA B BOAHOM pacTBOpE MOXKET paclIMPHTH MPEACTaBIeHUA O pO.id BOIBI B
hopMHpOBaHUHU U cTabuIM3aLMM aCCoOUMATOB NMPOM3BOAHBIX OCHOBAaHMH HYKJIEHHOBBIX KMCIIOT.

OBBEKTbI U METOJ UCCJIEJOBAHUS

Lenbto npanuowm paboTel 6bIO M3yyeHHE BIHAHHS MPOTOHHPOBAHUA LMTO3UHA MO N3-TOJ0KEHHIO Ha
MPOLECChI €ro accouMalMM B Boje c obpasosaunem BC-napei C..C” M [BYX THTIOB CTIKMHT-IAMEDPOB
HeHTpansHo#t (C-C) u NpoToHHupoBanHo# (C'-C") GopM uMTO3MHA M WX ruapaTaumo. 18 ONHCaHHMA TaKHX
MPOLECCOB HEOOXOAMMO MOTYUUTS JHEPr€TUYECKHE M CTPYKTYPHBIE XapaKTEPUCTHKH CHCTEM, COAEpallHX
M3yHaeMble COENMHEHMs M Monekynbl Boabl. Kak u Ha MpeablIyileM JTane Mpyd MW3YYEHHH BIUSHUA
MPOTOHUPOBAHUA Ha THAPATALMIO MOHOMEDOB LIMTO3MHA [2], s pelleHHs TOCTABICHHOH 3aJayd HaMH
Hcnonk3oBancs meroa Moure Kapio. [Ipumenenne metona Moute Kapso 114 u3ydyeHus mpouLeccoB accOHaLdU
buomonekyn noapo6Ho onMcano B paborax [9,10].

Koopaunatel nnockoii napel ¢ Tpema BC B3aThl M3 paGotsl [11], a KOOPAMHATBI CTIKHHI-INMEpA
HEHUTPAILHOTO LMTO3MHA - U3 PCHTTCHOCTPYKTYDHBIX JaHHBIX VI ONHOCTIMPAILHON HENMPOTOHUPOBaHHO#M polyrC
[4]. Koopaunartsl CTSKHHT-IMMEpa MPOTOHMPOBAHHOTO LIUTO3WHA ONMPEAETEHBI U3 pacroioXkeHUs LUHTO3UMHOB B
HEMR ABYXCNIMPANbHOH MOJTyNpOTOHUpOBaHHOK polyrC - polyrC”, nocTpoeHHOH HaMH C MOMOMBIO TPOTPAMM
MOJIEKYIADHOTO MOAeNHpoBaHus. I10/0KEHHe UMTO3MHOB B aCCOLMATAX B MMPOLIECCE PaCUETOB HE H3MEHANOCK.
Pacuets nposommncy B cdepax pamiyca 22 A npu Temnepatype 298K ¢ MOCHeAYIOLMM YTOYHEHHEM
MOJIOKEHHA MOJIEKYT BOABI BOJIM3M LIEHTPOB rUApaTaLii npyu SK. Jng pacueToB 3HepruM B3aMMoAeHCTBUS BOA-
ACCOLMAT M LIMTO3WMH-LMTO3UH B aCCOLMATE MCMONb30BAJICS MOIW(UUMPOBaHHBIN noTeHiman JlenHapaa-/koHca
1-6-12 ¢ napamerpamu, nomydernsiMu TT0ITEBBIM U coaBTOpamH [12], a ans pacueToB B3auMOAEHCTBHII BOda-
BOMa - TONySMOMPHYECKWH moTeHuuan 1-6-exp [13]. [TpoTOHHpOBAaHME YYHTBIBAIOCH MOCPENCTBOM
MOAM(DUKALIMY YaCTHYHBIX ATOMHBIX 3apANOB, PaCCYMTAHHBIX ab initio ¢ ucnonb3oBanueM Metoaa MP2 (Moller-
Plesset) / 6-31G " [11,14]. _ '

Ilpu ycTaHOBNEHMM PaBHOBECHOTO COCTOSHUS KaX0H CHCTEMBI [/IHHAa TeHEPUPYEMOl MapKOBCKOM Lieny
coctasina 4.000.000 snemenTapHbix koHUrypaumii. Ha CTaUMOHAPHOM YYaCTKe, MPU BBIYMCICHUH CPENHHX
3SHAYEHWH DHEPTeTHYECKUX XapaKTEPUCTHK U byskumit pacnpenenenus, F€HEPUPOBAJIUCH 4.000.000
3/IEMEHTAPHbIX KOHPUTYpaLMA.

PE3YJIbTATBI U OBCYXJIEHUE

JUi M3yueHus BIMAHMA NPOTOHMPOBAHMS Ha FIpaTaliio pasjIMYHBIX KOMIMOHEHTOB polyrC Hamwu
HOMyHCHbI SHEPreTHYECKHE W CTPYKTYPHbIE XapaKTEPUCTHKH CHCTEM, COAEpIKALLMX BC-napy He#ttpanbHOro u
NPOTOHMpOBaHHOrO  LuTO3MHOB (C...C) (puc.1), CTOKHHT-IUMEpBl  HeHTpanbHOrO (C-C) (pmc.3) w
NpoTOHHpoBanHoro uutosuHa ( C'- C*) (puc.4) B kiactepe uz 200 MOJIEKY.JT BOBI. |

OHEPreTHYECKNe XapaKTEPHCTHMKH MCCIEHOBAHHBLIX CHCTEM NpeAcTaBneHsl B Tabnuue 1. 3necs U, -
N0JIHad CPENHAA SHEPris B3AUMONEHCTBHUA B CUCTeME, Uy, - CPeaHss SHEPTHA B3aUMOIeHCTRBHS Bona-sona, U,
- CPeNHASs SHEPTUsA B3aMMOACHCTBHA BoJa-ocHoBaHue, Uy, - cpemHss SHECPIrHsd B3aMMOJEHCTBUA OCHOBaHUE-
ocHOBaHHE, Uyywy M Ugpmy - yAeNbHbIE 3HAYEHUA SHEPrUil B3aUMONECHCTBHS BOJa-BOJA W MOJIHOW SHEPruM
CMCTeM, Npc - 4ucn0 BC, nNpUXOMWMXCH Ha ONHy MONeKyTy BOmbl B Kjlactepe (nokasatenb
CTPYKTYPHPOBAaHHOCTH PaCTBOPHUTENA), Npc - MCII0 MONEKY BObI, 06pasytowmux BC ¢ accoruatom.

Ta6nuua 1. SHepreTHYecKue U CTPYKTYPHBIE XapaKTEPUCTHKH aCCOLMATOB LIUTO3MHA C Pa3NUYHOI reoMeTpueii B
kiacrepe u3 200 MosieKy 1 BOMBI.

4

Cucrema Usu_m wa wal, wa2 Ubb Usum/l, wa/l, Nge NBC
KKaJI/MOJIb | KKaJI/MOJIb | KKa/MOJb | KKaJI/MOMb | KKa1/MOJIB KKaJI/MONb
C.C -1702.0 -1468.0 -86.6 -17.6 -8.51 -7.34 1.74 | 59:12
' -129.9 2 MOCTUKA
C-C -1788.4 -1575.6 -129.8 1.0 -8.94 -7.58 LI5 | 5:5:10
-139.1 0 MocTukoB
0 -1814.6 -1438.8 -212.1 37.4 -9.07 -7.15 1.73 | 14,12: 20
-209.1 6 MOCTHUKOB

+ At

HauGonee crabwibHoi sBnserca cuctema C'-C'+H,0. 3navenun Uy, fOKa3bIBAIOT, 4TO Gonee Hu3Kas

NOTEeHUHATbHAA SHEPrus 3TOH CHCTEMbl CBA3aHA C YBENMYEHHEM B3aUMONEHCTBUS Boja-aumep C'-C* o
+

CPaBHEHMIO C TakMMH B3auMmoje#cTBUAMH B cuctemax C..C'+H,0 y C-C+H,0, xorg B3aMMOAEHCTRHe
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Hsyuenne rufiparauun pasimaHbx CTPYKTYpPHBIX opM. ..

MPOTOHMPOBANHBIX IIATO3MHOB CHIILHO JecTabunu3upyer cronky. CpaBHenue Benwaun U, 11 TPEX accoLMaTOB
YKa3biBaeT Ha TO, 4TO CTPYKTYpPa PacTBOPHUTENS HAUMEHEe paspyiuesa y cuctemst C-C+H,0.

Jlannsre TaGmAUBI | NO3BONMIOT BHYUCIHTh H3MEHEHMe SHEPrUM acCoUMaLMM OCHOBAaHMUI B BOAE C
obpaszosannem BC-napni u CTIKHMHT-IUMEpPa, KOTOPOE MOXKHO 3aITUCaTh B BUAE: |

AU=AUW+Awa+AUbb;

rae cnaraemsie it BC-mapei C...C* paccunrsiBaores kax [10]:

AU yw=N[(Uyw(bp)- v;rw/l 20)) -(Uswn(b1) - Uywin(H;0)) + (Ui (b2) + Uswwi(H0)))];
A Uss=N[Uyp(bp) ( Uyp(b1) + Uy(b2))];  AUp= Uy,

a JUIA CTOKHHT-AMMEPOB LIMTO3MHA KaK [9]:

A Usw =N[(Usw/1(D) = Uyows1(H20)) = 2(Uso /s(M) - Uy, 1(H,0))];
AUw = U (D) - 2 Uyp(M); A Upy= Uy,

3mece N - 4yucno MOJEKyn BOABI B cucreme; bp - cucrema C...C'+H,0, bl - cucrema C+H,0, b2 - cucrema
+

C'+H,0, D - cucrema “mamep+H,0”; M - cucrema “moHomep +H,0”; H,O - cucrema “gmcras H,0”.

Pe3ynbTathl pacueToB sHEpreTHYECKHX XapaKTEePUCTHK PEAKLMA acCoUMalU HENTPaILHOMN U MPOTOHUPOBAHHOIA

popM LATO3MHA NPUBEAEHHI B Tabmuue 2. JlaHHbIe JUIS CUCTEM, CONEp)KAIuX moHomepbl C u C* 1 «aucTyron
BOIY, paccyWTaHbl Hamu paHee [2].

Tabmua 2. OHEPreTHYECKHE XaPAKTEPUCTUKA PEaKLIMM acCOLMALUM HEHTPANbHON M IMPOTOHMPOBAHHON (opM
ITUTO3UHA B BOJE.

Cucrema AUy, Kkas/mMoms | AU, KKpIl/MOJTB AUbb,xxapl/Monb AU, xkasy/Mois
cC.C 34.0 -14.5 -17.6 1.9
C-C -14.0 -79.7 1.0 -92.7
c-c 80.0 -206.4 37.4 -89.0

W3 naHHBIX, MPENCTaBIEHHBIX B Tabn.2, ClexyeT, 4To 00pa3oBaHWe CTIKMHI-IAMMEPOB LMUTO3HHA W3 €ro
H30/TUPOBAHHBIX MOHOMEPOB B BOJE 3HEPTETHYECKH BBIFOAHO, a BC-napbl - HeBbiroaHo. B CJIyYyae CTIKUHT-
JAMEpa HEHTPAIBHOIO LMTO3MHA (akTopamy, CTAGWIM3MPYIOIUMMH Takoi accouuar, SABJAKOTCH Kak
JHCPrETHHECKH BRITOIHOC H3MEHEHHE CTPYKTYpPbI BOJbI BOKPYT IBYX MOHOMEPOB NPH X aCCOLMALIMH B CTOMKY,
TaK W H3MCHEHHE B3aUMO/ICHCTBHSA MOJIEKYJ BOJbI C LMTO3UHAMM. [Ipy 3TOM B3aUMOAEHCTBHE IUTO3MHOB MEX Ty
000 (CTIKHHT €) AecTabWIM3MpPYET accolmar. |

C.

Puc.2. Konpurypauun maper C..C*: a. craproBas B
Bakyyme, b. Haubonee BbiroaHas KOH(Urypauus B
BaKyyMe; C. paBHOBECHas KOH(Urypauus B BOJE.

Puc.1. Kougurypaums napsi C...C*.

B cmysae BC-mapei ofpasoBanMe ee B BOAE M3 ABYX MOHOMEPOB SHEPreTHYECKHW HEBBITOIHO:
B3aMMOJEHACTBHE BOJa-BOJA NecTabmmupyer o0pa3oBaHME Takoi Maphi, YTO COINIACYETCA C NAHHBIMH O
Gonbmem paspymieHHE CTPYKTYPhI BOMIHI B ClTydae 00pa30BaHUs Map OCHOBaHMI N0 CpaBHEHMIO ¢ 00pa3oBaHHEM
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UX CTIKMHr-accounatos B Boge [9,10]. Ilpu aTOM crabnnu3anma rnapbl C...C" ocyuiecTBaseTCA ABYMA THTIAMH
B3aUMONEHCTBHA - B3aMMOAEHCTBHEM MEXIDy LMTO3MHAMH € o6pa3oBaHHeM TPEX BC u B3aWMOACHCTBHEM
(MTO3MHOB ¢ MOJEKYJaMH pacTBOPHTENA. JTH [Ba THINA B3aUMOLENCTBUA 3Ha:1menbno fosiee «CWiIbHbIE» B
cnyyae 00pa3zoBaHuA Maphbl “HEATpaTbHAA mosekyna (C) - MOJIEKYJIAPHBIA HOH (C")” 1o CpaBHEHHIO C OOBbIYHBIMH
napaMy OCHOBaHHii, BXOAALUMMH B COCTaB HYKJ1E€HHOBBIX KHUCJIOT. Hanuuue y Takoro accouuara 3apaga +1,
nenokanu3oBaHHoro Ha C', CymECTBEHHO BIMAET Ha BOLHOC OKpYXEHHE, BbI3biBaA [IEPEOPHUEHTALIIO MOIEKYII
BObI M yBenuueHue uucia BC, 00pasyeMbIX MEKIY MTO3WHAMM ¥ MOIEKyJaMH BOIBI. BpinojiHEHHBIE HAMH
pacueThl YCTOHYMBOCTH BCEX TPEX BHAOB acCOLMATOB B pakyyme meronoM MoHTE Kapno mnokasaiy, 910 BC-
napa B Bakyyme crabusibHa (puc.2), Toraa Kak CT3KMHI-aCCOLMaThi B BAKyyME HeyCcTOYMBBI (PHC. 3.4).

>——-—C§__

a. " b.

a. b. C, C.

Puc.3. Koudurypauuu aumepa C-C: a. craptoBas B Puc.4. Kondurypauuu aumepa C'-C": a. crapToBas B
Bakyyme; b. HauOonee BbIrOAHAs koH(purypauus B Bakyyme; b. Haubonen BbIroaHas koHbUrypauus B
BaKyyMe; C. paBHOBECHas KOH(Hrypalus B BOAC. BaKyyMe; C. paBHOBECHas KOH(UTYpalws B BOJE.

[pu 06pa3oBaHMy CTIKUHT-AMMEPOB JBYX TMPOTOHNPOBAHHBIX [IMTO3MHOB 3apsJl acCoLMaTa paBeH +2, 4To
BLI3bIBAET 3HAUNTE/ILHOE YCHIEHHE B3aUMOAeHCTBYA Bofa-uMep. M3-3a yBenuHeHus qucia BC MoneKy BOIBI €
accoumatoM C'-C’, npuBOASAIEr0 K paspylICHHIO YTIOpANOYEHHOH CTPYKTYpbl BOJHOIO  KIacTepa,
pzaumozeiicTeue Boga-C' ¥ BpAa-BOJa CTAHOBATCH KOHKYPETHBIMM, TaK YTO M3MEHEHME MOCICAHCTO SABJIAKOTCS
NecTabMIM3UPYIOIIMM (aKTOPOM NPH acCOLMALyK JBYX MPOTOHMPOBAHHBIX HMTOSHHOB B CTOTIKY. O6pa3oBanHue
BOJHBIX MOCTMKOB MEXTY LIMTO3MHAMM CITY)XXUT NONOJHUTE/IbHBIM (axTOpoM, MOBBHILIAOIIMM YCTOHYHBOCTD
CTIKMHI-AUMEpa C'-C". Jaxe cuipHO JAecTaOMIM3WpYIOLIEE [AMMED CTIKHHI-B3aUMOJEHCTBUE MEXKIY
[IMTO3MHAMH HE TPUBOIMT K «pa3Bairy» CTOIKH.

O pa3nu9yHOM pa3pylIEHHH CTPYKTYPhI BOMIbl Y TPEX M3YYEHHBIX CUCTEM MOXHO CYIHTb H TIO paliHalbHbIM
GyHKLMAM pacnpe/ieNieHns, IPUBEICHHBIM Ha puc.S. B cydae cuctemsl, cofepxkamedi mumep C-C, Habmonaercs
HaWMeHblUEe pa3pylleHue CTPYKTYpsl pacTBoputesns. Hanuuue ABYX BHIP@KEHHBIX MaKCUMYyMOB GyHKLMH
pacrpe/ie/ieHHs aTOMOB KHC/IOPOJia MOJIEKYJI BOAbBL 8o 1A CHCTEMbI C-C (puc.4a) noATBepXXAaeT Takod BBHIBOA.
CTpyKTypa BOMIbl Y ABYX APYTHX CHCTEM, COAEPKALIKX C...C"' u C'-C", paspywena Gonblue.

1,67

1,07

0,57

0,07

a.
Puc.5. 'padpuxu pyHkumn g, (a) u g, (b) m1g accouuaToB uMTO3UHA.
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[TpoTsxeHnocTs NepBoit rumpaTHOM 06OTOUKH MOXKHO ONpPEIENUTh M0 MOJIOKEHHIO NMEPBOTO MUHHMYyMa
¢yHREIHH 8o, @ TIPH WHTCTPAPOBAHUM TONYYHTh 4YMCIO MOJEKYN BOMbI, ee 06pasyrolux. s cuctemsi
C...C +H;0 moxHO paccMaTpuBaTh nepByo THAPaTHYIO 00010uKy B npeaenax 2.7 - 4.4 A, ee obpazyiot ~ 6 - 7
MOJIEKyJ BOAB! (pHC.5a.). [Tonoxenne nepeoro MakcumMyma yHkuuu go CBA3BIBAIOT C 0OOpa3oBanueM BC mexmy
THAPOQHILHLIMU IPYNTIAMHA OCHOBAHMS U MOJIEKYTaMH BOZbL. 10 MOOKeHMIO BTOPOI0 MakCHMyMa ONpeesisioT
BTOPYIO TMAPATHYXO 000JI0YKY, B KOTOPOH MONEKYNB! BOABI, HE MOMABIIME B MEpBYIO IMAPATHYIO 000JI0YKY,
bopMHUpYIOT yNOpANOYEHHBIN CI0M Moneky:n pactopurens [15]. B cmydae cucremsr C...C*+H,0O BTOPYIO
FAAPaTHYI0 000NI0YKY MOXHO paccMaTpHBaTh B Ipeaenax 5.5 - 7.55 A ¢ pxomsmumu B Hee ~ 40 MOJIEKYJIaMH
BOBI.

[lepBeiii MUHMMYM OYHKUMM g, CTIKMHT-TuMepa C-C pacnojioxeH Ha pacctosHuu 4.45 A, onpenensemas
MM TiepBas ruapatHad obonouka aumepa C-C comepkur ~7 MONEKya BOI. Bropas rugpatHas o6onouka
pacnionoxeHa B npefenax 5.45 - 7.5 A ¥ COCTOUT U3 ~54 MONEKYJ1 BOZBL,

Jina croxunr-gumepa C'-C* neppast rumpathas 060/104ka MMeer NPOTSHXKEHHOCTh B npeaenax 3.3 - 3.4 A u
CONEPXMT ~ 2-3 MOJIEKYJIbI BO/Ibl, @ BTOpas rMapaTHas 060710YKa, MMEKoIIas rpanuiy 5.15 A, cocrout uz ~15
MoJiekya Boasl. To ecth, HauGonee ynopsanoueHHas CTPYKTYpa pacTBOPHTENS MOMKET popmupoBatscs BOAM3H
crokmur-gumepa C-C, torna xak BC-napa C...C* u, ocobenno, cTakuHr-mumep C'-C', paspymaiot cTpykrypy
BOZIbI BONU3H Ce0sl, BbI3bIBas IEPEOPHEHTALIMIO MOJIEKYJT BO/IBI ¢ 06pasoBanueM BC ¢ [IMTO3WHAMH, BXOISALIUMH B
COCTaB aCCOLMATOB, WIH “BHITAIKHBAS" MOJIEKYJIbI BOJBI B O0Nee NabHUe CIIOM.

ITo 3HaYeHMAM QYHKUMH g,, MOXHO CYIUTh 00 OTHOCHMTENBHOM CpeIHEH IMIOTHOCTH MOJIEKYNl BOIbI B
M3Y4EeHHBIX cucTeMax (puc.5B).-Kak BUAHO W3 mpe/cTaBiIeHHbIX rpadukos, B cuctemax C...C+H,0 u C-C+H,0
TUIOTHOCTH PAaCTBOPHTENs MPaKTHYECKH He oTnnyaroTcs, a B cucteMe C'-C'+H,O mioTHOCTS BOABI HECKOMBKO
HIDKE, 0COOEHHO B GIIM3KHMX K CTIKMHT-IMMEDY CIOSX. JTH pe3yJIbTaThl MOATBEPXKAAIOT BBIBOA O 00JIE€e CHILHOM
paspyLieH!H CTPYKTYphI BOJBI B CHCTEMe, COnepkammel cTakunr-numep C-C* .

AHanu3 paBHOBECHBIX MIHOBEHHbIX KOHQMIypalMi MO3BOJMI OMPEAENMTh TOYKHM TMAPATALMH BCEX
n3y4eHHbIX accouuaroB. i napsl C...C” BC o6pasyrotes ¢ 12 MoJieKynaMu BOZbl, U3 HUX 5 npuxoaurcs Ha C, 9
- Ha C', npy 3TOM 2 MONEKyNbl BOAbl 3aHUMAIOT MOCTHKOBOE NOJOXKEHHE MEXIYy UWTO3UHAMHU. Yucino mect
THApaTali¥ OTJIMMAETCA OT MX YHCIIA, ONPEAENICHHOTO Ul H30IMpOBAHHbIX MOHOMePOB C 1 C*, u paBHbIX 4 1 5,
cootBeTcTBEHHO [10]. Takoe M3MeHeHHe YNCIIa TOYEK TUApPATALMH 03HAYAET MOSBJIECHHE JOTONHUTEIbHBIX TOYEK
ruapatauuy. Y HedTpanbHoro nuTosuHa B mape C...C" LeHTpaMu rupaTaliy SBISIOTCS rpynnsl N1H, C2=0 u
Cé-H, obpasyromme BC ¢ 3, 1 u | Monekynamm Bojbl, COOTBETCTBEHHO. JII1 MPOTOHMPOBAHHOTO OCHOBaHMS BC
¢ 9 monexynamu Bombl ofpasosanu rpymnsl N1H (2 monekynst H,0), C2=0 (3 monekynsi H,0), N3H (2
monekynsl H,O), a Taoke rpynnst CSH u C6H (mo 1 mounexyne H,0). B cucreme o6HapyeHbl ABE MOJIEKYJIbI
BOZIbl, 00pasyrolye MOCTUK MEXITy OCHOBAaHMAMH, CBA3bIBas aTtoM O rpynmbl C2=0 HeWTpaTbHOrO LUTO3MHA C
rpymmamMu N3H u NH, npoToHMpOBaHHOro. 3TH MONEKYJIbl BOJbI JIEXAT BHE IUIOCKOCTH Maphl, pacrosarasich Haj
| nox rpynmnam, obpasyiommmu BC mexay ocHoanmsamH (puc. 6).

Puc.6. PaBHoBecHas kondurypaums BC-napei C..C* u  Puc.7. PapHoBecHas koH(urypauus cTokuHr-aumepa C-
MOJIEKYJIbl BOJIbI, 00pa3ytomue ¢ Her BC. C u monekynsl Boabl, 06pasyromue ¢ Hum BC.

OcHoBHO# BKnan B 3HEpruio B3aumoneicTBua crakuHr-gumepa C-C ¢ Bogo#t BHocat 10 monekyn H,O,
obpasyrommux no 5 BC ¢ kaxaeiMm murosusHoM. C rpymmamu N1H u N3 kaxHOro muMro3uHa B Jaumepe
CBA3LIBAIOTCA MO oxHON, a ¢ rpymnamu C,=O u NH, - no ase Mmonexynsl H,O. JLia cucremst C-C+H,O He
OoOHapykeHb! MOJEKY/Nb BOJbI, 3aHUMAIOLIME MOCTUKOBOE MOJIOKEHHE MEXIY IpynnamMu [BYX pa3jiNyHbIX

LATO3HHOB (pHC. 7).
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Puc.8. PaBHoBeCHas KOHHUrypalmsa CTIKHHI-IHMEpa
C’-C" v monekysnsl Bonsl, 00pasytomue ¢ HuM BC.

B cucreme, conepxauteii aumep C™-C”, 14 monekys Boapl o6pasyior BC ¢ nepsbiM ocHosaxuem (3o N1H
- 2 H,0, C,=0 - 2 H,0, N3H - 2 H;0. NH, - 4 H,0, C5H u C6H - no 2 H,0 ), 12 MoneKy:n BOABI - CO BTOPbIM
ocHoBanueM (N1H - 2 H,0, C,=0O - 2 H,0, N3H - 2 H,0, NH, - 4 H,0, C5H u C6H - no 1 H,0 ), npu 3toM 6
MOJIEKYJl BOJAB!I 3aHMMAKOT MOCTHKOBbIE MNojgoxeHus Mexay N3H, NH, m C,=O rpynnmamMu DOHTO3HHOB,
o6pasyroimx crekuur-gumep C*-C* (puc.8). |

BbIBO /bl

Metonom Mowute-Kapio onpeaeneHs! IHEpreTHYeCKWE M CTPYKTYpHBIE XapaKTEPUCTHMKH H CXEMBbI
FUIpaTalvyn TpeX CHCTEM, COACPXALUMX acCOLMaThl HEMTPAIbHOIO M NMPOTOHUPOBAHHOTO MUTO3MHA M MOKa3aHo,
4TO:

1. Obpazosanue BC-nmapbl HeWTpanbHON M HPOTOHMPOBaHHOH (OPM UMTO3MHA B BOJE JHEPreTHIECKH
HEBRIrOAHO. Tpu BC Mexay 0CHOBaHHAMM U B3aMMOJEHUCTBHE MX C MOJIEKYJIAMH BObI CTAGHIH3HDPYIOT napy, HO
W3MEHEHHE CTPYKTYpbl BOIBI NMpH 00pa3soBaHMM Mapkl M3 ABYX M30JMPOBAHHBIX MOHOMEDPOB JHEPreTHYeCKH
HeBBIr0IHO. B Bakyyme BC-napa crabunbHa.

