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ITTPABHJIA JJ/TA ABTOPIB

B pemaxumil0 MOJAETHCA PYKOMHAC YKPAIHCHKOIO, POCIHCHKOK a00 AHTHCHKOI0 MOBOK Yy ABOX €K3EMIUMAPAX 3
HANpPAB/JICHHAM YCTAHOBH i CKCICPTHHM BHCHOBKOM. PyKOMHCH, fKi NMOJAFOTBCA N0 pENAKmil, MOBHHHI TOYHO
BI/INOBIZIATH HACTYIHAM BHMOTaM.

Texcr Apykyerses Ha Oimax apkymax (opmaty A4, uepes OOMH iHTEpBAN, 3 BECOKROKO AKICTIO APYKY, NMPHAATHOK JUIA
(oTOROMIXOBAHHA (PEKOMEHAYETHCA JIasepHuit abo Crpyiimmii npurTep). BHKopuCTOByeThCH penaxrop MS Word,
mpudt Times New Roman (Cyr), posmip mprdry 10 pt., BupiBHIOBAHEA TEKCTY N0 mMpuHi. [Tona cnpasa i 31iBa no
2,5 cM, 3Bepxy 3 om, 3Hm3y 2 cM. CTopinkH HyMCpYIOTBCH MOCTIZOBHO HA 3BOPOTHOMY 601t apKymia OMiBIEM.

MaremaTa9ni Ta XiMiYHI CHMBOJH, PIBHAHES i (OpMy/TH BBOAATHCA JO TEKCTY CTATTi 33 JAONOMOTOK KOMII HOTEPHOL
TeXHikH. PHCYHKH, Yy BHIVIAZI NOBHICTIO MPHAATHOMY JO PENMPOYKIii, mnmwxmnxcwnmmxmonn
CTOpIiHKH, BKa3aHOI BHINE. PHCYHKH BHTOTOBIAIOTHCA 3 BHKOPHCTAHHAM KOMII'IOTEPHOI TeXHIKH a00 BHKOHYIOTHCA
Tynmmo Ha Ginomy manepi 3 ApykoBanmame mmpamvu i Oyxsamu Ha ocsax. ITimmucH mix pHCYyHKaMH APYKYIOTHCA
%wﬁgt @opmynH, TabmEmi # PHCYHKH HYMEPYIOTHCA NOCTHA0BHO apGckumu mappamm, mampaknaz, (1),

L.

TTocmiI0BHICTS PO3MIMICHHA MaTepiay:

Ha nepmrifi CTOpinmi 3BepXy MPONMYCRAIOTHCA ABA PAJKA, HA TPETHOMY PAJKY B JiBOMY BEPXHBOMY KYTi ADYKYETBCSH
VK (xypcus, 9 pt.). TTorim, micis mpOmMyCKy OZHOTO PAAKA, POMINIyETHCA HA3Ba CTATTI (NPAMEN HAMIBKAPHHA
mpudr, 12 pt, Bci OyxsH NpOMHCHI, BHPIBHIOBAHHA MO IEHTPY). ITicas MPOmMyCKy OMHOrO PAAKA APYKYHOTHCA
CTOYATKY iHiNia/ M, MOTiM Mpi3BHINA aBTOpIiB (MpAMEK HamiBxupHuH mpHdT, 12 pt., BEPIBRIOBAHEA MO NEHTPY). Ha
HACTYNHOMY DPAIKY APYKYIOTBCS IIOBHI HA3BH M agpecH YCTAHOB, A¢ BHKOHyBanmace pofora (xypcms, 9 pt.,
BHPIBHIOBAHHA N0 LEHTPY), aAPeCca ENCKTPOHHOI MOIITH APYKYETHCA 33 OaxanmaM astopis. [lorim sMimyeTsca xara
HAAXO/DKCHHSA CTaTTi A0 PENakmii: YACHo-mE(paMu, MiCAb-npormmcoM, pik-madpamm (mpudr npsmed, 9 pt.,
BHPIBHIOBAHHA 10 ICHTPY).

ITicns mpomycKy OZHOro psaka BMImyeTsca pedepar crarri, He MeHme 6 i He Oimbme 12 pankis, 3 KOPOTKHM
BHKJIAZOM 00’ €KTYy AOCTIKeHHA, MeTH al0 33734, METOAMYHHX MiJXOKiB, BHKOPHCTAHHX y po0OTi, Ta OCHOBHHX
pe3ynbratis i BECHOBKIB. C/10BO “pedepar” He mumeTscs (4714 TEKCTy peepaTy BHKOPHCTOBYETHCA NPAMEH mpHpT
po3mipom 9 pt.).

Ha macTymHOMY pAaKy BMIIy:oThCs 5-8 kmo4onx cuis (9 pt., 3aromoeok “KJIHQYOBI CJIOBA:” mumerscs
MPOIHCOM HA TOMY K PAAKY, IO ¥ KII0YOBi CIOBA | BHIIAETHCA HATBKHPHEM MPH(TOM).