2. O6pa3oBaHWe CTIKMHI-aCCOLMATOB HEWTPAIBHON M NPOTOHHPOBAHHOM ¢opM ULUTO3HHA B BOJE
SHEPreTHYECKH BBINOJHO, @ B BAKYyM€e OHH HECTaOMJIbHBI.

3. dakTopamH, CTabMIM3MPYIOIIMM CTIKHUHT-aCCOLMATHI OCHOBAHHI, ABIAIOTCS M3MEHEHHE B3aHMONCHCTBIS
MOJICKY/l BOABI C OCHOBaHMAMM NpH 00pa3oBaHMM AUMEpa, a B Ciydae HEHTPAILHOrO LWTO3MHA - H
JHEPreTHYCCKH  BHINONHOC M3MEHEHHE CTPYKTYPBI BOJBI NPH NEPEXONE OT MOHOMEPHOM K acCOLMMPOBAHHON
bopme.

4. CT3KUHT-IMMEp MPOTOHUPOBAHHOM (OPMBEI LMTO3MHA B BOAHOM pacTBOpe SHEpPreTHYECKH Oosiee
CTabuNIeH, YeM CTIKMHI-IMMEP HEeWTPaIbHOX (OPMBI LMTO3MHA 3a CYET oOpa3oBaHus GosbLIEro YHCIa
BOZIOPOAHBIX CBA3CH C MOJNEKyJaMH BOIBI M BOJHBIX MOCTHKOB, TOTJia KaK COGCTBEHHO MEXILIOCKOCTHEIE
B3aMMO/ICHCTBUA OCHOBAHHIA B CTOTIKE 1€CTaOMIH3UPYIOT CTIKMHT-AMMEDBI.

5. B paccMOTpeHHbIX CHCTEMax MpH nepexoze oT Gonee MPOCTBIX CHCTEM (MOHOMephI) K Gonee CIoKHBIM
(auMepsl) YuCIO MoJEKyNn Boabl, oOpasyrommx BC ¢ OTaeIbHBIME MOHOME€paMH B accouMaTax, BO3pacTaer
HECMOTpA Ha yMEHbIIEHUE IOCTYNHOCTH THAPOQUIIBHBIX YYaCTKOB MONEKY)T LIMTO3MHA NPU MX aCCOLMALIUH.
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KOJIEBATEJIbHBIM AHAJIU3 YOTCOH-KPUKOBCKOM ITAPBI AJTEHUH-YPAIAIL
HESMITMPUYECKOE KBAHTOBOXUMMYECKOE ACCJIIEIOBAHUE.
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[locrymuna B penaxumio 26 HOs0ps 1999 roaa

Brniepeeie mpoBenens: pacyeTel KonebaTenbHBIX CHEKTPOB Yorcou-KpukoBckoii mapsi AICHUH-YPaLU METOAOM
DFT/B3LYP/6-31++G**  yyursiaiommm dPdeKThl  IMEKTPOHHONH  KOppensLHHy. [lposeneH nonublii  ananus
GynnameHTabHBIX KONEGaHMH M OMpPEAC/CHbl CHIIOBBIE MO MOHOMEPHBIX MOJNEKYA M JMMepa. YCTaHOB/ICHSI
CHICKTpATbHBIC TIpOsSBNCHHS H-CBA3biBaHMS B nape aACHUH-ypauun. Paccuuranusle Merogamu MP2 u DFT ¢
PaCIIMPEHHBIM 0a3HCHBIM HAGOPOM M C Y4eTOM TOTIPBOK Ha SHEPIHIO HyNEBBIX KOAeGaHUi SHepTriK 06pa3oBaHus napsi
A-U cocraBnsior —47.8 u —46.0 kJI/MOJb COOTBETCTBEHHO 1 HaXOAATCA B XOPOLIEM COIJIaCHH C IKCIIEPUMEHTOM.

KJIIOYEBBIE CJIOBA: a/ICHHH-Ypalil, KBAHTOBOXMMMYECKHME ab initio pacyersl, KoneGaTeNbHbIE CTIEKTPBI,
MOJICKYJISIPHBIE [TAPaMETPBI.

KoneGarensHas cnekTpockonus sBisercs TPAIMUHOHHBIM ~ METOAOM  HCCNEOBaHHMA  CTPYKTYpbI
HYKICHHOBBIX KHCIOT M HX MEXMONEKYIAPHBIX KOMIUIEKCOB. [l MOTY4YE€HU TOYHOH CTPYKTYpPHOI
HHpOpMaLMK Heo0X0oaMMa MaKCHMAIbHO MOJTHAS HHTEPIIPETaLMA CNEKTPOB, T.€. OTHECEHHE HaOMOZaeMbIX
NOJIOC K KOJICOaHHSM PasMYHBIX CTPYKTYPHBIX (DparMeHTOB HYKJICMHOBBIX KHUCJIOT. B mepBom npubimxenuu
AOCTaTO9HO pasieauTh MOJNOCH KojeGaHuH caxapopocdaTHOro OCTOBa M OCHOBaHMIL. Vike Takoe pasaenenue
MO3BOJIACT, HAMPHUMEP, ONPENENATh U3MEHEHHS KOHPOPMALMH HYKIEWHOBBIX KHMCIOT B pesysibTare aHaliu3a
M3MEHEHUH 4YacTOT M WHTCHCMBHOCTEHM KOJeGaHMili OTHECEHHBIX K caxapodocdatHomy octoBy. C apyroii
CTOPOHbI, 0[O CHBHraM nOJNOC KoneGaHuii OCHOBaHMI MOXHO OIpENEATh MecTa MPUCOCANHEHUS K
HYKICHHOBBIM KHCJIOTaM pa3iMYHbIX JuraHaoB. IIpu 3tomM Gonee TOYHas MHTEpNIpeTallks KoJiebaTeIbHbIX
CTICKTPOB  MO3BOJIAET MONy4aTh Gojiee TOYHYI0 MH(POPMALMIO O CTPYKType HYKJIEHHOBBIX KHCJIOT M UX
MEXMOJIEKYIAPHBIX KOMIUIEKCOB.

K Hacrosiuemy Bpemenu naubonee noapoGHY:0 MH(OPMALMIO O KONEGAHUSX KOMIOHEHTOB HYKIEHHOBX
KHCJIOT yZHanock TMONY4UT: NpPH COBMECTHOM WCTONB30BAaHUM Metoma MK-crektpockonuy B MaTpHLax
WHCPTHBIX ra3oB ¥ KBAHTOBOXMMHYHCKHX PAacyeTOB Pa3IHIHbIX YPOBHEH COKHOCTH. [UIsi OCHOBHBIX 1 ‘peaxux’
TayTOMEPTHBIX (opM anenuHa [1-5], ypaumna [6-11], Tumuna [12, 13], ryanuna [14-16] u uurozuna [17-19]
NMPOBCAICHA MOTHAsA MHTEPNIPETALNUA KOJIeOaTENLHBX CIIEKTPOB, ONpEAeIeHb! YaCTOTEI, HHTEHCHBHOCTH H dopmbl
BCeX (QyHAaMeHTaNbHBIX KoneGanuii. OxHako MPSMOE HCTONB30BaHUE 3TOM MHPOPMALMH TNPH M3YYEHHH
HYKJICHHOBBIX KHCIIOT OCJIOXHEHO TeM, YTO YCJIOBHS CYLIECTBOBAHUS OCHOBAHMI B PealbHbIX GHOCHCTEMAX U,
COOTBETCTBEHHO, X KOJIeOaTelbHbIE CIIEKTPhI OTJIMHAIOTCH OT H30JIMPOBAHHOTO COCTOAHMSA. BO MHOIHX ciryyasnx
TakHe CHEKTpATbHBIE OTIHYHS COCTABIAIOT AECATKH U JaXKe COTHH OOPATHBIX CAHTHMETPOB.

MOXHO BBIIENHTL TPH NPUYHHEI ONMPEESIOUIME pasnudus KoJeGaTeIbHBIX CNEKTPOB H30JMPOBAHHBIX
OCHOBaHHH OT CNIEKTPOB OCHOBAHHMIi B COCTaBE HYKIEMHOBBIX KHCJIOT: BOJIOPOJHOE CBs3bIBAHHE B Mapax,
B3aUMOJCHCTBHE C TrHAPaTHOM 060JOYKON H  CTONOYHBIE (ctakuHr) B3aumogeiictBui. Henasuue
IKCTICpHMEHTAIILHBIE H TEOPETHYECKHE MCCIENOaHHA CTIKAHT B3aUMOICUCTBMM B MOAENbHBIX cuc_Temax
TIOka3aj, 9TO CABMIH MOJIOC KONeOaHHi BBI3BAHHBIE CTIKHHT B3aUMOIECHCTBHEM He NMpeBbimaioT 10 cm [20-
22]. Tlo3TOMY MOXHO YTBEPXKIATh, 4TO OCHOBHBIMH BO3MYIAIOMMMH paKTopamMu ABJIAIOTCS B3aUMOJIEHCTBHUSA B
iapax OCHOBaHMH W C ruaparTHoO# obomoukoii. B mamHo# pabore Ha mpumepe VYorcon-KpukoBckoii napsbl
a/ICHUH-YpalWl ¢ NOMOMILIO HEIMIHPHIECKMX KBAHTOBOXHMHYECKHX PAacdeTOB MCCIENYETCS BIMAHHE OIHOTO
3 3THX (PaKTOPOB, 2 IMEHHO MEXMOJIEKIISPHOIO BOJOPOJHOTO CBA3bIBAHMS (H-cBa3biBanus) Ha konebaresbHbIE
COCKTPBl H CTPYKTYPY KAHOHHYECKMX OCHOBAHHMH HYKJIEHHOBBIX KHCJIOT alEeHMHA M ypalWia.

I'naBHBIMM 3a71a9aMU MCCIIEIOBAHNS SBIISIOTCS: -

e [lomHas wuHTepnperauus QyHIAMEHTATHHBIX KoneGaHuUi napbi aJeHHH-ypalUWJl OCHOBaHHas Ha

pe3yibTaTax HEIMIMMPUIECKHX KBAHTOBOXHMHYECKHX PAaCYETOB BLICOKOM TOUHOCTH.

® OnpenencHue CNEKTPaTbHBIX NPOABJACHUH (M3MEHEHMHI YacTOT M MHTEHCHBHOCTeEH HOPMAJTbHBIX

KosieGanuit) H-CBA3LIBaHNA B Nape afieHUH-YPau.
® VYcrauoenenue BausHus H-CBS3bIBaHMA B napaxX OCHOBaHHMI Ha MOJIEKY/IIPDHBIE XapaKTEPHUCTHKH
MOHOMEPHBIX 3BEHbEB (F€OMETPHS, CHIOBBIE OCTOAHHLIE, 3apA/Ikl aTOMOB).

Yorcon-KprkoBckas napa aneHHH-ypamun sBasercs TPAAWLIMOHHEIM OOBEKTOM TEOPETHYECKHX

uccnenobaiuif H-CBA3LIBaHMA NMPOBOAMMEIX C MCIMOJNB30BAHHEM PalIMYHbIX KBAHTOBOXMMHYECKHX METOLOB
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Puc. 1. PasHoBecHas ctpykTypa Yorcon-Kpukoscko# napst 9-mMeTunaaeHuH — 1-mMeTwaypauun, paccyuTaHHas METOLOM
DFT/B3LYP/6-31++G**. Teomerpuyeckue napameTpsl napel NpuBeAcHs! B Tabmuuax 1 u 2.

[23-29]. Oanako no Hactoswero BPEMEHM OCHOBHOHM 3aJavuedl TakuWX HCCIENOBaHHN ObLIO OmNpeneseHHe
SHEPruA MEXMOJIEKYIAPHBIX B3aMMOJEHCTBHIA B mape. PacdeTsl 4acToT KonebGaHmii CMEKTPOB IMPOBOIWIHCH
JIMb 1A ONPENC/ICHNA U3SMEHEHUN SHEPTUH HYJIEBBIX KOJNeOaHM M BBIMOMHAIUCH JTHOO TIOJTY3MITUPUYECKHMH
MeToaamu, 160 Metomom Xaptpu-®oka (XP) Ges ygera 3 PEKTOB INEKTPOHHOIA KOppeNsiLAH ¥ C
OTrPaHHYEHHBIMH 0a3uCHBIMU Habopamu. T103TOMY MOXHO YTBEpXAaTh, YTO pELICHHUE MOCTABJIEHHBIX B JaHHO#
paboTe 3a1ay ¢ MOMOWIBIO KBAHTOBOXMMHYECKHX Pacy€TOB BbICOKOH TOYHOCTH ABJISETCS BECHMa aKTyaTbHBIM.

HETAJIU PACYETOB

B xayectBe 06BEKTOB HccnenoBaHUA ObLIH BBIOpaHBl METHIMPOBAaHHBIE OCHOBAHMA — 9-METWIaJeHHH
(m’Ade) u 1-meTwnypaunn (m'Ura). MeTunbHbie FpyNIbI 3THX COCAMHEHUH MO3BOJIAIOT MOAEIHPOBATH BIIHAHMIE
PHOO03HOTO M 1€30KCHPHOO3HOTO 3aMECTHTENEH B HyKIEHHOBBIX KUCIOTAX.

Ha nepsom srame reomerpus H-cBszansoro JumMepa  OblIa MOJTHOCTBIO ONTHMU3MPOBAHA C MOMOIIBIO
Hesmnupuyeckoro metona DFT (Density Functional Theory, Teopus @ynxumonana I[LnotHocTH). Bbin
MCMONb30BaH KOMOMHHUPOBaHHBIH (yHKLMOHAN 3NEKTPOHHOI IUIOTHOCTH, 0003HayaeMslit kak B3LYP, koTopsrif
BKJIKOYACT TPaflHeHTHYIO0 OOMEHHYI0 koppeKuHto [30], KoppeAuHOHHBIii ¢ynximonan JIu ¢ coasr. [31], a Tawke
KOppeNLUMOHHBIH (yHKUHOHAT Bocko ¢ coast. [32]. Bribop metona DFT/B3LYP onpegensercs TEM, 4YTO B
HaCTOAIIEE BPEMs OH MO3BOJAET PACCYMTHIBATH HAMOOJIEE TOYHEBIE HK-criexTpanbHble XapakTepucTuku [33].
Tak, HanpuMep, oTIMYKMA 9aCTOT KONEGAHMH PACCUMTAHHBIX ITHM METOZIOB OT 3KCMEPUMEHTANIBHBIX B 5-7 pas3 -
MEHBIIE OTJIMYUHA YaCTOT NMpeacKasbIBaeMbIX MeTonoM X® u B CpeaHeMm cocraBisioT okoiio 10 em™ [33]. B
pacueTax OBLT HCNIONb30BAaH GasuCHBIM HaGop 6-31++G** BIUTIOYAIOMNIA HAa0Ophl MONSPU3ALMOHHBIX |
nHpPy3HBIX rayccoBBIX QyHKLMI Ha Bcex aTomax. Brmodenue B 0a3uCHBIN HAGOP NONAPHIAUMOHHBIX byHK UM
MO3BOJAET NMPaBWILHO OMMCHIBATE PAJMANIbHYIO HEONHOPOXHOCTD PacnpeNeaeHUs 3JIEKTPOHHON IUIOTHOCTH
BOKpYT' aTOMOB U KaK ObUIO M0Ka3aHO PSAOM aBTOPOB, SBJSETCS MCKIIIOYHTENILHO BaXKHBIM JUIS MPaBHIBHOIO
NpeACKa3aHuA MMPaMANAIBHON CTPYKTYPBl aMMHOTPY bl OCHOBAHHA [27, 34, 35]. Ucnons3oBanue AMPdy3HbIX
yHKLMHA, ONMCHIBAIOMMX pacHpeneneHue JJIEKTPOHHOM IUIOTHOCTH Ha nepupUpuu aToMoB, ABIAETCS
HEOOXONMMEIM UISi TOYHOrO MpEACKA3AHHS CTPYKTYPBI ¥ KONeDaTeNbHBIX CNIEKTPOB CHCTEM C BHYTpH- WIH
MEXMOJICKYIIPHLIMA BOAOPOAHBIMH CBsA3AMH [33, 36, 37).

HalinenHas pasHOBecHas CTPYKTypa nuMmepa, CTabWiIHM3MpOBaHHas ABYMS  MEXMOJICKYIAPHbIMH
BOJOpPOZHBIMU CBA3AMM MpuBeacHA Ha Puc. 1. [lanee, mna paccumranmoro JmMepa ObiiM NMPOBeAEHB! PacyeTsl

PacdeToB MOHOMEPOB ¢ 6a3uCHBIM Habopom mamepa. BSSE no
MOHOMEpa PacCYUTaHHKIX C 6A3UCHBIMU Habopamu MoHOMepa u MMepa.

Pacyersi BeInoMHANHCH Ha cynep-9BM SGI-2000 ¢ HCTI0/Ib30BaHKeM Mporpammbi GAUSSIAN-94 [41}].
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Ta6n. 1. CrpykTypHBIe napameTpsl 9-meTHnaneHnHa (r — JUTHHA CBA3M B aHICTpPEMax, O - BaJ€HTHBIH yron B

rpanycax, y - AByrpaHHbIH yroJ B rpaaycax) u UX W3IMEHERHS MpH o6pa3osanuu YotcoH-Kpukosckoii napel A-Y
(Ar, Aa, Ay).

CBa3b r Ar VYron o Aa_ | JIByrpasHbI#t yron Y Ay

N1-C2 1.345 004 N1-C2-N3 128.5 -5 | N1-C2-N3-C4 0 0

C2-N3 1.337 -.004 C2-N3-C4 111.4 1 | C2-N3-C4-C5 1 -1

N3-C4 1.341 002 N3-C4-C5 126.7 .2 | N3-C4-C5-Cé6 0 .0

C4-CS 1.400 -.002 C4-C5-Cé6 116.0 .5 | N3-C4-C4-N7 180.1 -.1
C5-Cé 1.411 .004 C4-C5-N7 111.1 0 | C4-C5-N7-C8 .0 0

C5-N7 1.383 .000 C5-N7-C8 103.8 0 | C5-N7-C8-N9 .0 A

N7-C8 1.314 .000 N7-C8-N9 114.0 -1 | C4-N3-C2-H10 179.9 o

C8-N9 1.381 ..000 N3-C2-H10 116.1 9 | C4-C5-C6-N11 179.3 |

C2-H10 1.087 .000 C5-C6-N11 122.4 .7 | C5-C6-N11-H12 176.0 4.0
C6-N11 1.355 -011 C6-N11-HI12 119.0 1.7 | C5-C6-N11-H13 4.8 -4.8
NI11-H12 | 1.008 014 C6-N11-H13 120.2 -1.3 | C5-N7-C8-H14 180.0 .0

N11-HI13 | 1.007 001 N7-C8-H14 125.0 .1 | N7-C8-N9-C15 180.2 2

C8-H14 1.082 .000 C8-N9-C15 127.9 .0 | C8-N9-C15-H16 2.2 -1.8
N9-C15 1.455 000 | N9-C15-H16 108.8 .0 | C8N9-C15-H17 117.8 | -1.8
C15-H16 | 1.091 000 N9-C15-H17 110.4 0 | C8-N9-C15-H18 2379 | -1.8
C15-H17 | 1.093 .000 N9-C15-H18 110.2 0

| C15-HI8 | 1.093 000 _

Tabn. 2. CrpykTypHsle mapamerTpsi 1-meTrnypauuna (R — mwiMHA CBA3M B aHICTPEMax, oL - BaTEHTHBIN yron B

rpanycax, y - AByrpaHHbIH yron B rpagycax) ¥ MX H3MEHEHUs npu obpasosanuu Yorcon-Kprkosckoit napsr A-Y
(Ar, Aa, Ay).

CBsi3b r Ar Vron a Ao__| JIByrpaHHbI# yron y Ay
N1-C2 1.398 .006 N1-C2-N3 114.4 6 N1-C2-N3-C4 .0 .0
C2-N3 1.384 -.005 C2-N3-C4 128.2 -1.8 C2-N3-C4-C5 .0 0
N3-C4 1.409 .| -.016 N3-C4-C5 113.0 1.5 N3-C4-C5-C6 .0 0
C4-C5 1.455 -.004 C4-C5-C6 1199 -5 N3-C2-N1-C7 180.0 0
C5-Cé6 1.354 001 C2-N1-C7 116.7 .1 C4-N3-C2-08 180.0 .0
N1-C7 1.465 .000 N3-C2-08 123.3 . C5-C4-N3-H9 180.0 0
C2-08 1.223 002 C4-N3-H9 116.5 8 C6-C5-C4-010 180.0 .0
N3-H9 1.014 034 C5-C4-010 126.5 -1.8 N1-C6-C5-H11 180.0 0
C4-010 1.224 013 C6-CS5-H11 121.6 2 C2-N1-C6-H12 180.0 0
C5-Hl11 1.081 000 N1-C6-H12 114.9 3 C2-N1-C7-H13 =59.5 -4
C6-H12 1.085 .000 N1-C7-H13 110.2 .0 C2-N1-C7-H14 60.1 -5
C7-H13 1.092 .000 N1-C7-H14 110.2 .0 C2-N1-C7-H15 180.3 S
C7-H14 1.092 .000 N1-C7-H15 108.5 N |
C7-H15 1.090 .000 _

PE3VYJIbTATBI U OBCYXJ{IEHUE

PaBHOBecHas CTpyKTypa maps m°Ade-m'Ura 1
OnTAMU3UpOBaHHbIE UTHHEI CBA3el, BAIEHTHRIE U aByrpannbie yrasl m Ade u m'Ura CYMMHPOBaHbI B

Tabn. 1 # 2 coorBectBeHHO. KpoMe 3TOrO0 Takoke mpHBeAeHa paBHOBECHasA reoMeTpus Y OoTCOH-KpukoBCKOiA

napel B BUJIC M3MCHCHHH IeOMETPHYECKMX NapamMeTpoB NpH obpa3zoBaHuu aumepa. Haiinennas CTPYKTYypa

BKJIOYACT [B€ MNPAKTHYECKH JIHHEHHble MexMosieKyspusle H-cBasm N11(Ade)-H13++010(Ura) u

NI1(Ade)*+*H9-N3(Ura) ¢ anmnamu 1.914 A u 1.827 A cootBectsenHo. [IpuBenennsie B Ta6n. 1 u 2 naHHble

NO3BOJIAIOT CICNIATh CJEAYIOMHE BHIBOBI: :

e Ob6a OCHOBaHMA HMEIOT NPAKTHYECKH IUIOCKYI0 CTPYKTYPY CONpPSMKEHHBIX LHUKIOB. MaKCHMAIbHOE
HCKKEHHE IUIOCKOA CTPYKTYphl cocrasiser 0.1° nna agenuHa. Ilnockas CTpyKTypa LMKIOB NOJHOCTBHIO
COXpaHsieTCs NMpH 00pa30BaHWHA Naphl.

® AMHHOIDYNIA aiCHHHA UMeeT CJIab0 BhIpaKEHHYIO MAPAMAJIAILHYIO CTPYKTYpY. JIByrpaHHbi# yron C4-C5-
C6-N11 umeer 3Hauenme 179.3°, 910 COOTBETCTBYET OTKIOHEHHIO aTOMa a30Ta AMHHOTPYIIbI OT TUIOCKOCTH
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0
koabua Ha 0.01 A . OTKIOHEHHS MPOTOHOB aUHOTPYNIIbI OT IUIOCKOCTHOA CTPYKTYpbl COCTABIIAOT 4-5°, :;;J
CYLIECTBEHHO MEHbIIE 3HAYEHMH, ONMpeNeseMbiX C MOMOMBIO MOTY3MIHPHIECKHX KB3aHTOBOXHMHYEC
MeTo0B AMI u MNDO — g0 15° [23, 42). T0 1€MOHCTPHPYET, 9TO YKa3aHHbIC METOIbI NepeoLeHHABAIOT
NUpamMuAanbHOCTb AMUHOTPYIIbl OCHOBaHHHA HYKJIEMHOBBIX KHCJIOT. o

e [Ipu obpasosanuuy mapel HaubosbLIee U3MEHEHHE MpETEPMNEBaET CTPYKTypa TEX ¢parMEHTOB OCHOBaHWH,
KOTOPbIE HEMOCPEACTBEHHO YYaCTBYIOT B 06pa3oBaHHy B0OPOAHBIX CBA3¢H. [1py 7TOM paBHOBECHBIC WH:
cBA3ei ocHOBaHM# yBenuuuBaioTcs Ha 0.014 A (N11-H12 anexuHa), 0.013 A (C4-010 ypaumna) u 0.034
(N3-H9 ypauuna). Cnemyer TakKe OTMETUTD CYLIECTBEHHOE MepepacnpeacicHHE 3JIEKTPOHHOU IUTOTHOCTH B
MOJIEKYJIaX OCHOBaHMM npu 06pazoBanuu napsl. M3MeHeHUA 3apsAJ0B aTOMOB, y4acTBYIOIMMX B obpazoBaHuM
H-cBszeit coctaBasioT (B eavHMLaXx 3apsaaa snektpona): +0.4 (H9 ypauuna), -0.1 (O10 ypamwia), -0.1 (N1
anenvHa u +0.2 (H12 ypauuna).

¢ B COOTBETCTBHU C pe3y/ibTaTaM¥ HEIMITMPHUYECKUX PACYETOB aMHWHOTPYTITIa a/ICHAHHA ITPH 00pa3oBaHWH Napbi
MPUHMMAET MPAKTHYECKH IUIOCKYIO CTPYKTYpY, 9YTO OTIHYaeTCsd OT Ppe3yJIbTaTOB MNOTYSMITMPHYCCKHX
uccneaoBanui [23,42].

Tabn. 3. Paccunrannsie Metonamu DFT/B3LYP/6-31++G** u MP2/6-31++G** suepru (E, a.u.), Temwiorsi
obpaszoBanus (AH, xJ[x/Monb) M 3HepruM HyneBbix koneGaumit (ZPVE, a.u.) napel 9-MeTWiafieawH — 1-
METHITYpaLMI, a TaKkke TEMIoTh 00pasosanus ¢ ydetoM BSSE u ZPVE nonpasok. Bce IHEpruH NoIy4€Hb! Uid
PaBHOBECHOH reoMeTpuM maphl paccuutadHHoi wmerogom DFT/B3LYP/6-31++G**. DOHepruu HyJeBbIX
KoneOaHMii MONy4eHsl C HCMOAb30BaHUEM MacmTabupyromero koddouuuenra 0.95. BSSE nompaBku
ONpee/IAIUCh KaK Pa3HHLA SHEPTUil paBHOBECHOW reOMETPAM MOHOMEPOB PaCCUHTAHHBIX B 6a3UCHBIX Habopax
MOHOMEpa K AUMepaA.

DFT/B3LYP/6-31++G** MP2/6-31++G**

E -960.847441 -958.104829
AH -54.3 -679
ZPVE 0.243302 0.243302
BSSE nonpasku:

m'Ura 0.000666 0.002951

m’Ade 0.000510 0.002745

) 0.001176 0.005696
AH (+ BSSE nomnpaska) -51.2 -53.0
AH (+ BSSE u ZPVE nonpaBkn) -46.0 -47.8

Tennora obpa3oBanms naper

B Tabn. 3 npeacrasneHs! SHEpreTHYECKHe XapaKTepucTHKH YOTCOH-KpHKoBCKoi napsl m’Ade-m'Ura
nomyieHHbie AByMs Metoaamu — DFT n MP2. HecmoTps Ha T0 9TO 3TM METOIBI MO pa3HOMY YYUTBIBAIOT
3 deKTbl IMEKTPOHHON KOPPENALMH, OHY NAIOT GNIM3KKE TeIOTh 06pasoBaHus Mapbl COCTABJAIOUINE C YIETOM
BSSE u ZPVE nonpasok —46.0 u —47.8 x/[x/mons mns DFT u MP2 MeToI0B COOTBECTBEHHO. INomyyeunsie
AaHHbIE HaXONATCS B XOPOWIEM COOTBETCTBHM C PE3yNbTaTaMM SKCNEPHMEHTAIBHBIX H3MEPEHUI >Hepruii
B3aMMO/EHCTBHA B Nape 9-MEeTWIANeHHH - 1-METHITHMMH, cocTaBisomeii 54.6+5.0 kIbi/Mob [43]. Cnenyer
OTMETHUTH BaXKHOCTh y4eTa BSSE u ZPVE nonpaBok s onpeaenenus Temwior 00pa3oBaHus Map OCHOBaHHiL.
Kak BupHo u3 Tabn. 3, Temnortel 06pa3oBaHMs, paccuMTaHHbie Oe3 yd4€Ta 3TUX MOMPaBOK, CYIIECTBEHHO
OTJIMYAOTCA OT MPHUBEACHHOIO BhIMIE KCNEPHUMEHTATBHOIO 3HAYCHMUSI. .

Hcrounnkom ZPVE mompaBku SBIAETCH W3MEHEHHWE JHEprUu HYNIEBBIX KONEeOaHMii MOHOMEPOB mpH
oOpasoBaHuM Mapbl. JHEPrUs HyJNeBBIX KoleGaHuil onmpenensercs Kak NOJyCyMMa BCeX (PyHIaMEHTaIbHBIX
HacToT M ee WIMEHeHHe B Ciyvuae maphl m°Ade-m'Ura coctamnser +5.8 w[Dk/moms, T.e. NPUBOAMT K
YMCHBIICHUIO PaCCYMTBIBAEMOM TEIIOTE 00pa3oBanus. Benwanusr BSSE NONPAaBOK CYMIECTBEHHO OTIMYAIOTCA
mna metonoB DFT u MP2: +3.1 u +14.9 k[[X/Mob COOTBETCTBEHHO., Ipr4nHbl 310r0 OTIMYHMA TMOAPOGHO
paccMoTpeHbl B Haine# pabote [44] Ha npuMepe numepa 1-MeTunypaiwi-akpunamus. [IpuBeeHHBIE NaHHbIE
JEMOHCTPHPYIOT 0CO0YI0 BaXKHOCTH yueTa BSSE nonpasku npu vicnonb3osaumy mMeTona MP2.

Kone6aremnuie cnexrput

PaccauTanHble 9acTOTBl M MHTEHCHBHOCTH HOPMANBHBIX KoleGanuii napel m’Ade-m'Ura, a Taioke
COOTBETCTBYIOIIME MM HACTOThI ¥ MHTEHCHBHOCTH MOHOMEPOB NpHBeaeHbI B Taby, 4.

[Ipexne Bcero HeOOXONMMO JaTh OLEHKY TOYHOCTH 4acTOT KonebaHui paccYMTAHHBIX MeTronom DFT/6-
31++G**. TecroBbie pacyeTsl [33] mokasanu, 4To npu KCHONB30BaHMY MaclTabupylomux ko3¢duiueHTos
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Tabn. 4. Paccuurannbie MeTonom DFT/B3LYP/6-31++G** yactoTsi (o, cm™") v wHTeHCHBHOCTH (I, km/mol)
HOpManbHBIX KoseGanui 9-meTMnaneHmHa, l-MeTwnypauuna u Yorcon-Kpuxosckoit mapsr m°’Ade-m'Ura.
lpreenens: oTrecenns gacTor koneGaumuit MOTy4CHHBIC B pe3yJIbTaTe aHaM3a pacnpeeieHui MOTEHUHATBbHOMU
C€HEpruM KkonebaHWit no ecTecTBEHHBIM koopauHaTaM. YactoThl koneGanuit mapei, COOTBECTBYIOLIHE 6

MEXMONCKYIAPHBIM KOJIe0aHHAM, BbIAENEHbl KypcHBOM. OG03HaueHMs KonebaHui: str - panentHoe, bend -
nehOpPMaLMOHHOE, tor — TOPCHOHHOE.

9-meTmnaneHux ITapa m9A-m'U 1-MeTwypauun
(0] I OTHecenue ® | ® I OtHeceHue
3568 62.0 | NI11-H12 str, N11-H13 str | 3513 140.6
3435 | 101.3 [ N11-H13 str, N11-H12 str | 3235 1134.8
3096 0.4 | 3097 0.8 | CS-H11 str
3088 04 | C8-Hl14 str 3088 0.4
3052 5.9 | 3056 4.1 C6-H12 str
3029 20.3 | C2-H10 str 3035 29
3004 7.6 | 3006 72 | CH; str
2996 8.0 | CH; str 2996 8.0
2983 9.1 | 2984 8.8 | CH;str
2975 9.6 | CH; str 2975 9.6
2914 299 | 2915 | 319 | CH;str
2907 41.0 | CH; str 2907 38.2
2823 2304.1 | 3428 | 67.6 | N3-H9 str
1741 633.4 | 1747 | 418.9 | C2-08 str, C4-010 str
1705 597.6 | 1735 | 979.5 | C4-010 str, C2-08 str
1632 | 690.0 | C5-C6 str, NH, bend 1655 419.0
1635 55.3 | 1640 82.6 | C5-C6 str
1597 97.2 | N3-C4 str, ring bend 1609 314.7
1580 13.3 | NH, bend, C4-C5 str 1583 12.2
1517 344 | 1388 19.2 | N3-H9 bend
1511 28.1 | Imidazole ring bend 1512 22.6
1492 58.7 | 1492 38.5 | CH;bend
1489 23.9 | CH; bend 1490 393
1474 64.5 | C2-H10 bend 1484 44.7
1454 10.0 | CH;bend 1454 10.1
1450 40.8 | 1448 18.8 | CH;bend
1447 9.3 | 1448 13.5 | CH;bend
1439 18.7 | N7-C8 str, CH; bend 1440 16.6
1435 67.2 | 1429 97.6 | Ring bend, CH; bend
1416 18.3 | CH; bend, N7-C8 str 1420 14.5
1373 40.9 | C2-H10 bend, C4-CS str 1380 339
1369 134.8 | 1359 | 110.8 | C2-N3 str, N3-H9 bend
1342 22.3 | C8-N9 str 1345 19.4
1341 384 | C5-N7 str, N1-C2 str 1339 32.1
1330 84.3 | 1321 73.5 | C6-H12 bend, ring bend
1318 72.2 | C2-N3 str, N1-C2 str 1328 100.1
1253 52.2 | C8-H14 bend, N1-C2 str 1261 82.8
1240 18.9 | C8-H14 bend, N7-C8 str 1241 17.7
1224 279 | 1208 19.7 | C5-H11 bend
1197 8.5 | C8-H14 bend, C5-N7 str 1202 6.1
1194 169 | 1177 14.9 | C2-N3 str, N1-C7 str
1146 325 | 1146 36.0 | C5-H11 bend
1128 0.1 1128 0.1 | CH;bend
1128 0.2 | CH;bend 1127 04
1056 1.9 | Ring bend, CH; bend 1070 1.4
1038 34.2 | Imidazole ring bend 1042 29.6 :
1028 154 | 1024 10.5 | Ring bend, N1-C2 str
984 15.3 | Pyrimidine ring bend 1003 28.5 |
e 982 11.1 | 954 11.1 | C4-CS str, N3-C4 str
981 39.5 | 659 | 65.5 | N3-H9 tor
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Taba. 4. INMponomkenwue.

9-meTHnNageHuH [Mapa A-Y 1-MeTrTYpaLn
[0 | OTHeceHue ® I ® I OTHeceHHne
954 3.4 | C2-H10 tor 969 22.8
948 0.1 | 947 1.0 | C6-H12 tor
889 5.0 | Ring bend 899 8.4
830 6.4 | C8-H14 tor 827 6.9
795 10.0 | 793 50.1 | C5-H11 tor
790 10.7 | Pyrimidine ring tor 792 38.1
790 59| 782 2.2 | Ring bend, N1-C7 str
749 272 | 741 5.7 | C4-CS5 str, ring bend
526 0.7 | NH, tor 137 42.4
733 7.0 | N9-C1S5 str, ring bend 734 6.4
733 14.3 | 735 42.6 | Ring tor
716 14.0 | Ring str, ring bend 718 12.1
702 8.6 | 701 0.9 | Ring tor
674 0.0 | Ring tor 681 - 04
643 27.9 | Ring tor 641 13.7
615 84| 610 2.4 | Ring bend, C4-010 bend
571 3.7 | Ring bend 596 11.1
555 3.0 | Ring tor 560 1.6
547 49.0 | 533 8.7 | C2-08 bend, ring bend
530 3.9 | Ring bend 533 3.2
520 2.2 | Pyrimidine ring bend 524 0.8
468 20.2 | 458 20.3 | Ring bend
86 180.9 | NH, tor 418 102.1
408 514 | 399 7.4 | Ring tor, C4-O10 tor
400 77.5 | 379 22.3 | C4-010 bend, ring bend
309 2.4 | C6-N11 bend 335 10.8
326 72 | 322 3.0 | N1-C7 bend
296 0.6 | Ring tor 296 0.0
252 1.9 | Ring tor 259 1.5
231 1.2 | 226 3.6 | N1-C7 tor
214 8.6 | N9-C15 bend 230 16.8
190 14.9 | Ring tor 192 0.6
166 1.2 ] 156 2.3 | C2-08 tor, ring tor
118 0.6 | 108 0.1 | Ring tor
112 15
111 34.6 | N9-C15 tor 111 1.3
| 94 0.3
64 0.6
60 0.1
49 3.7
32 03| 40 0.0 | CH;tor
16 0.0 | CH;tor 26 0.2 .
- _21 64|

0.95 (ana wactor > 2000 cm™') u 0.98 (w1 wactToT < 2000 cm™) cpennee PacXoXI€HWe PaCcCYMTAHHBIX M
JKCNIEPUMEHTANEHBIX 9aCTOT, PErMCTPUPYEMBIX U U30IHPOBAHHBIX MOJIEKy1, cocTaBnseT okono 10 cm™ . Ipu
ITOM TOYHOCTE MeToAa DFT Bbime TOYHOCTH IpYrux HeaMMUpHYecKkux MeTo10B XD ¥ MP2 u cymecTBeHHO — B

ACCATKH pa3 NMPEBBIMIAET TOYHOCTE MOTYIMIMPUIECKHX METOLOB, KOTOpBI€, kak MpaBWIIO, He NapaMeTPU3OBAHI
AN pacdeTa Ko/iebaTe/IbHbIX CIIEKTPOB.

CpaBHeHHE 4acTOT ¥ MHTEHCHBHOCTEH MOHOMEDPOB U AUMEpa MO3BOJISET NpAMO YCTaHOBHMTHL BIMsiHMe H-
CBA3LIBAHNA OCHOBaHWA Ha MX KoJiebarenbHble CEKTpSL. ITockonbky B Ta6n. 4 MPpHBEACH NOAPOOHLIN ananu3

BCEX AMEHTaJIbHBIX KoJieGaHu# MOHO
dyHn H Mepgmx MOIJICK)'JI W JMMEpa, OCTAHOBMMCS JHMIIb HA OCHOBHBLIX
0COOEHHOCTAX KoNebaTeNbHOro cnekTpa napel m°Ade-m Ura.

. H;l)u o0pa3oBaHnu naphl HauboIbINKe U3MEHeHus HabmoaaloTes s BANICHTHBIX KoneGauuit cszeli N3-HO
m Ura u N11-HI3 m°Ade. HuskodactoThsle csury, HaHJIeHHbIE s 3THX koneGauuit, cocrarnsmior 605 u
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-1
200 cM™ COOTBETCTBEHHO. IIpn 3tom cymectsenHo — B 30 u 10 Pa3 MOBBLIMIAETCA WHTEHCHMBHOCTH 3TUX
xoneGanmii. BeicokoyacToTHas nonoca npH 3513 cm™’ oTHOCHTCH K BJICHTHOMY Kkonebaumo ceazu N11-H12
AMHWHOTPYNIBI aICHKHA KOTOpas HE y4acTBYET B MEXMOJIEKYNApHLIX H-cBA3aX.

* B o6nactu 1800-1700 cm™ MPUCYTCTBYIOT ABE MOJIOChI COOTBETCTBYIOIIME BANEHTHBIM KONEOAHMAM CBS3ei
C2=08 u C4=010 ypauwra. Ananus pacnpeieNeHuss MOTeHUMANbHOW JHEPruM 3THUX Konebanuii Mo
CCTCCTBCHHBLIM KOODAHHATAM MOKAa3bIBaeT CMELIAHHBIN xapaktep C=O BaneHTHBIX KoneGaHuii Kak B
MOHOMEpE ypalWia, Tak M B mape. B kone6auue MOHOMepa ¢ 4acToToit 1747 cM™' ocHoBHOl BKIaz naer
cBs3b C2=08, koTOpas He ydacTByeT B o0pasosanuu H-cBsiseit M paccuMTaHHBIN HH3KOYACTOTHBIH C/ABHMT
3TOH MONOCHl cocTaBiseT Bcero 6 cm™. Bonee CHIbHLILN HU3KOYAaCTOTHBIA CABHT TOJIOCH MOHOMepa 1735
cm", cocTaByisroLnuii 30 CM", CBA3aH C TEM, YTO OCHOBHOM BKJIaJ B KoJeGaHKE C 3TOH 9acTOTOM JIaeT CBA3b
C4=010, yuacTyromasn B H-CBS3bIBAHMH C aZEHHHOM.

°* Bce nedopMaumoHHBIE W BHEIOCKOCTHBIE (TOpCHOHHBIE) KONeGanus PyHKUMOHATLHBIX rpynimn
yJacTBylomuxX B H-CBA3bIBAHMH MNpPETEPNeBalOT BbICOKOYACTOTHEIM casur. Haubonee cuibHbie casuru
HaOMOJAIOTCA 1N NeOPMALMOHHOTO ¥ BHEILIOCKOCTHORO konebauus cBasu N3-H9 ypauuna, KOTOpbIe
cocTaBisiioT 129 u 322 cm” coorsercTBenHo. Taioke CYIIECTBEHHO TNOBLIMAETCS YaCTOTa KPYTHJILHOTO
KonebaHus amuMHOrpynmel — ¢ 86 no 418 cm’. BricokouacToTHele CcaBUrM neOPMALMOHHBIX
BHETUTOCKOCTHBIX KOJIeOaHui KapOOHWILHBIX MPYNI COCTABJIOT 10 20 oM™,

* H3meHeHus gactor kone6Ganumii ospua ypauuna u NMpAMHUIMHOBOTO (P)parMeHTa aJleHMHa BLIPAXKEHBI C1abo
He mpeBbimaroT 10 oM™, H-cBsi3biBaHME MpaKTHYECKH He BIMAET Ha KoneGaHus UMHA30JIbHOTO (parMeHTa
aJICHUHA W METUJILHBIX IPYINI 000UX OCHOBaHMIA.

BbIBO/IbI

AHaM3 U3MEHEHUN MOJIEKYJAPHBIX XapaKTEPHCTHK (PaBHOBECHbIE F€OMETPHYECKHE MApaMeTpbl, 3apsbl
dTOMOB, 4acTOThl ¥ MHTCHCHBHOCTH KonebGaHuif) aneHHHa W ypauuna npu o6pa3oBaHHu YorcoH-KpukoBckoii
[Iapbl MOKa3bIBACT, 9TO H-CBA3bIBaHME OKasbiBaeT W3GHMpaTeNbHOE BIMAHHE Ha napameTpsl (parMeHTOB
MOJIEKYJI, HENOCPEACTBEHHO Y9aCTBYIOMMX BO B3amMoAeicTH. [IpHuem 3To BIMSHHE OKa3biBaeTcs HanGoree
CHJIBHBIM JUTS HacTOT M MHTEHCHBHOCTEH HOPMAIBHBIX KoJieGanuit. [Tpi 3TOM COBUIMM YaCTOT MOCTUIAIOT COTEH
00paTHBIX CAHTHMETPOB, @ HHTEHCUBHOCTH OTAEIbHBEIX KOJEeGaHMmii MEHSIOTCA B JECATKU pa3. Bmecre ¢ tem,
USMCHCHHA XapaKTePHCTUK (ParMEHTOB YNANEHHBIX OT MECTAa CBA3LIBAHMS HE3HAYMTENbHL KaK anst
TEOMCTPHHYECKHX TaK M U1 KoJebaTeNbHbIX TapaMeTpoB.

HalinenHas paBHOBecHas CTpykTypa Mapbl CTaOMIM3MPOBaHA 3a CYET [BYX MEXMONEKY/APHBIX
BOZOpOAHBIX CBszed N11(Ade)-H13++010(Ura) u N1(Ade)+*sH9-N3(Ura). IpuseaenHsie B paboTe naHHbIE
HO3BOJIIOT CAENAaTh BLIBOJ O CYIIECTBEHHONW HEIKBMBAJIEHTHOCTH 3THX BONOPOAHbIX cBA3eil. CBa3b
N1(Ade)++*H9-N3(Ura) cymectseHHO kKopode — noutu Ha 0.1 A. ITpu obpazoBanum mapsi u3MeHeHue cBa3u HI-
N3 monomepa ypauuna (0.034 A) 3nauurensHo NpEBLIIACT U3MeHeHue cBA3u N1i-H13 monomepa anenuHa
(0.014 A). Casurw 9acTOoT BaTEHTHBIX KOJNEGaHMI cBazeit H9-N3 ypaumna u N11-H13 agenuHa Takxke
3HATMTEILHO OTIIMYAIOTCH U COCTaBIOT 605 1 200 cM™' cooTBeTcTBeHHO. Bee 3T0 CBHIIETENLCTBYET O TOM, 4TO

H-cea3s NI(Ade)*=H9-N3(Ura) B mnape AICHHH-YpPaUWI CYHIECTBEHHO cuibHee H-cBasu N11(Ade)-
H13#+010(Ura).

ABrop Gnarojaput HaydHbiii doun NATO (T pait CRG.CRG973389) 3a ¢uHaHCOBYIO noaaepxKy
ACCIICIOBAHUM.
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Hydration and structure state of polyribocytidylic acid (poly(rC)) have been studied in solutions and humid films.
The role of water in forming different structures of poly(rC) was elucidated. In solutions, the hydration values of
single-strand (pH 4.5), double-strand (pH 7.8) and disordered (pH 3.3) forms of poly(rC) were determined with a
differential EHF-dielectrometer using the measurements of dielectric permittivity at wavelength 7.6 mm. In humid
films, distribution of water molecules on the hydration sites for these structures has been found with IR
spectroscopy. Hydration models of the single and double-strand structures of poly(rC) were developed using X-ray
and these data.

KEY WORDS: polycytidylic acid, hydration, infrared spectra, millimeter region, structural transitions.

The use of dielectric measurements in the range of millimeter range (extremely high frequencies (EHF)) is
important in a number of areas of biology and medicine. In particular, they allow one to study the state of water
in biological solutions [1].

The methods of X-ray diffraction analysis, NMP, IR and CD spectroscopy, dielectrometry and others have
established the presence of bound water around biomacromolecules [2]. Such solvent molecules attach to the
hydration-active sites on the biopolymer surface through hydrogen bonding. In energy terms the water molecule
may be considered «bound» if its energy of interaction with any hydration center exceeds the mean energy of
water-water interaction in the liquid phase.

Numerous investigations demonstrated that without detailed knowledge of the features of the interaction
of biomolecules with water there could be no complete understanding the properties and behavior of the
macromolecules. Because the bound molecules have a lower mobility, the corresponding relaxation peak is
observed near 100 MHz while the peak due to ordinary water locates around 20 GHz [3].

Unfortunately, the dispersion of dielectric permittivity of biomolecules is also observed near 100 MHz
creating substantial difficulties in the interpretation of dielectric data. On the other hand, in the millimeter
range the dispersion observed is only due to the relaxation of bulk water and hydration leads to a lowering of
the dielectric permittivity of solution as compared with that of solvent [1]. This decrement can be used to study
the interaction of biomolecule with water.

The present work is devoted to the investigation of the hydration environment existing around poly(rC)
(polyribocytidylic acid). This polynucleotide is known to form different structures in aqueous solutions.as a
function of the pH, temperature and ion content [4]. At room temperature and neutral pH, poly(rC) is an
ordered single-strand helix. In the range 3.7<pH<S5.5 it forms a helical double-strand complex in. Wthh a
proton is added to the ring nitrogen for each pair of bases (Fig.1). Below pH 3.5, through the addition of a
second proton per base pair, a dissociation into two disordered chains with protonated cytosines occurs. It is
believed that the hydrogen bond between the protonated and unprotonated rings mainly stabilizes the
hemiprotonated complex.

Figure 1. Hydrogen bonding between bases in the hemiprotonated complex.
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The aim of the work is to elucidate the role of water environment in the formation of the different
structures of poly(rC).

MATERIALS AND METHODS
We used samples of poly(rC), K* salt, obtained from «Serva» (Germany) and «Reanal» (Hungary). The
content of the K* ions in relation to the dry mass of the biomolecule was 6.7%(«Serva») and 8.5%(«Reanal»).
Solutions in the range 3<pH<5.5 were prepared by the addition of HCI. For microwave measurements, 1%
solution was used. For infrared studies, thin uniform films of poly(rC) were prepared and deuterated as
described previously [5]. The wet films in the relative humidity (r.h.) interval from 0 to 96% were derived in

the special cuvette. The degree of protonation was constant up to r.h.=86%. .
Measurements in millimeter range were carried out by the differential dielectrometric method developed

by us [6]. The decrement of the complex dielectric permittivity AE™ = €.y, — Ewpiion = AE —IAE " was
determined. The knowledge of the complex permittivity and conductivity & measured at /' =10kHz made it
possible to calculate the effective dielectric constant of solution g, which is characteristic parameter of the
Debye theory of fluids

/ (8” — U/f)z

E =& + /
E — &,

where &_ is the high-frequency limit of dielectric permittivity. The validity of the Debye equation to the

description of the relaxation of pure water was shown in a number of works [3].
The IR spectra were recorded with the UR-20 two-beam spectrometer, NaCl prism, spectral slit width
6 cm™ at 1700 cm™,

; (1)

RESULTS AND DISCUSSION
Table 1 presents the results of dielectric measurements. The initial experimental values are the differences

between the attenuation Aq and phase shifts A of the solvent and solution. From these findings the
analogous differences Ag’ , A" and Ass have been determined (for water £ =18 and &" =285 at 23°C).

Experimental errors for Ag’ and A&’ are within 0.02 and 0.03, respectively.
The degree of hydration @ (g water per g solute) or »n (the number of bound water molecules per

nucleotide) may be found from the data obtained. Its value is proportional (in the first approximation) to the
dielectric decrement and can be derived as

a)=As,/p-c-(£,—aQ) -V, 2)
where c is the concentration of poly(rC), v is the specific volume of poly(rC), p is coefficient depending upon
the form of the polymers. According to the earlier paper [7], its meaning varies from 1.5 (sphere) to 1.66 .
(cylinder). Recently, it became possible to obtain the degree of DNA hydration (B form) using the dielectric
measurements in the range of dispersion of bound water [3]. This value (» =19) is in agreement with our
estimation of DNA hydration if the value of p is assumed to be 1.65. All the values of » in the Table have been
calculated using this value.

Table 1. Results of the dielectric measurements (T=23°C) of poly(rC)

Parameters pH S8 PH 4.5 PpH 3.3
measured c=1.18% c=0.97% c=1.3%
Aa 0.0161 0.0114 0.0151
(nep/mm)
ApB 0.0168 0.0164 0.0120
(rad/mm)
Ag’ 0.07 0.10 0.04
Ag 0.07 0.09 0.25
I’/f 0.12 0.17 0.32
Ags 1.34 1.26 2.16
n(+1) 7-8 8-9 11

“



31

Relaxation and spectroscopic manifestations of hydration. ..

The millimeter measurements demonstrate that at PH 8 the amount of water molecules which got into
strong interaction with single-stranded poly(rC) is equal to 7-8.

IR spectroscopy in wet films make it possible to study the stages of the formation of different structures of
biopolymers and their hydration shells. Analysis of the changes in IR spectra occurring with wetting allows one
to find the atomic groups which are hydration centers and to determine the order and degree of their fitting by
water molecules.

To obtain such information on poly(rC) we derived IR spectra of the films for different humidities in the
region of absorption of the intra- and the extraring vibrations of bases (1500-1750 cm™) and in the region of

absorption of ribose and phosphates PO, (900-1350 cm™). The dependences of the frequencies v and

intensities R on # were found from these spectra.
At the initial stage of sorption (0<r.h.<44%) the results of IR studies in the above regions point to the
bonding of water molecules with such centers as atoms of the Ny, N3 and, possibly, the groups C,=O and NH,

(base), O,, and OH (ribose), PO, (phosphate).

With further change in 7 in the interval 44%<r.h.<86% (to 7 = 10), the IR hypochromism and high-
frequency shifts of the bands of the intraring vibrations and also the appearance of the band at 1292 c¢m’
appear to be due to the ordering of cytosine rings and to the transition of poly(rC) to the fully ordered single-
strand structure.

Thus, EHF (solution) and IR (wet films) results at pH 8 are close to each other and show that 8-10 bound
water molecules are necessary to form the ordered structure of poly(rC).

From the dielectric data presented in Table 1, it follows that at pH 4.5 the hydration of poly(rC) is 8-9
molecules of water per nucleotide (double-stranded helical structure).

The dependences of v and R on » (pH 4.6, 0<n<2-3) for the absorption bands associated with the intra-
and the extraring vibrations of cytosine may also be explained by hydration. The hydration centers are the same
as those at neutral pH region and take part in the hydrogen bond between the cytosines of two opposite poly(rC)
chains.