Texrct pedepary i KIO4OBI ClI0Ba MAOTh MIMPHHY HA 1 CM MEHITY, Hi’K OCHOBHMI TeKCT (10 0,5 CM 3 KOKHOTO 6OKY).
TloriM, micns NMPOMYCKY OZHOTO PAAKA, BMINIYETHCA OCHOBHHM TEKCT crarri. AOG3ams MOYMHAKIOTECA 3 HYEPBOHOrO
pamka (0,75 cm). Pexomenayersca po3OuTTs CTAarri HAa Taki PO3AUMH: BCTYm (HA3Ba pO3AUTY HE NHINETHCSH),
MATEPIAJIHA I METO/{H (0608’ 13K0BO 11 CKCHICPHMEHTATbHAX poﬁrr), PE3YJIbTATH ¥ OFI'OBOPEHHS,
BHCHOBKH. [ina teopermyunx pobir nepen0adacTscs Oimbin BUTbHE PO3TANIYBAHHA MArcpiany, HANPHKIAN,
samicTs posairy MATEPIAJIE I METO/H pexomerayrotses posaima IOCTAHOBKA 3AJAYI, MOAEJIb Ta
in. Po3gima Be HymepyioThca (B Ha3BaX posaimis yci GyKBH MPONMECHI i BHAINMIOTECA HAMIBKHDHEM MpPHQTOM,
BHpIBHIOBaHHA N0 LEHTPY). ITpa Heo6XiAHOCTI PO3ALM NOALIMIOTECSA HA MAPO3AUH. Ha3sn miApos3minis NHIYTHCA 3
BeMHKOi OYKBH i BHALIMIOTHCS HAMBKHPHEM MpH(TOM (BHPIBHIOBAHEA MO UEHTPY). Ilicns xoxmoro posamimy abo
WiApO3AiNy ife OMMR mycTri paok. ITicns Hazs po3Aimis i MAPO3/AITIB KPANKa HE CTABHTECA.
Ymnmmxcxycmm MCIs MpPONyCKy OJHONO PAAKA, AKMO HEOOXiZHO, 3a3HAYACTHCA Ha3Ba (omTy, sKuH
(inancysas poGory, i HOMEp rpaHTy.

Buroprcrani B poGoTi NiTEpaTypHi MKepena HyMEPYIOTBCA B TOPAAKY UMTYBAHHA B TEKCTi, HOMCD MOCHIAHHA
MHIIETECS Yy KBAJPATHHX AyXkax. He JOmycKaroThCA MOCHNAHHA HA HeomyOnixoBaHi poGorn. CmHCOK niteparyps
(mpagr 9 pt.) po3MiIMyeThCA 0APa3y 3a OCHOBHMM TEKCTOM CTATTI H BHALIAETHCA AK PO

Ha oxpeMOMy apKymn 3 MONSMH COpaBa i 3miBa mo 2,5 cM, 3Bepxy 3 cM, 3HH3y 2 CM /0 CTaTTi J0AaeThea pedepar
AHIMiHCHKOK MOBOKO. CnoBo “Abstract” me mamerscs. Hasea crarri: mpomucoM, mpuT npsmmi 10 pt,
HAIIBXHPHHH, BAPIBHIOBAHHA N0 UeHTPY. Ha HacTymHOMY psAKy - iHiia M Ta npi3BHIA asTopis (mprdT npavui 10
pt., HAMBKAPHWI, BUPIBHIOBAHHA NO UEHTPY). Ha HACTYmHOMY pAZKy APYKYeThCA NOBHA Ha3Ba Opramisamii Ta ii
aapeca (Kypcus 9 pt., BHpiBHIOBAHHA NO uewTpy). ITicIA MPONMyCKy OMHOrO pAAKAa BMIIYETHCA TEKCT pedepary
(mpudr npsavuii 9 pt., BAPIBHIOBAHEA MO MMpPHREI, 6¢3 YepBoHOro paxka). Ha HactymeoMy paaxy micna ciis “KEY
WORDS:”(nponucom, mpedT npaMmi HAmBXHEpHEY, 9 pt.) BMIIYIOTECA KIO4Y0BI CnoBa (mpadT npsmui 9 pt.,
BHPIBHIOBAHHA 10 IIHPHHI). h WL
Jina craTelf HANMCAHMX AHTIHCHKOIO MOBOIO, KPiM OKpeMOro pediepary aHrmilChKkOK0 MOBOIO, Y KiHII CTaTTi, TICHA
CIHCKY JITEpaTypH HABOAHTHCA pedepar yKpaiHCHKOK MOBOKO 38 THMH K NPABHJIAMHA

3BEpHITS yBary Ha KOMNAKTHE BHRIANCHHS MATEPiany CTaTTi, 60 APyKyBaHHA XKyPHATY 3/HCHIOETBCA HA TACTABi
camo(iHAHCYBAHHA.