The rise of the intensity of the band at 970 cm™ as well as the appearance of the bands at 1059 cm™ and
1293 cm™ (0<n<5) of ribose correspond to the formation of bonds between water molecules and the atoms O "

and OH. The water bridges connecting these atoms and phosphates, cytosines and atoms O , and O, of

neighbouring strands are formed. This process stabilizes the double-helical complex.

Further wetting (2<n<7) leads to the changes in intensity and position of some bands associated with
vibrations of bases and ribose. These effects indicate the formation of the double-helical conformation. Final
stabilization of the complex takes place with increase in the water content to #=9.

This value fully agrees with the EHF findings. Thus, this amount may be considered to be necessary for
the stabilization of double-helix poly(rC) both in solution and in films.

Dielectric measurements show that the poly(rC) hydration at pH 3.3 is 11 water molecules per nucleotide.
Since in this case the double-stranded complex dissociates with elimination of base pairing, water bridges and
ordered helical conformation, it might be anticipated that the hydration at pH 3.3 might not exceed the
hydration at pH 8. The greater value which is observed is apparently due to the protonation of N; (65% at
pH 3.3). It is known that the hydration number for proton is 10 [8], so that the poly(rC) chain, except N3, binds
5 water molecules. This value is very close to IR data (n=6). However, the latter value may also be explained by

aggregation of poly(rC) in acid region (pH<3).

CONCLUSIONS
Analysis of EHF and IR studies demonstrates that hydration of the poly(rC) helical forms is about 10

water molecules per nucleotide. The hydration sites of poly(rC) are atomic groups C,=0, NH,, O 4+ Ni, Nsand

PO, . It is shown that the binding of water molecules together these groups plays a main role for the formation
of the helical structures of poly(rC).

We thank 1.V. Sysa for help in EHF measurements. This work was supported by the State Foundation of
Fundamental Investigations (Grant No2.4/759).
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Ten. 0038-0572-448337, Paxc 0038-0572-441105, E-mail: berez@ire.kharkov.ua

B poGoTi JOC/Ii/DKEHO rij[paTalfiio Ta CTPYKTyPHE CTaHOBHIIE HOMIPHOOLMTHIWIOBOI KMCIOTH (romi-pll) B po3ymHax Ta
BOJIOTHX IUTiBKaX. BU3HAYEHO poitb BoaM Y GopMyBaHHi pisHMX cTpyKTyp momi-pLl, 3a monmomoroio mupepeniiitoro HBY-
HieleKTpOMeTpa BUMIPSHO Mi€NEKTPUYHY IPOHMKHICTL PpO3uMHIB momi-pl] Ha moxwHI XBWii 7,6 MM. 3HaiieHO
rifipaTaniiHi qucina ogHocmipamsHoi (pH=4,5), aBoxcripameHoi (pH=7,8) Ta Heymopsaakosasoi (pH=3,3) ¢opm momi-pLl.
IleHTpH rigpaTanii IMX CTPYKTYP BHHANAEHO 3 iHQpPauYepBOHMX CIIEKTPIB BOJOTHX IUTIBOK. 3a LIMMM Ta PEHTTCHIBCHKHMMH
JaHMMM PO3BHHYTO TiipaTaljiify MOJENb OHO- Ta ABOXCILIPAILHOI CTPYKTYpH nomi-pL.

KJIIOYOBI CJOBA: nonipuColMTHIWIOBa KHCIOTA, Tifparalis, iH(pa4yepBOHI CNEKTpH, MUIIMETPOBMM /lalia3oH,

CTPYKTYPHI IIEPEXO/IH.
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ADENINE AND URACIL AND THEIR MONOMERS
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Interactions of Ni*" ions with AMP, UMP, single-chain poly A, poly U, double-chain poly A-poly U and three-
chain poly A-2 poly U have been studied by the method of differential UV spectroscopy. The coil—helix transition
observed in polynucleotides is due to the Ni’* ion binding to oxygen atoms of phosphate groups. The nickel
coordination to bases takes place only in the case of single AMPs and single-chain poly A. The formation of a chelate
N7-Ni**<(PO,)” induces melting of this polymer. Melted parts form compact particles with the effective radius
~100A. '

KEY WORDS: UV spectroscopy, homopolynucleotides, metal ions.

Among transition metals nickel (along with chrome) being of the maximum cancerogenic index is one of
the most toxical [1]. Its possibility to influence functions of biological macromolecules makes interesting studies
of the Ni** interaction not only with natural DNA and nitrogen base derivatives [2,3] but as well with
homopolynucleotides forming noncanonical single- and multichain helices being of biological functions [4].
Experimental results available for these systems are not enough. So, interactions of Cu®* ions with four-chain
poly G [S] and of Cu**, Mn**, Ca®* and Mg®" ions with double-chain poly A and poly C [6] have been studied.

The present work was aimed at the determination of atoms coordinating Ni** ions in single-, double- and
three-chain polynucleotides monomers of which are AMP and UMP. To ascertain ion-induced conformational
transitions in these polynucleotides is another task of the work.

MATERIALS AND METHOD

Research objects were potassium salts of poly A, poly U, poly A-poly U (AU) and poly A-2 poly U
(A2U) as well as disodium salt nucleoside-5’-phosphates (AMP and UMP). Poly A, poly U and nucleotides were
supplied by Serva (Germany) and AU and A2U - by Sigma Chemical Company (USA). NiCl,-6H,0 was doubly
recrystallyzed. To increase the binding constant of Ni** ions, nucleotides were solved in acetate buffer with the
low (10°M) concentration of Na* ions. But under these conditions at room temperature AU and A2U are in a
partially melted state [7] therefore AU as a more stable polymer [7] was solved in 10°M NaAc and A2U (and
poly U) was solved in the same solution added with NaCl. In this case the total Na* ion concentration was
3:10M. To avoid the formation of nickel hydroxides, acetate buffer with pH6 was used. But at 10°M Na* and
pH6 poly A are able to form double helices [8]. To eliminate this process, poly A was dissolved in cacodilate
buffer 10°M Na* with pH7.

Concentrations of nucleotide and polynucleotide phosphorus (P) were determined by values of
extinction molar coefficients in UV absorption maxima [7, 9, 10] with an error not exceeding 0,5%. In all the
cases the value of P was (1+0,2)-10*M. The Ni** ion concentration ([Niz*]) was evaluated by weight and
controlled by the complexonometric method. An error in determining [Ni**] was not more than 0,5%.

Ni*" jon-induced differential UV spectra (Ag,-DUVS) were registered at T=(20+2)’C with a Specord
M40 spectrophotometer (Carl Zeiss Jena, Germany), using the four-cuvette measuring scheme. All the DUV
spectra obtained correspond to the equilibrium situation that follows from their form and intensity retained for
{30-40) min. In the case of single-chain poly A at [Ni’*]>10”M kinetics of spectral changes induced with the
formation of light scattering particles was observed.

In this case DUV spectra induced with changes in the poly A absorption (Ag,(Vv)) were determined by the
extrapolation method using the formula [11): |

A&, (V) =[A4(v)~ My, (v/ )1/ p ay
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| v, + .
where AA(v) is a change in the optical density of the poly A solution immediately after the addition of Ni** ions.
AA = AA at v=v;=32000 cm™. The value of the wave exponent i in Angstrém formula was determined by the

Yo

AA(v) dependence at v<v, where the light absorption is absent. . . .
As well, differential spectra conditioned with melting of polynucleotide helical links (Ag,) were
registered with a Specord UV VIS spectrophotometer. In this case the standard cuvette was thermostatted at

=T, while the working one was heated up to 96'C and then the spectrum Ag;, was taken.

EXPERIMENTAL RESULTS
Monomers

AMRP. In the range of (10™*+5-10%)M Ni®* ions induce AMP DUV spectra the shape of which coincides
with that of DUV spectra of Ni>*+dAMP complexes [2]. This evidences the ion interaction with nitrogen atoms
of the adenine ring (Figs 1, 2). In aqueous solutions of Ado atoms coordinating Ni’" ions are N1 and N7. In the
r~nge of neutral pH values the interaction with N1 is preferential [13]. But in AMP the main atom binding Mt
ions is N7 [3, 9, 14]. This is, in particular, promoted with the Ado anti-conformation that is suitable for the
formation of a chelate including the simultaneous ion binding to N7 and the phosphate group oxygen (O(P)) [14].
The very strong difference between the shape of AMP (and dAMP [2]) DUV spectra induced by Ni** ions and
that of AMP DUV spectra resulted from N1 protonation (Fig. 1) evidences these data.

2
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Fig. 1. Differential UV spectra of AMP, induced with Ni*" ions. 1 - 1,25:10*M Ni**; 2 - 7-10*M;
3-2,5:10°M; 4 - 3,5:10°M; 5 - AMP DUV spectrum induced with N1 protonation (calculated by data from [12]).

UMP. As in the case of dTMP [2], Ni** ions induce no changes in UMP absorption spectra up to
[Ni*]=2,5-10°M that evidences the absence of ion interactions with heteroatoms of the uracil ring as well as
with oxygen of the sugar ring because deprotonation of hydroxil groups of the pyrimidine ribose induces
significant changes in absorption spectra of bases [12]. Besides (and it is essential), for ribose hydroxile groups
of UMP pK,=13+13,7 [12] that makes improbable the substitution of their protons with Ni** ions. Thus, in
accordance with the data from [3], the only UMP atom binding nickel is O(P). But the interaction with this atoin
has no influence on absorption spectra of nucleotides [12].

Polynucleotides

Poly A. In the range of their low concentrations Ni** ions induce DUV spectra the shape of which is
“reverse” to that of DUV spectra resulted from the helix-coil transition of the single-chain poly A (Fig. 3a). Thus
at [Ni*"]<4-10*M DUV spectra of metal complexes are mainly conditioned with the rise of the helicity de. o;’
the single-chain poly A, induced by the Ni** ion interaction with O(P) that is characteristic of poly A comg::xes
with all the Mt** (Cu, Mn, Co, Mg, Sr, Ba, Be) ions [9]. At [Ni**]>4-10*M the jon binding to adenine of poly A
becomes pronounced and is followed with melting of helical parts. Indeed, at these ion poy
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AEax 10° M 'em™”

Fig. 2. Concentrational dependences of intensities of DUVS extrema of AMP and polynucleotides, induced with Ni** jons.
1 - v=36500 cm™ (AMP); 2 - v=39500 cm' (single-chain polyA); 3 - v=39000 cm™ (AU); 4 - v=39000 cm™ (single-chain
polyU); 5 - v=37000 cm™ (A2U). aand b - Ag, values calculated by formula (1) (i=4).

concentrations the longwave isobestic point on DUV spectra of poly A shifts to the shortwave side (F ig. 3b) and
with the rise of the nickel content the derivative [8(Ae,)/O([Ni**])] goes through zero and changes its sign (F ig.
2). This result is in a qualitative agreement with other experimental data [9], according to which, melting of
helical parts of the single-chain poly A is observed in the presence of all the transition metal ions. It is essential
that at 2,5-10°M Ni*" the shape of poly A DUV spectra is similar to that of DUV spectra of Ni** complexes with
AMP that evidences the ion coordination with N7 (Fig. 3b). Accordingly to the NMR spectroscopic data
obtained for poly A complexes with Mn** and Cu?* ions [15, 16], melting of helical parts is conditioned with the
formation of chelates N7-Mt**-O(P). As Fig. 2 shows, the melting process is cooperative that 1s, perhaps,
conditioned with positive cooperativity of the Mt** ion binding to bases of single-chain polynucleotides [9]. Li ght
scattering observed at [Ni**]>10>M meets the Angstrom formula [11] with the exponent index i~4. Such a value
of i evidences the formation of particles with the effective radius r.<1004 [17]. The inertial radius (R;) of the
single-chain statistical coil isan order of magnitude higher [18]. Such a difference between r, and
R; evidences compaction of the single-chain  poly A in the range of concentrations

2
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Fig. 3. Differential UV spectra of single-chain poly A, induced with Ni %* ions. :

a: region of preferential binding to phosphates - 1 -6:10°M Ni*"; 2 - 1,5:10°M; 3 - 1,25:-10*M; 4 - spectrum As, induced
with helix-coil transition of single-chain poly A. ~

b: region of ion binding to adenine - 1 - 8-10“M Ni*’, 2 - 2,5-10°M (calculated by formula 1, i=4). C - AMP DUV spectrum
induced with 0,035M Ni** (See Fig. 1).
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Fig. 4. Differential UV spectra of double-chain Fig. 5. Differential UV spectra of three-chain poly A-2

. 2+ .
polyA-polyU, induced with Ni** ions. polyU, induced by Fl . ) :
I- 10“M Ni?*; 2 - 5,510*M; 3 - 102M; 4 - spectrum Ag, | - 5>510°M Ni'’; 2 - 2:10°M; 3 - 410°M; 4- 10°M

induced by helix-coil transition of AU. C - the same as in  (Spectra refer to left ordinate); 5 - spectrum A, induced by
Fig. 3. helix-coil transition of A2U (refers to right ordinate).

corresponding to the Ni** ion binding to the adenine ring. The formation of compact particles with re~100A was
observed by us earlier in microphotographies of poly A in the presence of the high concentration of Ca’" ions
[19]. Compaction of poly A is a cause of new hypochromicity of its absorption at [Ni*"]>10"°M (Fig. 2).

| Poly U. Ni** ions induce no changes in absorption spectra of the coiled poly U up to 2:10°M Ni** (Fig.

2). In the range of 2-10°M<[Ni*"]<3:10°M only a weak hypochromicity of the poly U absorption (Fig. 2) is
observed (in the absence of light scattering), conditioned by ordering of the small number of poly U links on the
ion interaction with O(P). Thus, in the range from 10°M to 3-10”°M Ni** ions do not bind to heteroatoms of the
sracil ring and their interaction with phosphates induces nocompaction of the polymer.

Poly A-poly U. The shape of the AU DUV spectra induced by Ni** ions is a “mirror reflection” of that of
the AU DUV spectra resulted from the disruption of the double helix (Fig. 4). This means that at 0,01M Na" AU
at 20°C a) has some number of disordered links and b) Ni** ions, eliminate these “defects” and restore the helical
structure of the polynucleotide. In accordance with Fig. 2, the nickel-induced coil-helix transition is an essentially
noncooperative process that may be induced with negative cooperativity of the Ni** ion interaction with AU,
characteristic, in principle, of the Mt*" ion binding to ordered helices of different structural organization levels

[20, 21]. As in the nickel presence poly U retains mainly the nonordered state, the rize of the helicity degree of - -

AU is induced by the Ni*" ion interaction with single-chain parts of poly A. The shape of nickel-induced DUV
spectra of AU shows that up to 3.10M Ni** ions do not interact with ring heteroatoms of the polynucleotide
adenine though the binding to N7A in the polynucleotide is principally possible [22]. The absence of the Ni**
interaction with this atom of the AU double helix is, perhaps, conditioned by the high rigidity of its sugar-
phosphate bone, preventing from the formation of N7-Ni**-(PO,)” type chelates while Ni**-N7A complexes are
characterized with very low binding constants. For example, for Ni**+N7 Ado complexes the value of K is M
[13] that is such a binding type is able to manifest itself only at molar nickel concentrations. Besides, the steric
accessibility of N7A in helical structures is lower than its value in AMP (by 2,5 times, in accordance with
theoretical calculations [23]). Thus, the data obtained permit to conclude that the restoration of the AU helical
~tructure with Ni** ions results from their interaction with oxygen atoms of phosphate groups.

Poly A-2 poly U. Very low hypochromicity of A2U absorption, induced by Ni** atoms, evidences that
the number of “defects” in its structure is insignificant (Figs 2, 5). The shape of DUV spectra shows that, as in
the case of AU, Ni** ions restore the A2U helical structure on their interaction with phosphate groups of melted
parts of the adenine chain while the binding to N7A is absent ui) to 4-10°M Ni?*. The participance of this atom
in the system of hydrogen bonds supporting the triple helix [22] makes this result natural. As well, the data
obtained show that the Ni** ion binding to phosphates of ordered parts of the adenine chain as well as t’o ordered
and nonordered parts of uracil chains has no influence on the conformational state of the polynucleotides studied.

As Fig. 2 shows, quantitative changes in absorption spectra of poly U and A2U are similar. But small
values of spectral changes for the both polynucleotides are conditioned with different causes - wnth the small
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number of melted parts in the A2U triple helix and with a low tendency of uracil derivatives to form stacked
structures [22].

The work has been performed under the financial support of the US Civilian Research and Development
Foundation (CRDF Grant UN1-435).
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BJIMSTHUE T'MAPATALIUYA HA TAYTOMEPHIO 6-THOI'YAHHHA

10.B. PyOoun
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Cmamusa nocmynuna 23 oxmsabpa 1999 2.

C nmomomgio mMeromor B3LYP u HF npoBeneH TeOpeTHYecKWi pacdeT KOMIUIEKCOB THOHHOrO H THOJIBHOrO
TayTOMEPOB 6-THOryaHMHa C OJHOM Monekyno#i Bonel. Ilokasasa Gonmbmas CTa0HIBHOCTE KOMIDIEKCE,
BK/IOYAIOMIEr0 THOHHBIA TayTOMep. COOTBETCTBEHHO Ha 17.6 wmw/Moms u 8.1 KIUK/MOTB. DTO COraacyercsa ¢
IKCIIEPUMEHTAIbHBIMA AAHHBIMM, YTO B BOAE 6-THOTyaHHMH CYIIECTBYeT INPEMMYIECTBEHHO B BHIC THOHHOIO
TAyTOMEpa, XOTA B ra3oBoi ¢a3e OH CylIecTByeT B BHIEe THONLHOINO TayTOMEpa.

Knwouesnie ciioBa : 6-troryanus, TayTOMEpUA, KBAHTOBO-MEXaHWYECKHE PAaCIeThl

6-Tuoryauun (6SG) sBisieTCs MPOTUBOOIYXOJIEBEIM MPENapaToM M JaBHO HCHONB3YETCA [UIA JICICHHA
nerko30B[ 1 ]. Ero yHuKagbHBIE ONTHYECKHE CBOWCTBA IO3BOJLTIOT MCIOIB30BaTh €r0 Kak JIOMHHECHEHTHYIO
METKY UL U3Yy4YEHHUS CTPYKTYpHBIX nepexonos B JHK [ 2 ].

Papee ObUTO 3KCIIEPUMEHTANBHO IM0KAa3aHO, 9TO '6-THOTYaHWH B Tra30BOM ¢a3e CymecTByeT
[IPEeUMYIIYCTBEHHO B BHAe TAONbHOrO SH-Tayromepa [ 3 ], B xpucraie - B Buae N7H THOHHOrO Tayromepa [4 |,
a B Bozie ¥ JTHK - B Bune N9H-tHoHHOTO TayTOoMEpa [2, 5 .

Teopernueckue pacueTsl ¢ HCMONB30BAaHHEM METONOB ab initio MOATBEpAMIH, YTO B ra3oBoi ¢asze 6-
THOTYaHUH JOJDKEH CyIIecTBOBaTh B BUAe NOH-THONBHOro TayroMepa [ 5 ). OTH pacdeTs! NOKa3aId TakkKe, 9T0
y4eT BIUAHMSA O0BEMHON BOABI (TOJNIIPHOTO PACTBOPHUTENS) C MOMOIIBI KOHTHHYalTbHON momem: Omn3arepa
NPHBOAUT K YBEIMYEHHUIO CTaOHIBHOCTH THOHHOIO TayroMepa . B momspHoM pactBoputene N9H THOHHEIH
TayToMep Ha lKmk/Monb Gonee crabuwieH, 9eM THOJNBHBIN IMC -TayToMep. OIOHAKO 3KCIEPUMEHTAIRHO B
MOJIIPHBIX PAaCTBOPUTEILIX THOJBHEIN TayTOMEp HE Habmonaercs, HabmoaaeTcs UL THOHHBINA TayToMep 6SG
[2]. |

C nebio M3yueHHUs BIMSHKSA NEPBOY THAPaTHOM 060/109KM Ha TayTOMepHOe paBHOBecue 6SG nmpoBeaeH
pacqeT NOJHOK 3HEPrUM H reOMEeTPUM KOMIUIEKCOB THOHHON ¥ THONBHOM $opM 6SG ¢ 0HO# MOIEKYI0ii BOBL

METOJ PACYETA

Teopetnaeckue KBaHTOBO-MEXAHHIECKHE pACUEThl CTPYKTYPHBIX H OIHEPreTHYECKHX IapaMeTpoB
KOMIUIEKCOB OBUIH MPOBEJEHBI C MOMOmBI0 MeTofa B3LYP Tteopum ¢yHKUMOHANA IUIOTHOCTH (DFT) =
HeaMruprieckoro mMerona Xaprpu-®@oka ( HF) [ 6-8 ] ¢ ucnons3oBanmem nakera mporpamm GAUSSIAN-94
[9]. BHavase ObUIM MPOBEACHH!  ONTHMHM3ALMA TI'eOMETPHH M PAcUeThl TOIHOM 3HEPrUH KOMIUIEKCOB C
nomomsio MeTona B3LYP/6-31G** . 3arem reomerpus peonrmvusupoBanack meronoM  HF/6-31G** u 6sm1 -
TPOBE/ICH PacdeT MONHOH 3HEPTUM KOMIUIEKCOB ITHM XK€ METONOM. Pacder 3Hepruu B3auMojeHCTBHS GbLl
IPOBEJEH C HCIOIB30BaHHEM (HOPMYIJIHI
Ei=Ec-(Et+Eh) kL)
rae Ei- sHeprus B3auMofedCTBAA B koMiUtekce,  Ec - nomHas sHeprus kommiekca, Et- nojmas 3HEeprus
tayTomepa, Eh- nosiHas 3HEprusa MONeKyJbl BOJEL.
Beuia yqTeHa IOTPaBKA HA JHEPIHIO HYNEBRIX KonebGaumit- ZPE u Gasuchyio CYTIEPIO3ULIMOHHYIO Omubley -
BSSE . [l oneHKH KOHCTaHTBI TayTOMEPHOro paBHOBecHs K GbUia HCIONB30BaHA M3BECTHAS ¢opmyna:
K=(qb/ qa) exp [ -AEa,b/RT]  (2),
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Puc. 1. CTpyKTypHBIE QOPMYJIbI KOMIUIEKCOB TayTOMEPOB 1 1 2 ¢ Monekymnoi BOJIBL.



39

Bimsne runparaunu na Tayromepuio 6-THOTyaHUHa

TA€ Ga M qy COOTBETCTBEHHO KOHLEHTPAlMHM IEPBOTO M BTOPOTO TayromepoB, Ea,b -oTHocutensHas smeprus
TayTomepa a , R -razoBas nocrosHHas , T-remmniepatypa.

PE3YJIbTATHI 1 OBCYXJIEHUE
Ha puc.] mokasaHBl CTpyKTypHBIE GopMyIEl pacCYMTaHHBEIX KOMILIEKCOB TayToMepoB 6SG ¢ ogHoii
MONEKyIo# BOABl. Ha puCyHKe H B TeKcTe NpHHATHI crenyromue 0003HaueHus : TayromepoM | Ha3BaHa
THOHHas ¢opmMa N9H Ttayromepa 6SG, a TayroMepoM 2 - THONbHAasS (opMa 3TOro xe TayToMepa.
CoOTBETCTBEHHO KOMIUIEKCOM |1 Ha3BaH KOMIUIEKC THOHHOI dopmer 6SG ¢ oxHoi MOJICKYJION BOIBI , a
KOMIUTEKCOM 2- KOMILTEKC THONBHON YOPMBL.

Tabnuma 1

PaccunTanHble OTHOCHTENBHEIE SHEPruH TayTomMepa 1 B ra3oBoii ¢aze u monsgpHOM pactBopurene [ 5 ], a
TalOKe KOMIUIEKCa 1 B rasoBoi (asze. Pacuer BBIMONHEH OTHOCHTENBHO IONHOM 3HEpruMm TayTomMepa 2 u
KOMILIEKCa 2

kJ/mob

MonomepHas ¢popma 6SG:
B ra3oBoi paze (Meron MP2 /6-31** ) +11.2
noJIIpHOM pactBopurenie (Metog SCRF MP2) -1

Kommteke 6SG ¢ H20 B razosoii ase :
mMetox B3LYP/6-31G** -17.6
merox HF/6-31%* - 8.1

IIpoBeneHnslil pacuer Metomom HF reomerpuu koMmiekcoB 1 u 2 mokazan , YTO OHM SBJLAIOTCS
HEIUIOCKAMH. B0/I0pOJB! aMHHOIPYTI M BOJOPOX BOJBI, KOTODEIA HE yJacTBYeT B 00pa3zoBaHUM BOHXOPOAHOM
CBS3H 3HATHTENBHO BBIBEACHBI U3 IUIOCKOCTH. J[MITONBHEIN MOMEHT KOMIUIEKCA | yMEHBINEH 1O CPaBHEHMIO C
ARTOJIEHEIM MOMCHTOM H30/MPOBAHHOH MOJIEKYJBI (COOTBETCTBEHHO 6.46 D u 8.44 D ), B To Bpems Kak
JUIONBHBIH MOMEHT KOMIUIEKCA 2 HEMHOTO YBelIudeH ( COOTBETCTBEHHO 3.62D u 3.54 D)

BHIMONHEHHEIA  pacyeT 3HEpruyM B3aUMOIEHCTBHA B HCCIIEJOBAHHBIX KOMILIEKCAX C MCIIONB30BAHMEM
NERYJIBTATOB pacdeTa MOIHOH SHepruu ¢ nomomsio Metoaa HF (¢ yuerom ZPE u BSSE )  jan mis komruiekca 1
p:aHHy 8.0 Kkaw/MoOms, a A KoMIUiekca 2- 3.5kkan /Moib. BO3MOXHO 3TH 3HAYEHHS SBISIOTCS
3aHIKCHHBIMHM, T.K. pacdeT meronoM HF. He yduTbiBaeT BKNag  KOppeNsOMH 3JEKTPOHOB B SHEPTHIO
MEXMOJICKYIIPHOI0 B3aUMOICHCTBHS.

Kak BuaBo u3 Tabmms! 1, npHCOeMHEHHE TONBLKO OHOW MOJIEKYIB BOABI K MOJIEKYJIE 6-THOTYaHUHA
OPHBOIWT K 3HAYMTENbHOMY ( Ha 8.1 KK/ MONB IpH pacdete HeaMnUpHdeckuM MetonoM HF u Ha 17.6 kmx
/Moms mpm pacdere MertogoM DFT ) Bo3pacTaHMI0 CTaGWIBHOCTH KoMiuiekca 1 Mo CPaBHEHHIO CO
CTaOWILHOCTBIO KOMILIEKCa 2 .

IIpoBeneHHBIE paHee pacueTs! KOMIUIEKCOB IyaHMHA C ONHOM Mojekynoif Boast [ 10 ] noxazamm
0o/bmIy!0 CTaOHIBHOCTH (OTHOCHTENBHYIO BEJIHIMHY TONHOM 3HEPrMH) KOMIUIEKCa C YYacTHEM KETOHHOM
GOpMBEI [0 CPaBHEHMIO C KOMIUIEKCOM C y9acTHEM €HOJbHOI (opMsl. [loGaBienue BTOPOH MOJIEKYJIBI BOJBI
IPUBOIHAT K BO3PaCTaHHIO OTHOCHTENbHOH CTAOWILHOCTH KOMIUIEKCA KETOHHOM (opMbI eme Ha 10 KIK/MOb.
Yaer BimsHHA pacTBOpHTeNs (00BEMHON BOJBI) B CTy4ae KOMILIEKCA C Y4aCTHEM KETOHHOM ¢opMbl ryanuHa
(10 ], nNpHBOAMT K AOMOTHHTENEHOMY YBEIHIEHMIO CTaOWIBHOCTH 3TOr0 KOMIUIEKCA Ha 2 KIK/MOJIb.

Kak BuaHO u3 Tabn 1, Hamm pacueTsl Ka4eCTBEHHO COINIACYIOTCA C pacuyeTamu B paGorte [10] m
00BACHAIOT NPHCYTCTBHE 6SG B 3TaHONE M BOJIE MPEUMYIIECTBEHHO B BHAe TayToMepa 1. [IpoBeaeHHsIil pacuer
CTa0HIBHOCTH KOMIUIEKCa 1 COBMECTHO C IaHHBIMH paGoTs! [10] 0 BAMSHHYM MPHUCOETHHEHHA BTOPOi MOJEKYITHI
BOJB! H BIHAHAW O0BEMHOMH BOMILI NO3BOJIAET NPENOJIOKHUTS, 9TO pealbHas CTaGIILHOCTL TayToMepa 1 B Bozie
Oonee, 9em Ha 3 Kkan/ MOJL MPEBHIACT CTAGMILHOCTL TayTOMepa 2, H CENOBATEIBHO COrACHO hopmyze 2,
¥UHCTaHTa TAYTOMEPHOTO PaBHOBECHS TayTOMepOoB | U 2 B BOJ€E HMeET BeaWdHHy Gonbie, geM 107 .

Astop Gnarogaput npodeccopa E. Jlemmnckoro u jgokropa JI. op6 3a momoms B IpOBEACHUH
pacyeToB, a2 KOMIBIOTEPHBIH LEHTP NOCYAAapCTBEHHOro YHuBepcurera r. JDkekcoH (Mmuccuccurm, CILA) 3a
NpeA0CTaBICHHE MAMMAHHOrO0 BPEMEHH.
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Mertonom iryopeciieHTHOM CIIEKTPOCKOMM MCCIEOBAHO B3aUMOJCHCTBHE ¢uGprmoreHa ¢ (IyopecleHTHHIM
sorgoM JICM mocne 3amopaxwiBaRMs pacTBopoB Genmxa jio —8 u -196°C ¢ pasmr4HoH ckopocTeio. Ha Monekyire
¢ubpumorena o6HapyXeHO Ba TWITA LICHTPOB CBS3LIBAHMS 30HJA, Pa3MMAIOMMXCS BEMMYMHAMM IIApaMETPOB
CeKTpoB  duyopeciierimm. [lokasaHo, YT0 IHpU MeNIEHHOM 3aMODAXUBAHUM IPOUCXOAAT  OCoNbIme
KOH(OPMAUMOHHBIE HAPYMICHHS MOJIKY/IHI YHOPUHOrEHA, YeM TIPH GHICTPOM.

KJIIOYEBBIE CJIOBA: ¢uGpuroreH, KoH(opMaims, (IyopecLeHTHas CIIEKTPOCKOIIMSL, 30HJ, CBS3bIBAHKE,
3aMOPKUBAHUE, CKOPOCTD OX/TKICHIS

Panee ObIi0 mOKA3aHO [1], YT0 pesxiM 3aMOPaKMBAHKA PACTBOPOB (PHOPUHOTCH2 NPUBOIMT K H3MEHCHHIO
CIEKTPaNLHBIX CBOHCTB COOCTBECHHBIX XpOMO(OPOB Ge/ka M B3aHMOACHCTBYIOMETO ¢ HHM (DIyOPECHECHTHOIC
30HA2 - 4-AEMeTARaMEBOXANKOHA (JIMX). B Hacrosmeli paboTe MCCIENOBAHO BIHAHHE PEKHMOB OXJIAKICHAS
PacTBopoB (PROPHHOICHA Ha B3aHMOJCHCTBHE OemKa ¢ ¢uryopecuenTHEM 30HA0M 4-(N-IMMETHIAMHAHOCTHDI)-

1-MeTrmmEpEEEEH N-Tonyoncy sporarom (ACM) [2].

MATEPHAJIBI H METOABI HCCIEAOBAHHUS

Hccrnenosanwd mpOBOZANH HA PacTBOpax (PHOPHHOTEHA B GMAMCTHILTHPOBAHHOM BOJC, KOHICHTPALHAA
ROTOPOTO COCTaBIAna 2 Mr/Mi1. CreneHb OMHCTKH Oenka (94%) KOHTPOIHPOBANACH N0 OCAKIACHAIO (PuGpHHOreHa
TpoMOEHOM. B ommTax HCMOMB30BamH mpemapatsl GemcoB XapbKOBCKOH 06NACTHOM CTAHIME NeEpeTHBAHA
KPOBH. 3aMOpaXxHBaHEEC 00pa3noB MPOH3BOAWIHA IO AByM pexcamam: 10 -196°C co ckopoctsio ~200 °C/mun
(V1) mpa GriCTpOM DOTpykesHH NpoGHPKHA ¢ 06pasuoM B xuaxui 230t & 10 -8°C co ckopocTsio ~5 °C/vuH (V)
B MOPO3HJIBHOH Kamepe. Orransanne 06pa3noB MpOBOMMIH HA BoAIHOM Gane (40°C) CO BCTPAXMBAHMEM.

B axcrnicpumente mcmoms3oBamm 30HA JICM npomseonacrsa koomeparmea «Zonde» (Jlarema). Crexrps
(ryopecucrman JICM perncTpHpOBaH IPH TEPMOCTATHPOBAHHM 06pasnos mpu 22°C Ha coekTpodayopaMeTpe
«Hitachi F4010» (fImonmq) ¢ aBTOMATHYECKOH KOPpEKUHAEH CrEKTpoB. TOMHOCTS NOAACPRAHHA TEMIEPATYPSI
cocrasnana +1°C. BosOyxaerne GayopecueHImEA TPOBOAWM Ha JuEe BoiHEL 460 mM. Ilnpurs! BxoxHOH H
BBIXOJHOH melei COCTAB/IAIE 5 EM. ARammas3 coekTpoB diyopecnerman JICM B o6pasnax nposomwmm Ha SBM,
C IOMOIBIO CIICIHANHHO Pa3pabOTaHHOM MPOTPAMMBL, TIOCIE MPEABAPHTEILHOTO BEMMHTAHAA (DOHA.

PE3VJIBTATHI H OBCYXIEHHE

B3aEMOACHCTBHE MONCKyIBI (AyOpECHEHTHOTO 30HAA2 CO COKHOM MAaKPOCTPYKTypod Oeixa MOXer
XapaKTCPH30BaTECA KHHCTHKOH H3MCHCHHA CICKTPANbHBIX XapakrepucTHK 30843 [1]. Ha puc.l npuBencHm
3aBHCHMOCTH H3MCHCHHA HHTCHCHBHOCTH (I,) CnekTpoB (yopecucHIpan 30HAA B pacTBopax (pubpuHOreHa or
BpeMeHH. HHTCHCHBHOCT CnekTpa (uyopecmemmmm pactsopa JICM, HCTIONB3yeMOH B 3KCINCPHMEHTE
KOHICHTpAIlMH, B OHIMCTHUMMPOBAHHOH BOAE cocraBnwia 7,759 orH. ea. Ilpucyrcreme Genxa B pacTBope
BHAYAJE, MOCHC A00ABICHHA, PE3KO YBEIHYHBACT MHTCHCHBHOCTh ()IYOPECUCHIMH 30HAA H 3T0 H3MCHCHHC
HHTCHCHBHOCTH 3aBHCHT OT PEKHMOB 3aMOpaxmBanui. Jlanee, B TCUCHHE 4aca, HHTCHCHBHOCTD Iy, MOHOTOHHO
YMCHBIIACTCA B PacTBOPAX KdK HATHBHOTO, TAK H OXJIAKICHHOTO CO CKOPOCTBIO V) 6enxa. B 10 ke BpeMi, AA
Oenxa, OXNaXACHEOIO CO CKOPOCTHIO V, mocne 40-MHHYTHOH HMHKyOamuu HAO/IOZAETCA HE3HAYHTENBHOC
yBe/mIcHEE 1., HO 14 BCEX 00pa3noB nocie 60 MEHYT HHKYOAIMH YCTAHABIMBACTCA CTAHOHAPHOC 3HAYCHHE
Lnex ipEMepEO HA 10% MeHBINE NCPBOHAYATLEOH BEC/TMIHHDL

bonee CHOXKHYIO 3aBHCHMOCTD OT BPEMCHH HHKYOAHHE H CKOPOCTH OXJIAKACHHA MMCET H3MCHCHHE /UTHHLI
BOMHEI MaKCHMYMA (Ane) cmextpa (ayopecumemmam JICM. Jlna pactsopa JICM B JHCTH/UIHPOBAHHOM BOZJC
Amax=616 M, Ilpu cBmnBanuE ¢ GeIKOM HAOMOAACTCS CMEIICHHAE Ay, B KOPOTKOBOMHOBYIO 00nacTs. HauGonee
spxmll «caEmiD) capur Eabmoxacrcs npr B3aaMoacicTead JICM ¢ HatuBHEIM OenkxoM. KpHBas 3aBHCHMOCTH
Amex OT BpeMCEHE HMceT BeOoxbmoll moxsem np 50-60 MuHyTax HHKYOGAIMH H BBIXOJHT Ha NOCTOAHHOC
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3HayeHHe mocne 90 muHyT HEKyGammE (~ 591 HM). L[nxoﬁpaana,ox;mnmmoocmpocmovz
HAGMONACTCA MIABHOC HEIHAMHTENBHOE YMEHBIICHHE Amg (B MpEJENAX 2 HM) B TCHCHHC 30 mma. boaee
CTIOKHBH XAPAKTEP HMEET JABACHMOCTS . OT BPEMEHH HEKYOAIMH NIPH OXTAKICHAE PacTBOpa (ROpHEOTIE
CO CKOpOCTBIO V. FIMEHHO /1A 3TOFO Cy4ad CAOKHOMY BHAY 3ABHCHMOCTH Amex = f(t) cooreercTByeT B Gonee
CIOXHA 3ABHCEMOCTS Ly = f(t). B Ta0mume | NpHBEJCHH BETHIMHS NAPAMETPOB CUCKTPOB (IyOPCCIICHIH
JACM npu J0CTIKSHAM MMHE MOCTOAHHBIX 3HAYCHHI.

Tabmuma 1. Bausmye pexuMoB mmmamammmmremmcmmamﬂﬂemﬂm

Obpasen Ay, D
BHIUCTH/UMPOBAHHAA BOJA 616,0 7,759
PacTeop HaruBHOTO (YPROPHAEOrEHA (KOHTPOIIb) 586 (591) 147 (130)
PacTBOp (pHOPHHOTCHA, OX/IAXKICHHBIH CO CKOPOCTHIO V) 586 (590) 133 (135)
Pactsop prOprAOrena, OX1aKICHHBIN CO CK V- 586 (587)

Cnextper  ayopecuenmmm JICM aHamM3upoBa/M, HCOOAB3YA MOJCID dopMEpOBaHEA 3IEKTPOHHO-

KO/e6aTEMbHBIX CTIEKTPOB MEOTOATOMHEBIX MOJIEKYJL, 1o (opmyne [3]: i B}

2
§ | Vo
- I'(v,) 200 )—Ci gy a__l-(__l_—-\-’-s-) dvg, (@

IE V ¥ V, — YACTOTHI H3JY4acMOro CBETA H NMEPEX0Ja CHCTEMBI, V' H O - UCHTP H JACNICPCHA PaCTIPEACICHAA
HEOZHOPOJHOTO VHIMPCHHA i-H KOMIOHCHTHI cmekrpa, C; - HOPMHPOBOUHBEE K03(Q¢ummeHTE, N - €HCTO
PA3THYAIOMEXCA N0 (PH3HKO-XMMHYECKEM XaPaKTEPHCTUKAM LEHTPOB COPOMEM 30612 B MOJieKy e 6enka, I'(v,)
~ NONYIHPHHA JOPCHUOBOW JTHHHH MNECPEX0/A, u’(vs) — BEPOATHOCTH pacmiaga BO30YKACHHOIO INMCKTPOHHOIO
COCTOSHHA

AHamH3 NApaMeTpoB HEOAHOPOAHOro ymmpenwsi cnektpoB (uayopecuemmum JICM B pacTsopax
(m6puHOreHa MO3BOMIT BHUACIHTH KpoMe BoaHOH cocrasmomei JICM emie TpH CIEKTPA/IbHEIC KOMIIOHCHTE,
COOTBETCTBYIONIME Pa3MHYHOM NOKAMH3ALMH 30HJA HA OCIKOBOH MOJEKyne. Pe3ylsTaThl aHAH3A CHCKTPOB
NpEACTABICHBI B TA0HIE 2.

Tabmma 2. Brvsiue peXuMoB 3aMOPaXKUBAHKI Ha TIAPAMETPhI HEOJHOPOIHOrO YIIMpPEH:s! CIEKTPoB ¢ryopecuierim JICM

B pacTBopax $ubpuHorena
TTapamerpsi O6pa3sus! (pacTBopEl)
HEOAHOPOAHOIO HAucTRIUM- HaruBHbIi OuOpHHOTEH, OuOpHHEOreH,
VINHPCHASA poBaHHAA BOAA ¢pubpuroren OXJIAXKICHHBIH CO OXJIKACHHBIN CO
CIICKTPOB (KOHTPOJIb) CKOpOCTRIO V, CKOPOCTEIO V5
vey,cM” 15710 16820 16820 16820
G1,CM” 890 880 | 875 945
k; 0.54 0.30 0.30 0.27
vop,em’ 17300 17300 17300
| Ga,cM” 880 880 390 )
ky 0.08 0.08 0.18
VE&M’I 18550 18550 18550
os,oM” 860 | 860 860
ks 0.08 0.09 0.01

W3 TaGymaus! 2 BAHO, YTO H3 BCEX ICHTPOB HEOAHOPOXHOIO YIIMPEHHS KOMIIOHEHT, v, Hanbonee GOk K
IHAYEHHIO, XAPAKTEPHOMY i CieKTpa Qryopecnenmmn JICM B mucTeumposanrol poge. TTpuamvas 310 8O
BHHMAHHE, 3 TAKKS YIHTBIBaS JAHELIC [2], MOXHO MpeAONOHTS, 410 HERTP copGmme JICM 3T0ro Tema (1)
pacmonoXKeHsl HA NOBCPXHOCTH OenkoBo monexyms. [lockomsky momekyma JACM mmeer emmmrsmsul
noWMmmm,mnemcmmmmlmmWw
NONApHLC TPynnki OOKOBRIX PAJMKANOB AMHHOKHCIOT. [lONOMEHME NONOCH H MECTIEPCHA BCEX TpeX
HCCIIE/IOBAHHEIX BHJOB PACTBOPOB (PHOPHHOICHA AMEIOT OHHAKOBOE 3HAYCHNE, 4 BKIAN nepsoii cocranamomed
(ki) B CymMMapHLili CTICKTP YMEHBIIACTCA NIOYTH B BOCEMBb Pa3 1% 06PaInos, OXNAAICHEBIX CO CROPOCTLIO Vs
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Biusinue pexxnMOB 3aMOpaxuBaHNs Ha B3AMMOLEHCTBYE.

[Tpm 37oM BRIAx cocraBmmomel k, (uerTpsr THna II) B crywae MeaneHHOTO OXTKICHHA YBEIMIHBACTCA 6onee,
weM B 2 pasa. YTo xacaercs TpeThell KOMIOHEHTE, TO GONBIIHE H3MEHEHAS HAGMONAIOTCS 1A aMCTiepCHH (03),
XapaKTepriylomell CONBBATHOE OKPYXCHHE OTHX NEHTPOB CBA3HIBAHMA (tmma III). Jina pacTeBOpOB,
OXNAKICHHEIX CO CROPOCTBIO V>, 3TOT MApaMETp yBEIMUMBACTCA HA 7,3 %, a BKIAJ TPEThe KOMTOHEHTHI B
O0mmit CNEeKTP CHIDKACTCH.

Ananna3 cnexpos (ayopecnerips JICM B pactBopax GHOPHHOTEHA TO3BOTHT pa3aeimTh BKIAJ 30HIA B
CBOGOZHOM W CBA3AHHOM C GENKOBOM MONEKYNOH COCTOSHMAX B BE/IHUHHY NapaMeTPOB HEOXHOPOAHOTO
YIMPCHES CICKTPOB B HICHTHYHRIMPOBATH 1BA THIIA NEHTPOB COPGIMM HA MOJEKyJic (huGprHEOrena (v, = 16980
oM, 02 =945 M | v = 18550 cm™, o3 = 800 ov™).

PeREMBI 3aMOPA)KHBAHHA OKA3HIBAIOT BIAAHAC HA XAPAKTCPHCTHKH OCHTPOB COpOIMY 30HAa Ha OCIKOBOM
Monexyne. [Ips GBICTPOM 3aMOPAXHBAHAHM O TEMIIECPATYPhI JKHAKOTO a30TA BO3PACTACT KOMAYECTBO 30HIA,
COpOHPOBAHHOIO Ha MOBEPXHOCTHBIX YMACTKAX MOJIEKY.IbL. [IpH 3TOM BO3PACTAIOT BETHYHHb V'; (MONAPHOCTS) H
Ci (mompwxkHOCTE). Ilpn MENICHEOM peKHME 3aMOPDAKHBAHMA YMCHBIIACTCA KOJMYECTBO  30HII,
COpOHpOBAHHOTO B HAamGONEE HEMONADHBIX HEHTpax copbumm (V% = 118550 cM') H, B TO xe Bpems,
CYIICCTBCHHOE RONHYECTBO 30HAA OCTACTCA B JOCTATOUHO ruapodo6HOM OKpyxeHHH (Vo = 16980 cm™). Moo
NPCANONOKHTD, “TO B PE3YNBTATC MEICHHOIO 3aMOPAKHBAHMA CTAHOBATCA MEHEE NOCTYMHBI ruapodobmbie
Y4aCTKR CBA3KIBAHHA 30HZA. B menoM, cpaBHeHHE THX ABYX PEKHMOB 3aMOPQKMBAHHSA TOKA3HLIBACT, YTO NPH
MEAJICHHOM 3aMOPKHBAHHM HMCIOT MECTO OO/bImae KOH(OPMAIMOHHbIC H3MEHEHAS MOJIEKY/IH! (prOpHHOreH?,
YyeM mpu GLICTPOM. '

BRIBOAbBI

PnyopecucaTneit 3084 JICM 4BISeTCA YYBCTBHTC/IBHBIM HMHIMKATOPOM M3MEHCHHA CTPYKTYPHI
¢ubpasorcsa. Ilpm CBA3BIBaHAW C MONEKyNOM Ocnka Coexrp ()VIyOpeCHCHIHH 30HAA HCIBITHIBACT
KOPOTKOBOIHOBAIN CABHT HAa 30 HM H moyTH 20-KpaTHOE YBEIHYCHHE ARTCHCUBROCTH. B3amMoagiictere JICM ¢
MOJIEKyI0# (pHOPHEOTCHA 3aBHCHT OT BPCMCHH HHKYOAIMy B pacTBOpe Ge/ka; mapaMeTpsl CIEKTPOB OCTHIA0T
CTANHOHAPHBIX 3HAYCHAN TONBKO 4Yepe3 70-90 MAHYT HAKyOamum. mocne. 3aBECHMOCTH NAPAMETPOB CIICKTPOB
ACM ot BpeMeER HEKyOamyH pa3/IH4Hb! )11 PasHBIX PSKAMOB 3aMOPaKUBAHHSA PacTBOPOB OcIka.

Anamas napamerpos cnexTpos (yopecuermas JICM m0o3B0IAN BHABHTS TPH CIEKTPATLHEIEC KOMIOHCHThI
30HAA, COOTBCTCTBYIOINHE TpEM HETpaM COpOmMH 30HZA C Pa3/AYHONH JIOKAIM3amMed HA MOJCKyJe
¢ubpEROrera. PexxaMEl 3aMOpaXKHBaHMS PacTBOPOB OKA3HIBAIOT BIIMSHHC HA CBOMCTBA LCHTPOB CBA3LIBAHAA
3084a. Ilpn Gonee MemNCHEOH CROPOCTH OXJIKACHHA PacTBopa ¢uOpHHOreHa GONBMAA OTHOCHTEILHAN JAOJA
MOJIEKYJT 30HAA CBA3HIBACTCA rEapodoOHEIME HERTpaMu COPOIAH N0 CPABHEHHIO C MEAPO(HIIBHBIME.

CHHCOK JIMTEPATYPH

1. Arapeesa E.K., Pomozanosa 3.A., Iiobko T.C., l'aram C.B., Iaspux B.A.// ITpo6rembl KprOOHOIOTHH.
1998. Ne 3. C. 18-21.

2. Jlobpenos I'.E. OayopecucHTHBIC 30HAB B HCCICAOBAHAM KICTOK, MeMOpaH H JmmonporerHoB.- M.: Hayka,
1989.- 277 c.

3. boiimos B.M., Opmos C.H.// bro¢usara. 1982, T.27, Ne6. C.1049-1052.
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CBOVICTBA PACTBOPA T'/IMIIMHA B HHTEPBAJIE TEMIIEPATVYP 20°-70°C
10 JAHHBIM CBY-IUAJIEKTPOMETPAH U BUCKO3UMETPHH

I''M. I'nubnuxni
Hucmumym Paduogusuxu u 3nexkmponuxu HAH Ykpaunw um. A.A. Ycukosa,
2. Xapsxoe 310085, yn. Ax. [Tpockypw, 12.
Mocrymana B penakumio 8 oktabpsa 1999 r.

[poseneHo WccnenoBaHHE W3MEHEHHS BA3KOCTH M BpeMeHM penaxcauud 20% pacTBopa rITHLHMHAZ B HHTCpBAIC
temneparyp 20-70°C. MeToauka U3MEPEHHA BA3KOCTH OMHCHIBacTCA. [IpHBONATCA JaHHBIE PacyeTa CTATHUCCKOH
MPOHHLAEMOCTH U BPEMEHM pelakcauuu no Moaenu [lebas, yyHTHIBaIOILECH CPEAHEE BPEMA PEAKCALIMH B PacTBOPE.
O6cyxnaerca OTNHYME PACCYMTAHHBIX BEAHYHH OT 3HAYCHHWH, M3MEPEHHLIX  ANBTCPHATHBHBIMH MCTOLAMHM.
[Ipeanaraerca BO3MOXXHBIA MEXAHH3M, OOBACHAIOLIHA H3IMEHEHHE NapaMeTPOB B IHANA30OHE TEMNEPATYP.

KJIIOYEBBIE CJIOBA: rnuuwH, Bpems penaxcamha, IHINIEKTPHYECKaA MPOHHULIAEMOCTh, BOIHBIE
pacTBOPBI.

Kak usBecTHO [1], H3MEpeHHA AHINEKTPUYECKHX CBOWCTB PacTBOPOB HAIOT HHPOPMALMIO O CTPYKType
FMOPaTHOTO OKPYXEHHA pAacTBOPEHHBIX  Mosekyn. [IpH 3TOM HCMONB30BaHWE MOAHHBIX COBMECTHBIX
BUCKO3HMETPHIECKHX H3MEPEHHH MO3BOJAET PACIUMPHUTL AHANa30H HCCIEXYyEeMbIX MapaMeTpoB pacTBOpoB. B
3TOM CiTydae MOABIAETCA BO3MOXXHOCTb MPOBECTH pa3fie/icHHe MEXIy BpeMeHeM PeflakCallMy BCeit MONEKYIIBI U
BPEMEHEM DpeNIaKCallMH [PYMI, MPOBOAHTh aHAIH3 H3MEHEHHA CBOOONHOM 3HEPruM, TEIUIOTH U IHTPOMMHH
aKTHBALMH ¥ aHAIOrHYHBIE MapaMeTphl aKTHBaLMM BA3KOCTHOrO mpouecca [2]. Lensio narHo# padoThl ABNIgeTCA
HCClIeIOBaHHEe peJIaKCaLlHOHHBIX MapaMeTpoB pacTBOPOB INTHLIMHA B Auana3oHe 20°-70°C. ‘

MATEPHAJIBI 1 METOBI

Ans mpurotosneHus 20% pacTBOpPOB INTHLMHA B JUCTHUIMPOBAHHOW BONE HCMOJB3OBAICA XMMHYECKH
9uCTeIH npenapaT ¢upmbl “REANAL”. HM3MepeHMA OTHOCHTENbHO!M BA3KOCTH pacTBOPOB MPOBOOWIHCH C

MOMOIIBIO TEPMOCTAaGHIH3MPOBAHHOrO BUCKo3UMeTpa OcTBanbaa (pc. 1). BA3KOCTs pacTBOPOB PacCYMTHIBANACE
U3 COOTHOmEHMA [3] |

N = NoSt/Sots

rae 1), To- BASKOCTH pacTBOPa M PacTBOPHTENA , S, So - MIOTHOCTH PacTBOpa W pacTBopurens; t, to -
COOTBETCTBYIOIIME BpEMEHA NMPOTEKAHKA Yepe3 KaWLIAP. | -

PE3YJIbTATBI U OBCYXIEHUE

[InoTHOCTL pacTBOpa M3MEHAIACh MPAaKTHYECKH JIMHERHO oT 1.07 r/cm’ npu 20° C no 0.88 r/cv’ mnpn

70°C. 3aBHCHMOCTb H3MEHEHHA BA3KOCTH PaCTBOpa OT TEMMEpaTyphi M300paxeHa Ha puc.2. OTHOCHTe/IbHAA
MOrpeMHOCTh H3MEPEHHA TUIOTHOCTH H BA3KOCTH HE MPEBBIMAET COOTBETCTBEHHO 5 % 1 8%.

Kax cnenryer u3 Teopuu [le6as, BpeMa peNakcali MOXET GbiTh PacCUNTAHO 13 BEIpAXEHNHS [4]:
& =gy + (& - £)/(1 + (07)) (1)
&" =4 + (& - £)0t/(1 + (01)%) )

rhe € W € - MpeNe/bHAA BLICOKOYACTOTHAA W CTATHYECKAS AHINEKTDHUECKHE
KPYroBas 9acToTa, T - BpeMA pe/iakCaluH.

HAnsa pacvuera BpeMeHH peakCallMH HCNOMb30BAIKCH 3HAYCHHUS KO
pabors [5];mpu 3TOM 6bUIa Y9TEHA CHCTEMAaTHYecKas norpems

MPOHHLAEMOCTH, O -

MILIEKCHBIX COCTaBNMOUMX &'=¢'-j8" W3
OCTh, OMpejenseMan Kak pasHOCTS MEXKAY
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CBoiicTBa pacTBOpa IIMLMHA B HHTEPBaJIE TEMIEPATYP. ..

HIMEPEHHBIM 3HAYCHHWEM NMPOHHUAEMOCTH NpH 1aHHOW TemnepaType A/IA BOAM H PACUETHBIM 3HAYEHHEM

MPOHHUAEMOCTH 1A TO# e TemnepaTypsl H HYacToTsl [6]. 3aBucHMOCTH €', €” 1 T OT TEMMepaTypsi H300paxeHsi
Ha pHUCYHKax 3 u 4.
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Pruc. 1. KOHCTpYKIIHA BHCKO3HMETPA. S e T T B -

1-0NMMBKH 114 MOA3YH BOIBI U3 TEPMOCTATa; 2- |

PE3UHOBBIC YIUIOTHHTENH; 3-H3MEPHTENLHLIH .
Kamuuap; 4,5 -KOHTAKTHMe mNapsl, TpH Puc.3. CrutowHas MTHHHA COOTBETCTBYET 3aBUCHMOCTH €';

3aMBIKaHUHA KOTOpbIX PacTBOpOM MyHKTHPHAR THHHA - 3aBHCHMOCTH €”.

MPOH3BOAMTCA BKIIOYECHHE H BBHIKTIOYCHHE
CeKyHOOMepa; 6-BCTaBKa CO CTEpXKHEM, Ha
KOTOPOM KpemATci KOHTakTHhie map; 7-
TEepMOMETD; 8-KOpITyC KaMephl.

C uensio NMPOBEPKH aNEKBATHOCTH MPHMEHEHHA

monemu JleGas B pacuerax napaMeTpoB pacTBOpa 102, ¢

OblIM  MOACYWTaHH  BENHYHHW  CTaTudeckol

MPOHHIIREMOCTH NO HAmAM JaHHBIM (Taba.l) @ mo ®

JaHHBIM H3MEPCHHH KOMIUICKCHOH MPOHHLACMOCTH 34

apyrux asTopoB (Tabn.2) npm remmneparype 20°C u i

koHUeHTpauuH IM (14 cpaBHEHHA C BETHIHHAMH -

CTaTHYCCKOH MPOHHIIACMOCTH, MOJYYCHHRIMH K3

JKCTICpHMEHTa Ha HM3KOH dacrore, B Talmmuax e

NpABEACHN BETHIHHSI €, , BIATHIE H3 (7]). 15 4

Kax MOXHO BHICTS, pacieTHRIC H . —
ICTICPAMEHTANBHME  BEANYMHM  CYWIECTBEHHO .o % ToC




46

I’ M. anbuuxui

—

ITO MOXHO 0GBACHUTS [8] CylecTBOBaHHEM B PaCTBOPE MMHLHHA HECKOIBKHX penakcalHOHHBIX MPOUeCcCos:

Tc= ZCm

rae Tc - cpeanee spema penakcauu, C; -KO3QPHIHEHTH, XapakTepH3YIOIHEe BKIad KLKIOro THNA

penakcauny; Tj COOTBETCTBYIOT MPOLIECCaM, CO3NAHHLIM MMIPaTHPOBAHHBIMH MYNIbTHMEPaMH H MOHOMEpaMH
UBHTTEPHOHOB [MHLUMHA (B repBoM MPHOMWKEHHH i=2). B CBA3H C ITHM npuBeNcHHbIE PacieThl N0 MOACITH
He6as MoryT oTpaxaTts TONEKO Ka4eCTBEHHBIA XapaKkTep H3MEHEHHA CBOWCTB pacTBOpa C H3MCHCHHEM
Temnepatypbl. TIpH 3TOM yBeNnMueHHe BpeMEHH PENAKCALMH C POCTOM TEMNEpAaTypPl MOXET ABJATECA
pe3ynbTaToOM pacrmaga My/JIbTHMEPOB [HMIUMHA (BHOCAIIHX He3HAaYHTe/NIbHBIA BKJIad B CpeaHeS BpEMA
peNlakcalMu) M, COOTBETCTBEHHO, YBEAWYEHMEM AOJMH MOHOMEDOB [/IHIHHA, BHOCAIIMX OonsmMiA BKIAX B

BEJIHIHHY T na MONTy4YeHHA KOJHYECTBEHHBIX AaHHBIX O pacrnpeac/iiCHHH peJlakCallHOHHBIX npoueccoB MNpH
H3IMEHCHHH TEMIIEpaTYypPhl HeoOXoauMOo MPOBECTH mmepe}iwl B IIMPOKOM QHANa3’OHE 4acToT.

Tabmuma 1 Tabnmuua 2. -
1.2C €s €sg f, MHz g g Es Esd
20 16.6 130 7462 65.2 31.1 223.7
30 17.9 - 9287 59.2 37.1 174.83
40 26.6 - 9463 61.4 38.2 184.3 100
50 40.2 - 14285 44.5 37.1 89.2
60 50.6 - 21428 312 335 45.47
70 63.7 - 35294 19.1 28.9 224
CIIMCOK JIMTEPATYPBI
1. Bpanar A.A. HccnenoBanue AMINEKTPHKOB HA CBEPXBBICOKHMX HacToTax. M. ®usmarrus, 1963. 404 c.
2. Axanos S.IO. [Iuanexrpudeckue coiicrsa GuHapHeX pactsopos. M., Hayka, 1977, 400 c.
3. Ocrsansa B., Jliorep P., Ipykep H. ®usuko-xumudeckne uamepenus. JI. locxumrexusaar, 1934, 4.1,, 279 c.
4. Jle6ait I1., [Tonspusie Monexynsl. 'TTH, 1931, 240 c.
5. mu6uuxuit [.M. / Biogis. pichuk. 1999, N4, ¢.31-34.
6. [nu6uuxuit .M. // Pannopusuka u anexrporuka. 1997. T. 2, Ne 2, c. 156-159. _
7. Grant E.H. Sheppard R.J., South G.P. Dielectric bihavior of biological molecules in solution. Oxford, Claredon press
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BIO®I3UKA K/IIITHHH
VIK 577.352: 612.73

KAJIbIIA3A BACHMBIE KAJIMEBHIE KAHAJIbI BOJIBIION

IPOBOAMMOCTH B MEMBPAHE I' JAAKOMBIIIEYHBIX KJIETOK TAENIA
COLI MOPCKOM CBHHKH

A.B.3uma, A.B.lloscTaH, M.®.1lly6a
Hucmumym gpusuonozuu um. A.A.Fozomonvya HAH Yxpaune, 252601 I'CIT, Kues-24, yn. bozomonvya, 4
e-mail: onmfi@serv.biph.kiev.ua
Hoctyrmna B pemaxipo 7 okta6pst 1999 r.

Meroznom ¢uxcalmu noTeHIHATA ¢ TIOMOMHIO NPUCACEIBAIONICHCH MHKPOITMIIETKH VICC/IEA0BATH KATbLMI3aBUCHMEIE
xanresbie (K(Ca)) kanambt Gonpmio# npopommMocTv B H307IMPOBAHHEIX (parMeHTax MeMOpaHE! INIaIKOMbIIEHHEIX
krerok (I'MK) taenia coli mopckod cBumxM, a Taioke TOKM, MEPEHOCUMbIE STUMM KaHalaMM B YCIOBMSX
BHYTPHIICTOYHOIO  /MATM32  OMMHOYHBIX  KIETOK.  IIOKa’aHo  HamMue  BBICOKOM IUIOTHOCTH
XapHOZIOTORCHEMYBCTBUTENbHbIX K(Ca) kaHanos Gomemio#t mpoommoctd (125 + 24 nC npu [K'}/[K'] = 23).
Kpome Ca®*-3aBHcHMOCTH 5TV KaHaTH! NPOABILLTA TAKKE ¥ IOTCHIMAN3aBUCHMEBIE CBOMCTBA, OJHAKO HE UMEIU
MOTCHIMAN3ABUCHMON WHAKTHBAIMMM, 4 MHAKTHBHDOBAIMCH TOMBKO IIPH YMCHbIICHMW NpuMeMOpaHHON
BHYTPHKIECTOMHOM KOHueHTpaimu Ca’ ([Ca®' ). YCTaHOBIIEHO, YTO CKOPOCTH CHAJa ToKa, TEPEHOCUMOro STHMM
Ka2HaJlaMHi OTpaXaeT KMHETHKY HWHakTHBarpm Ca’’ Toka. BhickasaHo IIPEIIONOKEHHE, YTO OCHOBHBIM MCTOYHMKOM
Ca®*, HeoGxomuMEIM s axTuBaipK K(Ca) xananos Gombmoit npoBoguMocTH smiisercs Bxox Ca’’ B KIETKYy depe3
ToTeHIMAT3aBucHMEIe Ca’" KaHames! L-Tuma.

KJIIOMEBBIE CJIOBA: riakoMBIIeYHEIe KieTkH, MeMOpaHa, K(Ca) xaHambl, IipoBOsMMOCTD, [Caz‘]i,
XapAOOTORCHH, IIOTEHIMAI3ARHCHMOCTD, MHAKTHBALA

B I'MK mnermudrmposano meckomsko tunos K' kamanos; K(Ca) kamamsl, kasajsi 3QJEPXKAHHOTO
BEINPAMIICHHSA, OBICTPOHHAKTHBHDYIOIHECA KAHANHL TEPEHOCAIHE “A-TOK, AT®-4yBCTBATCIHHBIC KAHAIHI,
KaHAJIbI QHOMATBHOTO BHIMPAMIICHHA [1-5]. AKTHBHOCTH 3THX KAHAJIOB HMEET BAKHOE 3HAUCHHE B KOHTPOJIC
MEMOPAaHHOIO NOTCHIMANA TOKOA B MoAyaAImME Bo3Gymamoctn TMK. B YaCTHOCTH, aKTHBALHA BBIXOATILETO
KQTHCBOTO TOKA OTBEYACT 332 (Jasy pemonspH3amMu NOTCHUMANA ACHCTBHA H IEHEPALMIO TOPMO3HOrO
nocTCHHANTIYECKOro norermmana (TTICTI) [6, 7]. B cBoto o4Yepenp, MOYTH KAXKIbii W3 3THX THIOB K KAHATIOB
BKIIOHAIOT B Ce0A HECKOMBKO moarmmoB. Tak, k Temy K(Ca) xaHANMOB mpHHAmIeKHT B3 NOATHIIA - K3HAJIBI
Gommoii (100 - 250 nC) m kamams Manoi (zo 18 nC) NPOBOBOAMMOCTH, NEPBBHIC YyBCTBHTCIBHBI K
Onoxmpyromemy neficTerio Xapu6aoToxcuna [5, 8-10], a BTOpBIC - amammHa |5, 11-13]. K(Ca) xanamsr 60mbmoi
IPOBOJHMOCTH 00HAPYKCHBI BO MHOTHX BO30YAMMBIX KICTKAX M NMPAKTHYECKH BO BCEX THNAX TIANKHX MBIIHII,
Onu axTBHEpyIoTCA NpE yBemmucHmE [Ca”');  Aenonspusamum MeMGpanbl, GIOKHPyIOTCH HapyxmsM TIA B
XapHOJOTOKCHHOM. JTOT MOATHN KAHANOB ABIACTCA “OTPHIUATCIBHON 00paTHOM CBA3BIO , pEarHpylomed Ha
yBemaaenne [Ca*'],. I'mmeprionapusupys MeMOpaHy, OH NPEAOTBPAMIACT BO3HAKHOBEHHE HOTEHIHMANA ACHCTBHA,
a caenosaresHO B Bxoa Ca”* B 'MK npu JeHCTBHE MHOTHX BO36y)KIAIONIAX ArCHTOB.

Xora K(Ca) xasans1 60mbmoi npoBoaHMOCTH GbLTH ONMMCAHBI JOBOJILHO JABHO H K HACTOSIIEMY MOMCHTY
HAKOMHIIOCh MHOKECTBO PabOT, XapaKTEPH3YIOMMX TOKH, TIEPCHOCHMBIC ITHMH KABANAMM B Pa3IHYHBIX OTACIAX
RCITyJOTHO-KMIICYHOTO TpakTa [1, 14-18], MEOrHEC BOMPOCH! MX (PYHKHHOHHPOBAHHA M PETYIAIAH OCTAOTCA
oTrparTeiME. Hanmpamep, Bompoc 06 ucrowmmke Ca’', xotopsii mx AKTHBHPYCT, Tak OKOHYATC/IbHO H HEC PCIIEH.
Tawke creyer OTMETHT, HMCIONECCA B JMTEPAaType Da3HOIIACHA OTHOCHTENBHO CBOHCTB K(Ca) Kamanos
601bImoH MPOBOSHMOCTH.

Panec HamE Obume mposencHs! (papMaxo-Grodusmueckue mccnenosamna K(Ca) Toxos memGpamsi TMK
tacnia coli MOPCKOH CBHHKH B peXEME BHYTPHKICTOMHOTO mmammsa [19, 20]. B macrosmei pabore
OPCACTABIICHB! PE3YIbTATH SKCIICPHMCHTOB, MMPOBEACHHLIX HA YPOBHE perucTpamun oauHo4HbX K(Ca) xananos
Compmo#i NPOBONMMOCTH, 2 TAKKE NPCANPHHATA NOTMLITKA npoanamnposmpaﬁowmmanon'np;
msmencHrn [Ca’'); pasmemsnm cnocoGamu (exomom Ca®* B KieTky W3BHE uepe3 noTeHmEATIaBHCHMBIC Ca
kanamsl B ocoGoxacruem Ca’* m3 capkommasmarmaeckoro peruxynyma (CP)). HeoGXoquMmocTs mposeacHms
HCCICROBAHHA HA YPOBHC OMHOYHBIX KAHAJIOB OOBACHACTCA CIEAYIOMEME 06CTOATEBCTBAMH. Bo-nepBhiX, HA
YPOBEC MAaKpOTOKOB O4CHB CIIOKHO B H30HpPOBARHOM BHAC HecnenoBarh K(Ca) TOk, Tak Kak €ro KMHETHKA M
aMILTHTY/I2 MOXYTMPYIOTCH Konm4ecTeoM Ca’’ mocTymaiomero B KieTRy. BO-BTOPBIX, TOMBKO MCCIEAOBAHEA
OJMHOYHEIX KAHANMOB HO3BOJIAIOT BBUCHHTH, KakHC OHOQHIHYCCKHE NApaMETPhl KAHANOB H3MEHAIOTCA 00N
ACHCTBHEM TOTO MM HEOIO (axTopa.
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MATEPHUAJIbI U METO/IbI ’ .

MccnenoBanus nMpoBOAWINCH HAa OAMHOYHBIX CBE/KEU30,TMPOBAHHBIX MK taenia coli MOpCKHX ca?::;
o6oux nonos Becom 250 - 350 r. Tpoueaypa nomyyeHHs GyHKLUHOHATLHO [TOJTHOLIEHHBIX M30;IMpOBaHHbIX
IeTaNbHO OMyYCaHa B Haleil npenbiayled pabote [19]. B TeueHue IKCTIEPUMEHTA CYCMEH3MIO KIIETOK XpaHWTH
npu 4°C.

Jn8 OTBENEHUS HOHHBIX TOKOB B paboTe MCMONb30B4ICA CTa

MOMOLIM MpUCACbIBAOLLENCS MHUKPOMNUNETKH (“patch-clamp”) [ . . o
KaHalOB OCYLIECTB/SUIaCb B KOHQUIypauuax “inside-out” # “outside-out” 3TOro MeToIa, a o

TpaHCMeMOpPAHHBIl HOHHBIM TOK MCCENOBAICS B PEKMME BHYTPHKICTOTHOTO muanu3a kaetkd (“whole-cell’
koHurypauus meroga “patch-clamp™”) [21]. CrexagHHbIE MUKPOTMIETKH M3rOTaBIMBATHCE M3 MATKOTO
MONMBIEHOBOTO CTEKIA M OMIABASINCH 10 conpoTusnerus 2 - 4 MOM (114 necae10BaHHA OIMHOYHBIX KaHAJIOB
MHKDOTHUMETKM OMIABJIAIUCH 10 conpoTuBneHus 5 - 7 MOM u MOKphIBATHCH cwirapaoM). YCHICHHE HOHHBIX
TOKOB OCYILECTBAANOCH Npu nomomu ycwmutens “POK-3M”. Jlanubie perucTpHpOBaIHCE, 06pabaThiBATMCh H

coxpansnuce B komnstorepe IBM PC/AT. )
PacTBOpbl. J1s vccienoBaHMs ONMHOUHBIX KaHA/IOB UCMO/IL30BAICS PacTBOP A, coaepxasuuit (MM). KCl

5.9, NaCl 120.4, MgCl, 1.2, CaCl, 2.5, D-rmoko3a 11.5, HEPES 5: (pH 7.4, NaOH) u pactBop b, conepxaBmin
(MM): KCI 135, CaCl, 0.2, OT'TA 0.6, HEPES 10; (pH 7.3, KOH), [Ca’]; B 3TOM pacTBOpe ObLIa ONIM3Ka K
¢puznonornyeckoit - okono 100 uM. i onbITOB, NpPOBENEHHBIX B PEXHUME BHYTPHMKJIETOYHOrO AManu3a
HCXOAHBIM HapyXHBIM PacTBOPOM ABJIAJICA PacTBOp A, pacTBOp B MUMETKE COACPIKAI (MM): KCI 135, MgSOq 1,
Na,AT® 3, OI'TA 0.3, HEPES 10; (pH 7.3, KOH) (pacTBOp B). Tlogmaya TECTHPYKOMUX pacTBOPOB
NPOM3BOAMNIACH IPH MOMOILM CHCTEMBI, obecreduBaioLleli MONHYI 3aMeHy pacTBopa B KCMEPHUMEHTAIBHOM
Kamepe 3a spems, He npesblinatomee 2 - 3 ¢. Mccnenyembie BELIECTBA n00aB/UINCH K OMBIBAKOIIEMY PacTBOpY B
KOHUEHTpALUAX, YKa3aHHbIX B TEKCTE.

B pabote ucmonb3oBanu kosnarenasy (tum IA), Obruuit CbIBOPOTOUHbIA anbOyMHH, IUHAaTPHEBYIO COMb
aneHo3uH-5-rpudocopHoit  kucnotel (Na,AT®), 3THACHIIIAKOIDb (B-amuHo3THNOBBIA 3¢Hp) - N,N’-
TeTpaykcycHyto kucnoty (D1'TA), 4-(2-ruApOKCHITII)- 1 -MHNepa3sHHITAHCYIbHOHOBYIO KHCIIOTY (HEPES), 4-
aMMHOTIMPMIAMH, anaMuH ¥ xapubgorokcud ¢upmbi “Sigma” (CLUA); coesbid WHIHOUTOp TpUIICHHA (QUPMBI
“Reanal” (Benrpus). OctajibHbl€ PEAKTUBBI OTE€YECTBEHHOTO NPOM3BOACTBA.

Bce skcnepuMeHTbl MPOBOAMIMCH [P KOMHATHOM TeMIepaTtype.

HAApTHLIA METOJ GHUKCALWMH MOTeHIHaNa TpH
21]. PerucTpaliisi aKTHBHOCTH OIHHOYHBIX

PE3YJIbTATBI 1 OBCYXXJIEHHE

K(Ca) kanansl BnepBble Obuin onucansl B 1981 romy B memOpane xpomaduuHbIX kneTok [22] u mo
HACTOSIILIEr0 BPEMEHH O0OHapyXeHbl B MeMOpaHe GONbIIMHCTBA, €C/IM HE BCEX MCCJIEIOBAHHBIX 00BEKTOB, B TOM
yucne u B 'MK taenia coli mopcko#t cBunku [1, 3, 17-20]. Panee Ha 3ToM 06bekTe Hamu ObUIO nokasaHo [19,
20], 4TO B HOPMATBHBIX YCIOBUAX MPHU CTYIIEHYATON AENOIAPU3ALKM B IEPEHOCE BBHIXOAAILErO TOKAa NPUHUMALT
yyactie mo kpaiiHedt mepe asa tuma K(Ca) kaHaioB, a HMMEHHO: Ca**-3aBucumbie K' kanambl 60/bioit
MPOBOAMMOCTH, 4yBCTBUTETbHbIE K GJOKUpYIOLIEMY AEHCTBUIO XapuONOTOKCHHA M Ca’"-3aBucumbie K kaHab!
MaJIoll MPOBOAMMOCTH, YyBCTBUTENbHBIE K ONOKHpYyIOLIEMy AEHCTBMIO anamuHa. IlpyuéM BKIaA NEpBBIX B
001K TpaHCMeMOpaHHBIA MOHHBIA TOK CyLIECTBEHHO Oosbiue. [TpoBOAMMOCTE ITHX KaHAJIOB MO TUTEPATYPHBIM.
nasHbiM [4, 5] BapsupyeT ot 100 no 250 nC. Takxke 65110 NOKa3aHO HaAM4Me NOTeHIMan3arHcHMbIX K kaHanos
3a/1ep)KaHHOTO BHIMPAMIIEHUS, He 3aBucsux ot Ca’'.

B nepBoit yacti paboTel ObLIO MPOM3BENEHO MccienoBaHHe onuHOYHBIX K(Ca) kaHalioB M30MPOBAHHBIX
¢parmenToB Membpansl MK taenia coli MOPCKOM CBHHKM.

Ha puc. 1 npencraBneHsl peructpauuu aktuBHoctH K(Ca) kaHanoB npu pasinuyHbIX MeMOpaHHbIX
noTeHLMaNax, MoJydeHHble B KOHQurypauuu “outside-out” ¥ ux BonbT-aMnepHas xapakrepuctuka (BAX). B
3THX OMbITax B KaueCTBE BHYTPHMHUIIETOYHOrO pacTBOpa MCIOb30BajICa pacTBop B, HapyxHoro - pactedp A.
Tpu UCroNb30BaHMH 3TUX pacTBopoB cooTHomenue [K')/[K"), ~ 23. B Takoit koudurypaunu K(Ca) kaHansl
601bMI0K MPOBOAMMOCTH HAOMOAANKMCh BO BCEX UCC/IENOBAHHBIX KaeTkaX. OObIYHO Ha y4acTke meMOpaHbl non
MUIETKOH HAXOAMIOCh OT 3 110 8 KaHaNOB. BEPOATHOCTb OTKPBITOrO COCTOSIHUSA KaHaNoB (nNPy) 3KCMOHEHUMAILHO
3aBHCeNa OT YPOBHA IENOIAPU3ALIMH MEMOPaHBI, YBEIMYHUBAICH B € Pa3 MPH YBEIHIEHHUN YPOBHS AENONAPH3ALUN
Ha 12.5 mB. I'lposommocr_b 3THUX KaHaJlOB, paCCYMTaHHAs B Mpefenax MeMOpaHHOro noteHuMana ot —40 no +60
MB (cm. BAX, puc. 1, b) coctaBisina 125 + 24 nC (n = 8). Panee Ha 3TOM Xe 0OBEKTE C HCMONLIOBAHUEM
“inside-out” koH(purypauuu MeToza “patch-clamp” 6bUI0 MOTY4EHO HEMHOTO GoNbluee 3HAYEHHE MPOBOAMMOCTH
- 147 nC [17, 18]. 310 oTnHume +06ycnosneuo TEM, 4TO B NAHHBIX paboTax ObUI HECKOALKO YBENMYEH
KOHLEHTPALMOHHBIH rpaaueHT 1 K 10 CpaBHEHHIO C HALIUMU SKCTIEPUMEHTAMMU: [K'WIK"], = 25. Hamu Gbina
TaKKe paccyuTaHa MPOBOAMMOCTb 3THX XE€ KaHAIOB B xOHurypauuu “cell-attached” ¢ ucCnons30BaHMEM

pactBopoB cummetpuyHbix no [K'] (140 mM) [23]. B Ttakux YCIOBHAX MPOBOAMMOCTL coctaBnia 240 nC.

M3BecTHO, 4uTo nposoaumocTh K(Ca) kaHalioB BO +
P () 3pacTaet ¢ ypenuyennem [K'], u Hawm nanuble COBRAAIoT ¢
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A "outside-out” ‘
-20 MMMMM
+20
+40 o |
-80 40 80
E, (MB)

Puc. 1. AxtuHocTs K(Ca) kaHanoB npu pasnuyHbix ukcupoBaHHBIX ypoBHAX MEMOPaHHOTrO MOTEHUMANA, yKa3aHHbIX BO3JIe
kaxioro Tpeka (B MB), 3apeructpupoBanHas B koHurypauuu “outside-out” (A) n ux BAX (B).

NONy4CHHBIMH paHee pe3ynbTaTamu [24, 25], noka3aBIIMMM aHAIOTHYHOE yMEHbILEHHUE MPOBOJAUMOCTH TNpH
ymenbieHnn [K'], co 140 MM 110 GpH3HOMOrHIECKIX 3HAYEHMI.

JAns  vIeHTHPHKALMK UCCNENyeMbIX KaHATOB OblI  MCIONb3OBAH XapUOJOTOKCHH, CENIEKTHBHO
6nokupyromuii K(Ca) xanais! 60/1b110# MpoBOAUMOCTH. Xapubnotokcun (50 HM), N06aBieHHbIN K HapyKHOMY
pacTopy, mpuBonuN k 6nokuposanmio K(Ca) kaHanos, mpu atoM nP, yMeHbmanach B 4 pa3a 6e3 u3MeHeHus
AMIMTYAbl TOKa ONMHOYHOrO KaHama. Ha puc. 2, npeacraBneno aeiictsue xapubmotokcuua (50 HM) Ha
AKTMBHOCTb KaHalloB B KOHQurypauuu ‘“outside-out” mpu nortenumane ¢uxcammu +20 MB. VpenwueHue
KOHUEHTpaIM1 XapHO10TOKCHHa 10 100 HM MpHBOAWIO MpPaKTHYECKH K MOTHOMY ONOKHMPOBaHUIO aKTHBHOCTU
kaHana. B npoTuBomonoxHocTs xapubnotoxcuHy, TEA (1 MM) Gnoxuposan K(Ca) kanambi ¢ Hapy>XHOM

"outside-out”

AR '
i } ‘
KOHIIIPO/\b 1 ,|x Il ! |
10 nA

' " . 500 mc
Xapudgomok-— f [ | Yol ;
cuH (50 wM) B | | | it g ¥ |

Puc. 2. JlefictBue xapubnorokcuua (50 HM) Ha aktusHocTb K(Ca) kaHanos B KoHpurypauuu “outside-out” npu noTeHuMane
¢ukcaumu +20 MB.

CTOpOHbI 32 CHYET YMEHBIUECHHWS AMIUTMTYABI TOKa OJMHOYHOrO KkaHana (JaHHble He IOKasaHel). Jlpyrue
6noxatopsl K” kaHasios - 4-aMAHONHPHAMH (6nokatop K* kaHanos A-tuna) u anamus (6mokarop K(Ca) xananos
MaNOH MpOBOAMMOCTH), N00aBNEHHbIE K Hapy)XHOMY pacTBOPY B KOHUEHTpaumsx 5 MM u 500 HM
COOTBETCTBEHHO, HE NPUBOAWIH K M3MEHEHHIO aMILTUTY bl ¥ NPy K(Ca) kananoB 60/1b1w0# NPOBOAUMOCTH.

Jins NoATBEPXKAEHKA TOTO, YTO PETHCTPUPYEMbIE KaHaTbI ABNAIOTCA Ca’ -3aBUCHMBbIMH, GbINIO IPOU3BEEHO
MCCIIC/IOBAHHE BIMAHMA PAacTBOPOB C pasnuyHON KoHueHTpaume#i Ca’’ Ha aKTMBHOCTb KaHa/OB, HCIIONb3Ys
koHurypaumio “inside-out”. IIpu Tako# KOHHUTypaLMy UMeeTCs AOCTYI K BHyTpeHHe ctopoHe K(Ca) kaHana,
rie HAXOMMTCA Y4acTOK CBsA3bBaHMA 1A Ca’’. B 3THX 3KCIIEpPHMEHTaX HCIOJb30BAIH HapyXHbli pacteop b u
MUNETOYHbIA pacTBOP A (MO OTHOIIEHHIO K KJIETOYHOH MeMOpaHe 3T pacTBOPHI B JAHHEBIX YCIIOBUAX SBJIAIIMCH
COOTBETCTBEHHO BHYTPEHHMM M HapyxHbIM). [lpu takux ycnoBusax nP, K(Ca) kanana cocrasnsna 0,067, a
Cpeanee BpeMsA OTKPBLITOIO COCTOSHMA KaHana (Tp) - 55 mc. JleficTBMe Hapy»XHOro pacTBOpa C MOHWXKEHHOM
KOHueHTpaunel cBoboaroro Ca’* (wia 3to# uemn koHuentpaums I TA B pactBope b moBbilanacs B 5 pa3s u
nocrurana 3 MM) NpHBOAWIO K YMEHBILEHHIO aKTUBHOCTH KaHana - nPy ymeHswmanacs 10 0,01, a 1o - 1o 11 mc
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3 TA=0,6MM inside-out STTA=3uM
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Puc. 3. 3aBucumocts aktuBHOCTH K(Ca) kaHanoB OT [Ca®]; cusTas B KOH(UrypaLuH “inside-out” TIpH no*renuznane
dukcaumn -30 MB. TpuBeaeHb! pErHCTpaLMK aKTUBHOCTH KaHaoB B pacTBopax ¢ koHuentpauneii ' TA 0,6 MM ([Ca Ti=
100 HM) 1 nipu noBeMueHny konueHTpauuyu ST TA B oMbiBaroLeM pacTsope 10 3 MM.

(puc. 3). Ananorwumsiii >dp¢ext Habmogancs u ana apyrmx uccnenoammeix MK, Takum o6pasom,
ymeHplieHue [Ca’’]; mpH mocTosHHOM MeMOpaHHOM MOTEHUMATe MPUBOAMT K MHTHOMPOBAHUIO AKTHUBHOCTH
K(Ca) kaHaJioB, 3a cueT ymeHbLIeHus nPy U 1. ,

B cnemytouieit yactu paboThl ObLT0 NPOU3BeAeHO (HapMaKOJOrHY€CKOe HCCIEN0BAHUE TOKA, NEPEHOCHMOTO
K(Ca) xaHanamu B pexHME BHYTPUKJIETOYHOTO Adanu3a. Bo BceX MOCHEAYIOMMX 3KCIEPHMEHTaX
MOAAePXKMUBAEMBIN NMOTEHUMa cocTaBisan -60 MB, HapyKHbIH pacTBOp FOTOBHWICA HA OCHOBAHHH pacTBOpa A,aB
KauyecTBe 3HYTPUNIMIIETOYHOTO pacTBOpa Mcronb3oBajicd pactsop B. Ha puc. 4, A nokasaHo Onokupyomee
neiicteue xapuémotokcuHa (100 HM) Ha TpaHcMeMmOpaHHbIH HOHHBIN TOK W “gucThiii” K(Ca) Tok OGosbiioi
NPOBOAMMOCTH (Tpek 3), MONyuYeHHbI BHYMTAHHEM TOKAa B [PUCYTCTBHE XapHOLOTOKCHHA (Tpek 2) u3
KOHTPUABLHOTO ToKa (Tpek 1). TOKH BbI3bIBAIMCH AENONAPU3YIOIMMKY CMELUEHHUAMH MeMOPaHHOTO MOTEHIHaNa
anuTenbHocTbio 300 Mc 10 +10 MB (moTeHuman Makcumyma Ca™” Toka as 3Tux kinetok [19, 26, 27]). Buaso,
yro B coctaBe K(Ca) Toka ©6o0nblION MPOBOAUMOCTH MOXHO BBUIEAUTE [BE COCTABIAIOMIME. HAYAIBHYIO
ObICTPOMHAKTUBUPYIOLLYOCS M TMOCAEAYIOULYH0, C MEMJIEHHOW WHAKTUBALUKEH, KOTOphIie, I0-BHAUMOMY,
otpaxaioT Bxoa Ca’’ B kneTky uyepes Ca’’ kaHaibl, OTKpHIBAIOIIMECS MPH Aenonspusauud membpanbi. Kak
u3BecTHo, BxomAuwwmid Tok B I'MK taenia coli Mopckod CBUHKM IIEPEHOCUTCS TOJIBKO Yepe3
noTeHunanaktusupyemble Ca’’ kamansi L-tuma [19, 26, 27]. KHHETHKAa WMHAKTHBALMM 3TOr0 TOKa, TpH
aenonspusaumu a0 +10 MB, Xopowo onucsiBaeTcs AByX3KCTIOHEHIMAILHON QYyHKLMEH [28].

OnHaxko, nosyyeHHsl Takum obpa3zoM “uncThiii” K(Ca) Tok 60sibmoi NpoOBOAMMOCTH TPYAHO CPaBHMBATh
¢ BxomawmuM Ca’’ TOKOM JaHHOM KJIETKM M3-3a HEBO3MOXHOCTH €ro perucTpalud B OaHHBIX
3KCMEPUMEHTANIbHBIX YCIOBUAX. Kak yke OoTMeyanoch Bbllle, HA YPOBHE MaKpPOTOKOB OY€Hb CIIOXKHO B
H30/1MpOBaHHOM BMAE uccienosath K(Ca) Tox u cpaBHHBaTh ero ¢ Ca’’ TOKOM TOM e KIETKH. I1y npobnemy
YaCTUYHO MOXHO PEILUTh, UCIOJb3Yys paHee OMUCAHHBIA OPUIrMHAIBHBIA NPUEM C KCIOJIL30BAHMEM alaMMHa,
PUTIEPKATEBOrO M KOOAIBTCOAEPXKALLETO pacTBOPOB [2, 19, 29]. Pe3ynbTaThl OAHOrO M3 TaKMX KCTIEPHMEHTOB
MpeacTaB/ieHbl Ha puc. 4, b. BuaHo, uto kuHeTyka cnana “gucroro” K(Ca) Toka 60sb10i MPOBOAMMOCTH (TpeK

B

- 100 nA

Puc. 4. ®apmaxo-6M0PHU3UIECKIE XaPAKTEPUCTHKM TOKA, NEPEHOCHMOTO K(Ca) kananamu 60nsiuoii NPOBOAUMOCTH

A. Jieficrue xapubnorokcuta (100 nM) Ha TpaHcMeMGpaHHbIi MORHBIA TOK: 1 - KOHTPOMB; 2 - NOCHE AobasneHus .TOKCHHII;
- “wuctbiii” K(Ca) Tok. b. Kuneruueckue xapakrepucruku Ca’* (1) u K(Ca) (2) Tokos; B. Orcyrcrsue aeitcTeus

xapu6a0TokcuHa npu 6nokuposanuu Bxoasuero Ca** Toka uonamu Co®*: 1 - KOHTPOb; 2 - n(;cnc IKBUMONAPHOH

Ca’* ua Co*"; 3 - no6aBneHue xapu6I0OTOKCHHA Ha $one kobansrcoaepxauero pacrao’pa. Toxu BezBanUCH g‘ryne:::'re::

cMeuteHneM MemOpaHHoro morteHuuana or -60 MB 1o +10 MB (A u B) unu no 0 MmB (B). JinMrensh
AENONAPU3MPYIOLIErO UMITY/IbCA BO BCEX Clyyasx cocTasisna 300 mc. '
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) NMPaKTHYECKN NOTHOCTHIO COBMANAET C KMHETHKOW MHaKTHBaUMK Bxoasuero Ca’’ Toka (Tpek 1).

Huskne konuentpaunn TDA (10 1 MM) BBI3BIBAIOT GiokupoBaHKe Toka, NepeHOCUMOro K(Ca) xananamu
0oNbLIOH MPOBOAMMOCTH, CPaBHUMOE ¢ NEHCTBHEM Xapubaorokcuna [20].

. Panee 6bu10 MokazaHo [3, 16, 19], yto amriuTyaa Beixoaswero K toka CHIBHO 3aBHCHUT OT KOJIMUEeCTBa
Ca™, BXomslWero B KIETKy uepes noTeHuManakTuBupyemsie Ca’’ kanampl Bo BPEMSA  JIETIOAPU3YIOILENO
CMeIeHUs MEMOPaHHOro MoTeHLMana. BIoKHpoBaHye 3THX KaHAIOB MPUBOUT K 3HAYMTEILHOMY [MOJABIEHHUIO
BeIXonsuwero Ttoxa. Ha puc. 4, B nokasano orcyrcraue 610KMpYIOILIEro NeHCTBUA XapUOAOTOKCHHA Ha done
kobanbTconepxkaliero pacTeopa, B KOTOpOM HoHbl Ca’* 3KBUMOJIAPHO ObLIM 3aMeHeHbl HoHamu Co'.

Mcxoms M3 momyyeHHbIX pe3ynbTaToB MOXHO caenaTh MPEANONIOXKEHHE, 4YTO /I aKTMBMPOBaHMS
XapubaoTOKCHHYyBCTBUTENBHBIX K(Ca) KaHAOB 6OBLION MPOBOAMMOCTH 00s13aTesibHO HeoOXxoauM Bxon Ca’' B
KJIE€TKY M3BHE yepes Ca®" xanansr. Onnako, 66110 0GHapy*eHO, YTO Ca2+, CIMIOHTAHHO BBICBOOOXKAAKOLLIMNCS U3
CP (Ca*” crmapku) [30, 31], Takke MOXET BbI3bIBATH AKTHBALUMO 3THX K(Ca) kaHaioB, HO nocnenHue B 3Tom
ClTyHac MposABJIIOT CBOKO aKTUBHOCTh B BUJE CMIOHTAHHBIX BbIXOASMIMX TOKOB (CBT) [20, 31, 32]. Ca** Crapku
NPUBOIAT K JIOKANbHOMY TMoBbiLIeH o [Ca’'];, 4To B cBOO O4Y€peb NPUBOAUT K aKTUBALMKU HEOOJBIIOrO Yucia
(10 - 100 [29, 32]) K(Ca) xananos, KOTOpbIC 1 aKTHBTPYIOT reHepupaumio CBT. Tonbko cymecTBennblit BrIGpoC
Ca’ u3 CP (BbI3BaHHbIH, Hanpumep, KOGEUHOM) MOXKET NPUBECTH K aKTHBALMH 6ONBLUIOTO YHCIa K(Ca) xananos
OoNbLION MPOBOAWMOCTH W BbI3BATh BBIXOASALLMI] MakpoTok [33]. OnHako, B peaibHBIX YCIOBHAX, TakKoe
MaccoBoe uctomenue Ca’  aeno NPEeACTABIAETCS MATOBEPOSTHBIM.

BbIBO/bI

Vicxons w3 mpencTaBieHHBIX BbIIE JAHHBIX, MOXKHO CAENATh 3aKntoueHue, 4yto B MemOpane 'MK raenia
coli MOPCKOHM CBMHKH MMEeTC BbICOKas MIOTHOCTD XapuOI0TOKCHMHYYBCTBUTENbHLIX K(Ca) kaHanoB 60b110ii
npoBoaumocty (125 + 24 nC npu [K'/[K'], = 23). B otauuue ot ApPYrHX MOTEHLUUATaKTUBUPYEMbIX KaHAJIOB,
K(Ca) kaHaibl 6071b110# MPOBOAMMOCTH HE UMEIOT NOTEHUMAT3ABUCHMO# HHAKTUBALMHUHA (HE UHAKTUBUPYIOTCS C
TCUCHACM  BDEMEHM TP TIOCTOAHHOM MOTEHLMANE), a MWHAKTUBHPYIOTCS TOJNBKO MPU yMEHbLICHHMU
npumeMGpanHoi [Ca™*);. OCHOBHBIM HCTOYHMKOM Ca®", HeoBXOMMMBIM 1S aKTMBALIAM 3THMX KAHAJIOB SB/SeTCS
sxon Ca’” B KJIETKy 4Yepe3 noteHumansaBucumele Ca** kananb L-Tuna.
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VAK 591.15.16. BIO®I3HKA KJIITHHH

“U3YYEHUE MPOHULIAEMOCTH IUTOILIABMATHYECKHX MEMBPAH
K BOJIE 1 DHEPTUU AKTUBAIIMY IEPEHOCA BO/Ibl
YEPE3 KJIETOYHYIO MEMBPAHY.

H./[A.Be3yrasiii, A.I'.TpoxameHKO |
Xapuvrosckuii 6uomexnonozuueckuii yewmp, 312120 Xapvkos, n/o Kyaunuuu, E-mail cryo@animal. Kharkov.ua
Mocrynuna B penakumio 14 nekabps 1999 roga.

B crarhe onucaH METOI KOJIMYECTBEHHOTO ONpPEAEICHUS NMPOHMLIAEMOCTH LIMTOILIA3MATHHECKHX meMOpaH K BO-
ne. MeToa BOMOMOMETPHH MO3BOJIAET U3MEPATH UBMEHEHHA KJIETOYHOro 00beMa BO BpEMEHH B pacTBOpax pas/ut-
HOTO COCTaBa M TeMMepaTypbl. Mcrob3oBaHue GU3MKO-MaTEMATHYECKOH MOAETH MEMOPaHHOrO TpaHcnopTa Kene-
Ma-KauaabCKoro ¥ aHaIUTUYECKON MOJIETH OCMOTHYECKOM peakluy KIETOK B pacTBOpax HEMPOHHKAMOUIKX BCILCCTB
JIA€T BO3MOXHOCTh OTIPENEIATh KOIQMUIMEHTBI MPOHULAEMOCTH LIXTOIIA3MATHYECKMX MEMOPaH OOLIMTOB, AHLIEKIE-
TOK ¥ SMOPHOHOB MJIEKOTTUTAIOLMX K BOJE M SHEPTHIO aKTHBALIMK TPAHCTIOPTA BOJBI 9€PE3 KIETOYHYIO MEMOpaHy.

KJIFOUEBBIE CJIOBA: ocMOoTHYeCKas peaKlMsi, POHULAEMOCTD LIMTOMNIA3MaTHYECKHX MEMOPaH, KICTOUHbIH

00beM, JHEPrUs aKTUBALIMH.

[TepemetieHre BoIbl yepe3 MeMOpaHy U3 OQHOM YaCTH CHCTEMBI B IPYTYIO BBI3bIBa€TCA ABYMs OCHOBHBIMH
NPAYMHAMH: MOBBIIIEHUEM TMAPOCTATHYECKOTO JABJICHNUS B OJHOW U3 YacTel CUCTEMBI M YBEJTMUEHHEM B IPYTOH
ee YaCTH KOHLIEHTPALMK PacTBOPEHHOIO BENIECTBA, U1 KOTOpOro MeMOpaHa MeHee NPOHULIAEMa, YEM UIA BOJIBI.
BTopoii cnydait uzBecteH kak ocmoc. [Tomelnas xieTku B pacTBOpbI pa3IMYHON TOHHYHOCTH MU TEMIEPaTyphl,
MbI CTAIKHBAEMCS C OCMOTHIECKMMHU 3(PeKTaMH, BIHSIHAE KOTOPHIX HEOGXOAMMO OLIEHUTH Ha BCEX JTamax Kak
3aMOpa)XKUBAHUA, TaK U OTTAUBAHMUA.

B Hayase 5KCNO3ULIMH KIETKH OYQyT H3MEHATH CBOi 00BbEM B COOTBETCTBHU C 3akOHOM BaHT-I'odda. Cxo-
pOCTb U3MEHEHHS 00beMa KJIETKH MpU JaHHOM TeMIMepaType 3aBUCHT OT 3Ha4YeHUA K03 PULIMEeHTa MPOHHALIAEMO-
CTU K BOZ€ M BELIECTBaM, MPOHHUKAIOMMM B KJIETKY, U MOBEPXHOCTHO-00bEMHOr0 OTHOLIEHUA. CKOPOCTh TpaHC-
MmopTa BELIECTB Yepe3 LUUTOIUIa3MaTHYeCKie MeMOpaHbl MOXKHO M3ydaTh C MOMOLIBIO BomoMomeTpuu [ 1, 2].

B 0CHOBY M3y4yeHUs NpOHULAEMOCTH MeMOpaH K BOJE U NMPOHUKAKOIMMM BEIIECTBAM MOJIOKEH METOl U3Me-
peHMsA U3MEHEHHH KJIETOYHOro 00beMa NpH NMOMELLEHHH B PaCTBOPbI Pa3IMYHOTO COCTaBa U ocMoJisipHOCTH. Ko-
JIMYECTBEHHOE OMMCAHUE MpoLiecca NepeHoca BoAbI Yepe3 6Honornyeckue MeMOpaHbl JaeT CUCTeMa ypaBHEHMI
Mozienau Kenema-Kavansckoro [3, 4]. [IpumMeH#B JaHHYIO CHCTEMY 11 060CHOBaHUS METOAHKU BOJIFOMOMETPHH
M aHaM3a OCMOTHYECKOrO MOBEACHMS KJIETKH B PaCTBOpaX KPHOMPOTEKTOPOB, Obula pa3paboTaHa aHaIUTHYeE-
CKas MOJEb OCMOTHYECKOH peakLMy KJIETOK B paCTBOpax pasidYHOro COCTaBa M OCMOJISPHOCTH [5].

PaccMoTpuM noBeeHHE OAWHOYHOH, M30TMPOBAHHON KJIETKHM MPH NMOMEIIECHHUH €€ B PaTBOP HENMPOHMKAIO-
LMX BELIECTB HEU30TOHHYECKOH KOHLUEHTpauuu. U3meHeHne o6beMa kieTku OyaeT npouCcXOauTh, B OCHOBHOM,
u3-3a nepepacnpeeieHus BOJbl MEXy KICTKOH U OKpyxkatowmei Knetky cpenoit. ITpu Takux yciaoBusx Kkoag-
(yMeHT NPOHHLIAEMOCTH K MPOHUKAIOWIEMY BEIUECTBY PaBeH HymoO, a KOIQ(HUMEHT OTPAXKEHHS - €AMHMULIE,
CJIE/IOBATENIBHO, IOTOK PaCTBOPEHHOro BelecTBa OTCYTCTBYeT M KK- ypaBHEeHMs MPMHUMAIOT BUA:

Jy =L,(Ap-RTAC,) (),
roe: Jv - obumii 06beMHBbIH TOTOK KieTku, L p - kKO3QbuuMeHT npoHuuaemocty k Boge, R - YHUBEp-

callbHas ra30Bas NocTosHHad, | - remmeparypa, AP u AC; - pasHOCTH rUAPOCTATHYECKOTO JABNEHMS H KOH-

LIEHTPaLM¥ HEMPOHHMKAIOMIETO BELIECTBA Ha KIETOYHON MeMOpaHe, COOTBETCTBEHHO.

Y4uThIBad, 4TO NMOTOKM Y€pe3 LMTOIIA3MATHYECKYI0 MeMOpaHy MPAMO TIPOMOPLMOHANBHBl H3MEHEHHAM
COOTBETCTBYIOIIMX 00BEMOB B KJIETKE, IOJy4aeM YpaBHEHHE H3MEHEHUS 00beMa BHYTPUKIIETOYHOM BOKI:

dv,,

5 =LeS-(ap-RTAC) @)

rae S - niomams NOBEPXHOCTH MeMOpaHbI

l'ak xak YHNPYroCcThiO UUTOIIa3MATHYECCKHX MeMﬁpaH JUTA KJIETOK XXHUBOTHBIX MOXXHO npeHere% TO €CTh
»
Ap = 0, BBIPaXXC€HHUE (2) 3arUIICTCA CICAYIOUUM oﬁpaaom:

dv,,

gt = —-LpSRTAC,- (3).
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Tepexoas o1 aGCOMOTHBIX K OTHOCHTELHBIM 3HAYEHHSAM 06 BeMa BHYTPUKIIETO4HOM Bogsl V, = Y; f; , ¥
w

3

~e _ iso -
be3spasmepHoir konnentpauwnu C’ = Cis > A C:® - moronmueckas KOHLEHTPAUMs HEMPOHMKAIOLINX Be-
/

iw A4
LLECTB, a VW - M30TOHMYECKHH 00bEM BHYTPUKIETOYHOM BOABI, MOMYYHM

av, S of 1 A
dt - Lp Vw ORTC,- VTW'—CI' 4).

Bripaxenne, o6paTHoe crosmeMy B KBaapaTHBIX CKOOKaX, HMEET Pa3MEPHOCTb BPEMEHH M MOXET GbiTh
OTIPEACIICHO KaK XapaKTepHOE BPEMA OCMOTHYECKOHN PeaKLUMK B PacTBOPaX HENMPOHMKAIOLINX BELIECTB, KOTOPOE
00paTHO MPONOPLUMOHATBEHO K0 (MHUIMEHTY POHULIAEMOCTH K BOJIE H MOBEPXHOCTHO-00bEMHOMY OTHOLIEHHIO:

1
r= 5)
S
of _—
L,RTCP| - 0

BBens paBHOBeCHOE (KOHEYHOE ) 3HAUEHHE OTHOCHTENBHOrO 06sema V/ ¥, onpenensoueecs U3 yCciaoBus
paBHoBecus npu [ —> o0 :

1
cr’

70
H, UHTErPUPYsA METOJOM pa3JeNICHUs IEPEMEHHBIX, MOJTYYUM pelieHne ypaBHeHus (4) B npeenax ot VW

7 €eq
w

~

7 0
noV, , TAe VW - Ha4aJIbHOE 3HAUYCHUE OTHOCUTENIBHOrO 06beMa. Petnenue Gyner umers BUL:

e V.3~ 7
t=7x| VD -V, J+Ve '"\7}-\7: IRG

[IpriMeHHrB METON HaMMEHBIIMX KBAAPATOB A ANNMPOKCHMALIMK OMBITHBIX JAHHBIX K ypaBHeHmo (6), mo-
TydaeMm:

n | R e _\/0
Y|V (Vg = Vi )+ Vi In =W || pec
i=1 w — Yw
T = A = 2 (7)’
n eq 0
70 2 w w
2 Vo (Vg -V )+ V3 I

A a
FaC n - KOJIMYECTBO 3KCMNCPHUMEHTAIbHBIX 3HAYECHUH, t,- P 3HA4Y€HHUE BPEMEHU, MPU KOTOPOM (bHKCMpOBa-

JI0OCh U3MEHEHHUE KIIETOYHOIro 00bema.

[IponHIIaeMOCTs k BOIE M3y4anu B runepToHAdeckux pactsopax NaCl. Tak kak NaCl B HopMe sBiseTcs
HETIPOHHKAIOMIAM 9€pe3 HUTOIUIa3MaTH4eCKHe MEMOpPaHbl BELLIECTBOM NpPH NEPEHOCE KIETKH B €r0 MMIEPTOHU-
9ECKHH pacTBOP OCMOTHYECKOE PaBHOBECHE JOCTHIaeTCA MyTeM 00€3BOKMBAHMA LIMTOIUIA3MbI. Maccus dKcrie-
PUMCHTAIbHBIX JAHHBIX, XapaKTePH3YIOLIHH KMHETUKY BBIXOJA BOJAbI U3 KIETKH, ABNAETCS Ga3oBbIM [Uis onpe-
AeNeHHA yACNbHOH MPOHULIAEMOCTH. Yepe3 MacCHB SKCMIEPAMEHTANIBHBIX TOYEK MPOBOAMIACH pacyeTHas KpHBas,
KOTOpas HaWMEHLIIHM 00pa3oM OTKIOHAETCA OT 3KCOEPHMEHTAILHBIX JaHHBIX (puc.l). Onpenensanuch BpeMs
OCMOTHYECKOH peaKIMH KJIETOK B PacTBOpaX HENMPOHMKAIOMMX BEIUECTB M MCKOMBIN KO3(P(HLMEHT npoHuULae-
MOCTH K BOJIE, XapaKTepH3yIOImue JaHHYIO KPHBYIO. |

TemnepatypHas 3aBHCHMOCTE KO3()PHULHMEHTa MPOHMIAEMOCTH M3yHalacCh B JHANa3OHE MOJIOXHUTENbHbIX
TEMIIEPATyp B OPEANIONIOKEHHH, YTO OHA NOXYHHAETCA 3aKOHY AppeHHyca:

AE 1 1
L. =L (T )e L -
p =L, (T, Jexp R \T T

(3),
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rac: Lp( T5) - k03 uureHT NPOHHULIAEMOCTH TTPH TEMIEPaType Tos AE act - JHEPrHs aKTHBALAH NepeHo-

ca BOBI Yepe3 KJIETOYHYI0 MeMOpaHy.

Puc.1. U3MeHeHne 0THOCUTENBHOrO 00bEMa KJIETKH BO BPEMCHHU H allNpOKCHUMaLUA 3KCIICPUMCHTANIBHBIX NAHHBIX MC-
TOAOM BapUAaLlMOHHOIO aHaJ1k3a. Toukwu - SKCNEPUMCHTA/IBHBIC NAHHBIC, IMHUU - PACYCTHBIC JAHHBIC. H}’HKTHPOM TNOKa3aHbl

MOMCKOBbIC 3HAYEHNS L, CTUIOUIHOW IMHHEH - ONTUMANbHOE 3HAYEHUE L,. V- paBHOBECHOE 3HAYECHHE KICTOYHOrO 00bema.

I MKM’
mL| L —=
n MKM MHUH aTM
oL AEL, <AEX < AED
AE™®
-1 F[0.77]
AE., _ N | AE;,

-2 -10.28] ’

3 F[0.1] | e
0.04 30°C 20° o
y '[ ] [ 1 ] [ JC] [101(3] ['r*,_(_;l
3.2 3.3 3.4 3.5 1000/T°,K

Puc.2. I'padux Appenuyca ko3pPHULMEHTA MPOHMLIAEMOCTH K BOZE, MO OCH OpPAMHAT B KBAAPATHBIX CKOOKax yKa3aHbi
3Ha4Y€HUs KO3PPUUMEHTA NPOHULIAEMOCTH.

Hickomas 3Heprus akTHBALMH ONpeaeNsnach kak koadduumenr, XapaKTepU3yIoLLMii TeMIIepaTypHYIO 3aBH-
CHMOCTb B KOOpAMHATax AppeHuyca (pUc. 2), NPUMEHSAA METOA HAUMEHbILIMX KBaapaToB K ypaBHeHMIO (8):
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2
k
I; T
rae k - KOnM9ecTBO SKCIePUMEHTATBHBIX TOYEK, [N’ T, - navaneHOe ¥ Tekywee 3HauCHNs TeMIepary-

PbI, COOTBETCTBEHHO.

Takum 06pa3oM, BBIMIEONHCAHHBIE METOXBI MO3BOJIAIOT paccYuTaTh KOIQGUUMEHTH NMPOHMULIAEMOCTH 1iH-
TOIIA3MATHYECKIX MEMOPaH MOOBBIX KIETOK MICKOMUTAIOMMX, ONPEAEIUTH XapaKTepHbIE BpEMEHa OCMOTHYE-

CKOW peaKilM¥ ¥ 3HEPTHIO aKTHBALMH TPAHCIIOPTA BOJBI Yepes KJI€TO4YHYI0 MeMOpaHy, YTO NaeT BO3MOXKHOCTH
OLCHHTb AETHAPATALMIO KIETOK NPH CHWKEHHH TEMIIEPATYPBl.
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YHACJIEHHOE MOJIEJITMPOBAHHE MPOIECCA YIAAJIEHHA
KPHOIIPOTEKTOPA W3 KJIETOYHOU CYCIIEH3HH

M.B. Octankos*, A.A. Kocraes**

Hnemumym npobinem kpuobuonozuu u xpuomeduyunsi HAH Vxpaunwi, z.X;q‘)bxoa‘
Kupoeckuii HUH zemamonozuu u nepenueanus kposu PAH, 2. Bamxa
IToctyrmna B pepaxamio 3 aexabps 1999r.

MeToaoM YMCIEHHOro MOJEIMPOBAHUSA C HCIIOJb30BAaHUEM ypaBHEHMI TpaHCMEMOpaHHOTO  MACCOIEpPEHOCa
MCCIIE/I0BaHA YCTOMYMBOCTH JIEKOHCEPBUPOBAHHBIX KIETOK K MOCTTUIIEPTOHMYECKOMY JIM3HCY B npoecce HX
OTHOKPaTHOM OTMBIBKM OT KpHomporekTopa. [loka3aHo, 4rTo HauboJlee CWIbHOE BIMSHHE Ha pe3yibTaT 3TOH
MpOLEAYPhl OKA3bIBAIOT BEIMYMHBI pPa3BeieHUs OTTASHHOMN KJIETOMHOM CYCTICH3MM OTMBIBAIONMM pacTBOPOM H

KOHLICHTpALMs He MPOHUKAIOIIET0 B KJIETKH BEMIECTBA B HEM.
KJIFOYEBBIE CJIOBA: uMc/IeHHOE MO/IETUPOBAHUE, KPUOMPOTEKTOP, MOCTTMITEPTOHMYECKHUIA KPHOTEMOITH3

ITocne OTTAaMBaHHA 3AMOPOXKEHHON KJICTOYHOH CYCOEH3HH M3 Hee, Kak MpaBHIIO, JOJDKSH OBITH yAaneH
MPOHMKAIOMMK B KIETKH KpHOmpoTekTop. Heo6xomuMocTs 3TOM mpomeAaypsl OOyCNOBNECHA, B “YaCTHOCTH,
BO3MOHBIM TOKCHYECKMM [ACHCTBHEM OOMBIIMX KOHLEHTpAUUM KPHOMPOTEKTOPA HA OPTaHH3M PCIMIMCHTA.
Omuako, KpOME TOro, JaKE B TOM Cily4ae, KOrJa KOJNMYECTBO KPHOMPOTEKTOpPAa B OTTAfAHHOH KICTOYHOH
CYCNECH3HM HEAOCTATOYHO MAJIA HEMOCPEACTBEHHOTO TOKCHYECKOr0 JCHCTBHA HA OPraHH3MCHHOM YDOBHE,
TpaHC(y3UA ACKOHCEPBHPOBAHHONO OHOMOrH4YECKOr0 MATEpHANA B OPraHHM3M PCLHITHCHTA MOXKET MPHBCCTH K
NMOBPEKACHHIO KICTOK, NMONAJAIOMHAX B H30TOHHYECKYI0 CpEAy, 3a CYeT MOCTTHHEPTOHHYECKOTO JIH3HCA.
IMocnemqamit BO3ZHAKAET H3-3a TOIO, YTO B MPOLECCE YAANCHHA KPHONPOTEKTOpAa M3 JACKOHCEPBHPOBAHHOM
KJIETOYHOM CYCMEH3HH 00BEM KJIECTOK MOXET YBEIMYHBATHCA H, €CJIM 3T0 YBEIMYCHHE 00BEMA JOCTATOMHO
BENMKO (IUIA SPHUTPOLMTA 4ENOBEKA - mpHUMEpPHO B 1,8 pa3 mo CpaBHCHHIO C HOPMAJIbHBIM 00BEMOM), TO
KIeTO4YHAads MeMOpana mnpuHuMaeT (opMy chepbl M MOABEPracTCA HM30TPOMHOMY HATDKCHMIO. bonbmoe
A30TPONHOE HATDKCHHE MEMOpPAHBI, B CBOK OYEpEab, NMPHBOAMT K €€ pa3phbiBy, BCICACTBHE YEro KICTKa
norubaer. O6pMHO mpeanonaraerca [1], YTo CymecTByeT onpeacneHHOe KPHTHYECKOE HATDKCHHE MEMOpaHSL,
Op4 KOTOPOM OHA Pa3pyMAacTCs, YTO H AB/IETCA NMPHYHMHON MOCTTHNEPTOHMYECKOro Mu3Kuca Kietok. MMenHo no
3TOH NMPHYMHE NEPEMEMCHHE ACKOHCEPBHPOBAHHBIX KIETOK B H30TOHHYECKHH PACTBOP ABMACTCA OMACHBIM 1A
HHX.

Llenms JTOH CTaTPH COCTOMT B TCOPETHYCCKOM OOOCHOBAHMHM ONTHMHM3ALMM MPOUEAYPH! OXHOKPATHOIO
YAANCHHA KPHOMPOTEKTOPA M3 ACKOHCEPBHPOBAHHOM KICTOYHOH CYCNECH3HH MyTEM NMEPEMEIICHAS OTTAAHHBIX
KICTOK B OTMBIBAIOIMH  pPACTBOP  HE NPOHMKAIOMETO0 B KICTKH BEMECTBA, MOCICAYIOMETro
LUCHTPU(YTHPOBAHUA H YAANCHHA HANOCAAOYHOM YKHIKOCTH. _

I[Tlycte no Hauana KpHOKOHCCPBHPOBAHHS KIETOMHAA CycmeH3us Hmena ob6sem V, (0), cymmapHsii
obkeM  KieTok B Hed Obu1 V. ™ (0), o6vem BHewneroumoro pacteopa V. **(0) = V. (0) - V. ™ (0)
oOBeMHAA JONA KICTOK B Heil cocrasmana Hy, passencHHe KIETOMHOM CycneH3uu KPHOKOHCEPBHP YIOLIUM
PacTBOPOM € KOHUCHTPALMCH NPOHMKAIOMICTO B KICTKU KPHONPOTEKTOPa N i (0) M HE MPOHMKAIOMETO B KICTKH
BemectBa 0y (0) ocymectBnanocs B Q pas. Ilycte janee mocne 3aMOpaKMBAHMA-OTTAMBAHUA KICTOMHAS
CyCICH3UA Pa3BOAMNACE OTMBIBAKOIIMM PACTBOPOM C KOHUCHTpANWEH He MPOHMKAIOMIETO B KJIETKHM BEMECTBA
n4(0) B R pas u fons HEPAaspYNMBINMXCA TOC/E 3aMOPKHBAHMA - OTTAMBAHMA KICTOK (X0 OTMBIBaHHA)
cocrasiieT 100% (T0 €cTh pekuM 3aMOPAKUBAHMSA - OTTAMBAHUA ABJIACTCA ONTHMaNbHEIM). Ecrmm 0003HaYMTH

uepes V, (0) u Vi, (0) 0OBeMBI YKA3AQHHBIX BbINE KPHOKOHCEPBHDYIOMIEr0 M OTMBIBAIOMIETO pacTeopos
COOTBETCTBEHHO, TO [0 ONPEACICHHIO HMEEM:

Ve ™ (0)/ [V ™ (0) + V. ** (0)] = H,
V. (0) + V, (0) = QV, (0) (1)
Ve (0) + V, (0) + V4, (0) =R [V, (0) + V, (0)]

M3 3aKk0HAa COXpaHEHHA MAacC PACTBOPEHHBIX B CHCTEME KOMIIOHEHTOB noc

. ne pas
KNETOYHOH CYCNEH3HH OTMBIBAIOIIMM PaCTBOPOM NONYHAEM: PA3BCACHHA OTTAAHHOMK

N, ® =N, ™(0), N.**=N, *(0), N, =N, (0)
Ng=Ng4(0), Ny ™+ N **=N, (0) ()
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rae N "(0) u N, ®* (0) - wucno moneii ne MPOHHKAKOMIETO Yepe3 KIETOYHYI0 MeMOpaHy BEmEeCTBa BO BHYTpH-
H BREKJICTOYMHOM pacTBOpax B KJICTOMHOH CYCNIEH3MHM [0 €€ CMEIIEHHA C KPHO3AUIATHBIM pactBopoM, N, " u
N, ** - ymcno monedi me MPOHHKAIOMETO Y€PE3 KNETOYHYI0O MEMOpaHy BEMIECTBA BO BHYTPH- M BHEKJIETOMHOM
pacTBoOpax moCNe CMCIICHWA OTTAAHHOH KJIETOMHOM CYCHNEH3MH C OTMBIBAKOIIMM pactBopoM, N, (0) u
Nj (0) - uncno mMonelf He MPOHMKANIOMEro B KIETKH BEIECTBA B KPHO3AIMMTHOM H OTMBIBAIOIIEM PacTBOpax
COOTBETCTBEHHO, Ny, B Ny - yncno moneit b-ro u d-ro He NPOHHKANOMMX B KJICTKH BCIIECCTB B Pa3BEACHHOU
OTMBIBAIOIIAM  PacTBOPOM  OTTASHHOI KieTouHor cycnemsmn, Ni ™ m Nk ** - wyucno monei
TPOHHKAIOMCTO “€pe3 KICTOYHYI0 MeMOpaHy KPHONDOTEKTOpPA BHYTPH H BHE KJICTOK COOTBETCTBEHHO B
Pa3BECHHOM OTMBIBAIOIHM PAaCTBOPOM OTTAAHHOM KJICTOMHOM cycnensun, Ny (0) - ymcmo wmoei

KPHONPOTEKTOPA B KPHO3AMMTHOM PacTBOPE.
I'lo onpenencumio:

R "=N"/(V"-V,) _

0 =N/ [Ve(0)+ V, (0)+ Vi, (0) -V ™
npy=No/[Vc(0)+V,(0)+V, (0)-V "]
ng=Ng/[Ve(0)+V,(0)+V, (0)- V"] 3)
nk"‘=Nk‘“/(V'"—Vn) .

0" =N ™/ [Ve (0) + V4 (0) + V3, (0) - V ]

rac V © - cymmapHBi 00BEM KNETOK HA CTAJMM OTMBIBaHWA, V, - CYMMAapHbId 00BEM OCMOTHYECKH
HCAKTHBHBEIX BHYTPHKJICTOHBIX BEIICCTB B HCXOJHOH KJICTOYHOH CyCHEH3HMH, N " M Ny " - KOHUCHTPALMHU
C-r0 BCMCCTBA H KPHONPOTCKTOPa BO BHYTPHKJIECTOYHOM pPacTBOPE HA CTafAMH OTMBIBAHHMA OTTASHHOM
KJIETOYHOH CYCNEH3HH OT KDPHOHPOTEKTOPA, n.° ny nqung®™ - KOHNEHTpamAH C-ro, b-ro, d-ro
BCOICCTBA H KPHONPOTCKTOpA BO BHCKICTOMHOM CpPEAC HA CTAJHM OTMBIBAHMA OTTASAHHOMN KJICTOYHOM
CYCIICH3HH OT KPHONPOTEKTOpa.
KombGurmpys (1) - (3), Haxomum:
1) Ans BHYTPHKNETOUHOM KOHICHTPALME HE MPOHUKAIOMET0 YEPE3 KICTOYHYIO MeMOpaHy BeELIECTBa

n."=n."0) (1- o)/ (y- ) 4)

2) AnA BHEKJNCTOYHOH KOHLEHTpAIMH HC NPOHMKAIOMETO 4Yepe3 KICTOYHYH MeMOpaHy BEIECTERa,
PacTBOPEHHOIO B MOAJICKAMEH KPHOKOHCEPBMPOBAHHMIO KJICTOYHOH CYCICH3HH A0 €€ pa3BeACHHA

KPHOKOHCEPBHPYIOIIMM PaCTBOPOM
ne*=n."(0) (1-Ho) /[ QR - Hy] (5)
(3€ch MPHHEATO BO BHHMAHKE, yTo N ; ™ (0) =1 . **(0)):

3) And BHEKNETOYHOH KOHUCHTPAIMH b-r0 HE NPOHMKAIOMErO Yepe3 KICTOYHYIO MeMmOpany
BEIIECTBA

N, =n4(0)(Q-1)/[QR-Hyy] (6)
4) Ana BHEKJIETOYHOH KOHUEHTpamuH d-ro He MPOHAKAKIOWIETO Yepe3 KIETOYHYI0 MEMOpaHy BEmMCECTBa
na**=ng™O)QR-1)/[QR-H,y] (7)
5) Ans BHEKICTOYHOH KOHICHTPAIHM NPOHMKAIOMETO Yepe3 KIETOUHYK MEMOpaHy KpHOMPOTEKTOPa
0y **=[n,(0) (Q-1)-Hony™(y-0)]/[ QR-Hoy] @)
rae o - oObeMHas AONA  OCMOTHYECKH HEAKTHBHBIX  BHYTPUK/ICTOYHBIX  BCIIECTS,
y =V ®/V™(0) - oTHOCHTE T:HBIH 00BEM KIIETOK.

TpancmemOpaHHBI 0EPEHOC  BOABl H KPHONDOTEKTOPA ONMCHIBACTCA CHCTEMOH OOBIKHOBEHHBIX
maddepermmansubx ypasHeHEH Keaem-Kauaneckoro B Momuuxawun [2):
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4 |
d V™ |
. =SL,,1’I’[ck(nk"-nk°“)+
dt V.™(0)
| 1- o 1-Hp
+n," (0) , -n." (0) -
V. "/ V. " (0)- QR-Hoy
< Q-1 QR-1) ©)
-1n(0) -1 4(0) ]
QR-Hy y QR-Hpy
dn, ™ SP/V, . _ dv.™ }
e {[nkm_nkO\n]+ O'knkn .
dt V."/V, ™ (0) - o dt V. = (0)
\~

rae t- Bpemsa, S u L, - wiomags DOBEPXHOCTH M KOI(QOHIMEHT QUIBTpAIMH KIETOYHOM MeMOpaHBI,
0 x - KOIPHUMEHT OTPaOKECHHA KICTOUHOH MEMOpaHbl A1 MONCKYN KPHONPOTEKTOPA, P - xo3dpumEeHT
IPOHHIACMCCTH KJIETOYHOH MEMOpaHBl JUIA KPHONPOTEKTOpA, I - YHHBEPCANBHAA ra30Bad NOCTOAHHAL,
T - aGcomoTHAs TeMnepaTypa, V, - 005eM KOHCEPBUPYEMOil KIETKH B (PH3HONOTHYECKOH Cpene.

TTOCKOMBKY XapaKTEPHOE BpEMA NPOHMKHOBEHHA MONEKYN  BOZbl 4Yepe3 MeMOpaHBI IPHTPOLHMTOB
T o= V,/ SL gT cocraBmier Tombko 10 MHUTMCEKYHJ, @ XapakTCpHOC BPEMA NPOHHKHOBEHHA MOJICKYJ
KPHONPOTEKTOpPA Yepe3 KIETOuHY0 MeMOpaHy T, = V,/ SP BO BCAKOM CiTyyae NPEBBINACT ACCATKH CEKYHJ, TO
TpaHCMeMOPaHHBIH TEPEHOC BEMECTB C 04SHb GONBINOH TOUHOCTHIO MOXKHO ONMCHIBATH CACAYIOMCH CHCTEMOH
ypaBHEHHH, KoTopas Berrexaer 3 (9)c yderoM (4) -(8) mpu t, — 0:

( (1-o) (QR-Hoa)
y-o=
< n (0) (Q-1)+1- aHy+n p (0) (Q-1)+n 4(0) QR-1) - (QR-Hoox) 0y ™
(10)
d & 1~ 00 (@Q1)-Hony ™ (y- o)
—ng" = - [ny™ - ]
A y- o QR - Hoox - Hy (y- o)
\ dt

Ucxopga wu3 (10), MOXKHO MONYy4YHTH BPEMEHHBIE 3aBHCHMOCTH OTHOCHTEILHOTO 00BEMAa KJIETOK H
BHYTPHIJICTOYHOM KOHICHTPAIMM KPHONPOTEKTOPAa HA CTA/MHM OTMBIBAHMA OTTASHHON KACTOMHOM CYCIEH3HI
OT KPHOMPOTEKTOpAa B 3aBHCHMOCTH 0T mapamerpoB n4(0), n ™. Q,R, n4(0), H, n  (0). St pacuernsie
3aBUCHMOCTH NPEICTABICHEl HA DHC. 1-4. AHanu3 nNpeACTaBICHHBIX HA HHX PE3yJbTATOB YHCIEHHOTO
MO/IC/THPOBAHM:A OTHOKPATHOH OTMBIBKH OTTaAHHOM KJIETOMHOMH CYCNICH3HM OT KPHONDPOTEKTOPA MOKA3HIBAET,
YTO 3TOT MPOLECC MPOTEKAET 60JIee ONTUMAIIBHO (TO eCTh OBICTpee M 663 HAPYMEHUS UENOCTHOCTH MeMGpa‘n 3a
CYET HX H30TPOIHOTO HATDKCHHA), KOTAA PA3HOCTh MEMXY KOHUEHTPAIKMEH KPHOMPOTEKTOPA B KPHO3AIMTHOM
Cpefie ¥ KOHUEHTPAUHEH KPHONPOTEKTOPA BHYTPH PA3MOPOXKEHHBIX KJIETOK HMEET MEHBIIEE 3HAYCHHE. TO €CTh
nocne Gonee OBICTPHIX PEKHMOB OXNAKACHHA-OTOIPEBA. PE3yNBTaT OTMBIBAHMA KICTOMHON cycne’mnn oT
KPHONIPOTEKTOpA YNYMMACTCA M C YBENHYCHAEM KOJMMMECTBA OTMBIBAIOMIErO PACTBOPA, TO ecth R, mpa
(PHKCHPOBAHHBIX 3HAYCHWAX INPOYHX NAPAMETPOB. YIIyYMICHHE PEXMMA OTMBIBKH, XOTA M HE3HAMHTENLHOS
HMECT MECTO MpH YBCTHMCHWH KOHUCHTPAIWH KICTOK B KOHCEPBHPYEMOH KICTOuHOM cycmemsum H, l;
KOHICHTPAIHH HC MPOHMKAIOMCIO B KICTKH BEMECTBA B KPHO3AMMTHON cpexe ny, (0). HauGonee ChibHOE
BIMAHHC HAa 3(QQEKTHBHOCT MPOLECCA OTMBIBKH HAPAZY C NApaMeTPoM R Okasssaer KOHLCHTPAIHMA He
NPOHUKAIOMICrO B KICTKH KOMNOHEHTA OTMBIBAIOMIEIO pacTsopa n 4 (0). C yBemmyenneM 31oro napamMerpa
NPONECC YAANCHHA KPHONPOTEKTOPA U3 PaMOPOXEHHBIX KNETOK MpoTekaer Gonee OMTMMANBHO, veM mi Gonee
HU3KMX 3HAMCHHAX 3TOM0 Napamerpa. YuureBas 10 00CTOATENMLCTBO, YTO 3uaqeun; 601'[:2!1!}!0'“8
(urypHpyIOIMX B NIOCTPOCHHOH MOZENHA MAPAMETPOB NPH H3MECHEHMH X B PA3yMHEIX npeaenax cnabo BMMmoT
Ha MMPOLECC OTMBIBKM, JMOO HE MOTYT 3aJaBATHCA TPOM3BONBHO, TAK KAK TONBKO MX ONPEAC/ICHHbIC
obecneyMBalOT HEOOXOMHMYIO IPPEKTHBHOCTD NMPH 3aMOPAKUBAHM - uoupc o
OTTAaHBAHWH, MOXKHO YTBEPNKAATS, YTO
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Yucnennoe monenuposanme npouecca YAaNeHUs KPUOTIPOTEKTOPa. . .

ONTHMH3AMAA NPONECCa OAHOKPATHOM OTMBIBKH KJICTOK OT KPHOIPOTEKTOpA COCTOHT B MOAOOPE ONMTHMAJIBHBIX
3HAMCHEH TOMBLKO ABYX NAPAMETPOB OTMBIBAIOMIETO pacteopa R mn 4 (0), TO €cTh KOMHMYECTBA OTMBIBAIOMETO
PacTBOpa H KOHUCHTPAUHH B HEM HE NPOHHKAIOIIETO B KJICTKH BEMIECTBRA. ITocneamee, oueBnaHO, NODKHO MMETH
BBICOKYI0 OCMOTHYECKYI0 aKTHBHOCTb, TO €CTh HMETh KAK MOMHO 60ce HU3KYX0O MOJICKYJIAPHYIO MAacCy mpH
COXPAHCHHH HCNPOHHIACMOCTH Yepe3 MEMODaHBI KOHCEPBHPYEMBIX KICTOK H GBITH HETOKCHYHBIM  HA
ICICTOYHOM YPOBHC NpPH KAaK MOXHO GONEe BHICOKHX KOHUEHTPAIMAX. BO3MOXHAS TOKCHYHOCTE HE
MPOHHKAIOMECTO 4EPE3 KICTOYHBIC MEMODAHBI KOMIIOHEHTA OTMBIBAXOMCH Cpeabl, MO CYmECTBY, ABIACTCA
CAHHCTBCHHBIM CCDLC3HBIM OTPaHHYCHMEM It  3PPEKTHBHOrO OPUMCHCHHA OHOKPATHOH OTMBIBKM
Pa3MOPOXKCHHBIX KJICTOK.

Kak BRIHO H3 DpEACTaBIEHHEBIX PE3yMBTATOB, OPOLECC OTHOKPATHOW OTMBIBKM MPAKTHYECKH NOTHOCTHIO
3apepmactca 3a Bpems nopsaxa 0,5 (SP/ V,) . ITo ncreuenun YKa3aHHOTO NPOMEXYTKA BPEMEHH H30BITOK
OTMBIBAOIICH CPE/IBI OIDKEH OBITh YAANEH IyTEM OCAICHHA KICTOK OCTOPOXKHBIM LEHTPH(YTUPOBAHUEM H
YAQNICHAA HANOCANOYHOH >KRAKOCTH. OYEBHIHO, MOCHEAYIOMmMES NCPEMENICHUE OTMBITEIX TAaKUM 00pa3oM KIEeToK
B H3OTOHH'CCKYIO CPCIy HE NOBJICYET 32 COO0H MX MOBPEXKICHHA IyTEM NOCTTHITEPTOHHYECKOTO JTH3HCA.

20 1.0
y . 14
1.6 7.8

0

O.o 0-1 0-2 [} 03 09‘ t 005 0' 0'1 0'2 ‘ 0‘3 0-4' e 0-5

Puc. 1 3aBHCHMOCTE OTHOCHTENBHOTO 00BEMa (a) OTMBIBAEMBIX KIETOK U MPUBEICHHON BHYTPUKIIETOYHOMA
KOHICHTpalMi _ KpHonpoTekTopa (6) oT Ge3pa3MepHOro BpeMeHH IpH Pa3MYHBIX 3HAYEHHSX NTapaMeTpa
A

00 01 02 403 04 §05

Puc. 2 3agucuMocTs OTHOCHTENbHOrO 0GBeMa (a) OTMBIBAEMBIX KIETOK M TMpPMBEJCHHON BHYTPHIUIETOMHOM
KOHIICHTpalMH KpHorporekropa (6) or G&pa:mep:!oro BPEMEHM IIPH pa3IMYHBIX 3HaYEHUAX napaMerpa n 4(0):

n =6 1-72:2-75.3-10;4-15.
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2.0 ——1 100
y Gy
1.6 7.5

5

0.0
0.4 t 0-5 0.0 001 02 z 0-3

04 § 05

0.0 01 02 ,03

Puc. 3 3aBHCHMOCTb OTHOCHTENBHOrO 0GbheMa (a) OTMBIBAEMBIX KIETOK M ITPHBEICHHOM BHYTPHK/ICTOYHOH
KOHLIEHTpALMH KpHorpoTekTopa (6) OT 6e3pa3MepHOro BpeMeHH IPU PasIHHBIX 3HAUCHWIX NapaMeTpa Il 4(0):
A

n,®=9 1-11;2-12;3-15

00 01 02 503 04 %05

Puc. 4 3aBUCMMOCTb OTHOCHTENIBHOrO 00BEMa (a) OTMBIBAEMbIX KIETOK Y NMPUBEACHHON BHYTPMKICTOUHOM
KOHILIEHTpalMK KpronpoTekTopa (6) or Ge3pa3sMepHOro BpeMEHH IPU pas3IM4HbIX 3HAYEHUIX NnapaMeTpa R:
1-4,2-5;3-10. '
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