Pyxomnca odopmieni He y BiANOBIAHOCTI 10 HABEJCHHX MPABAT HE PO3rISATAMYTHCS,

(3pasox ogpopmnenns cmammi na 3 cmopinyi o6KrGOUHKY)
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THERMODYNAMICAL ANALYSIS BY 'H NMR OF THE COMPLEXATION OF
ETHIDIUM BROMIDE TO A DNA OCTAMER, 5'-d(GpApCpApTpGpTpC), IN
AQUEOUS SOLUTION

V. L. Pahomov, D. B. Davies” and A. N. Veselkov
Department of Physics, Sevastopol State Technical University, Crimea, Ukraine
"Department of Chemistry, Birkbeck College, University of London, WC1H OPP, United Kingdom
Received January 5, 1999

The self-association of the, self-complementary deoxyoctanucleotide, 5'-d(GpApCpApTpGpTpC), and its
complexation with the phenanthridinium drug, ethidium bromide (EB), has been studied by 1 D and 2D 500/600
MHz NMR spectroscopy. 2D homonuclear correlation PMR spectroscopy (TOCSY and NOESY) was used for
complete assignment of the non-exchangeable protons of the molecules and for qualitative determination of the
preferred binding site(s) of the ligand with the oligonucleotide chain. An NMR analysis has been developed for
determining the thermodynamical parameters of self-association of the DNA octamer and its multicomponent
equilibrium of complex formation with EB in solution. Quantitative determination of the equilibrium constants and
thermodynamic parameters (free energy, enthalpy and entropy) of duplex formation of the octamer and its
complexation with EB is based on investigation of the dependence of proton chemical shifts of the molecules on
temperature and on concentration. The experimental results were interpreted In terms of complexes containing
different numbers of drug molecules in the octamer duplex (1:2, 2:2, 3:2 and 4:2 complexes). It is also found that (i)
the relative amount of each molecular complex depends on the ratio of the initial concentrations of the octamer and
drug and on the temperature of solution and (ii) successive binding of drug molecules to the octamer duplex is anti-
cooperative.
KEY WORDS: deoxyoctanucleotide, ethidium bromide, intercalation, thermodynamic parameters, NMR
spectroscopy

INTRODUCTION

The thermodynamical stability of oligonucleotide duplexes depends substantially on the length of the
oligomer but also on base content and nucleotide sequence in the chain [1-6]. It has been shown [3-6] that even
minor changes in nucleotide sequence lead to appreciable differences in the values of thermodynamical parameters
of duplex formation of oligonucleotides. It has also been found that intramolecular interactions in single strands of
DNA at room temperature make a significant contribution (=40%),to the enthalpy (AH) of duplex formation [7] .
At the same time, there is a substantial influence of the ‘free ends’ (i.e. instability of the terminal base pairs [5, 6])
on the value of AH of duplex formation in short oligonucleotide sequences, as well as on the thermodynamics of
their binding with aromatic drug molecules [8, 9] . Thus the enthalpies of duplex formation for self-
complementary deoxytetranucleotides [5, 6] are somewhat lower than those calculated for ‘ideal’ duplexes [10].
however, the 2bsolute values of AH for complexation of the intercalating drug, ethidium bromide (EB), with
tetramers [8, 9] are higher than AH for binding of EB with longer deoxyoligonucleotides and macromolecular
DNA [11,12,13] . Previous work [8, 9, 14] on the complexation of EB with DNA tetramers has shown that EB
binds preferentially to the pyrimidine-purine (pyr-pur) sites of the tetranucleotide duplexes and that EB
intercalates from the minor groove of the double helix.

In this work we report an NMR (500/600 MHz) study of the self-association of a self-complementary
deoxyoligonucleotide, 5'-d(GpApCpApTpGpTpC), and its complexation with the trypanocidal drug, (EB), in
aqueous salt solution. The DNA octamer has two pyr-pur (CpA and TpG) sites in the middle of the sequence,
expected to be the sites of preferential binding of EB, whereas at the ends of the octamer duplex there are pur-pur
and pyr-pyr sequences with less affinity of drug complexation. It is expected that the association constant of EB -
binding to different sites of the DNA octamer will be substantially different and the influence of the terminal
nucleotides will be considerably lower in the double-helical structure of the octamer than for the
deoxytetranucleotide duplexes. An NMR analysis developed in previous work [8, 9, 14] for complexation of
intercalating drugs with self- complementary tetramers included formation of only 1:2 and 2:2 complexes, i.e. one
and two drug molecules intercalated into the tetranucleotide duplex according to the “excluded neighbour” model
[15]. The octamer has four possible sites of intercalative binding with EB and so a new model, which takes into
account the 1:2, 2:2, 3:2 and 4-2 complexes of the drug with the octamer, needs to be developed as an extension
of the approach considered earlier [8, 9, 14]. Quantitative determination of the thermodynamic parameters of self-
association of the octamer and its complexation with EB is based on investigation of the dependence of proton
chemical shifts of the molecules on concentration and temperature [8, 9].
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MATERIALS AND METHODS

The deoxyoctanucleotide 5’ -d(GpApCpApTpGpTpC) was synthesized by the “’Oswel DNA service”
(University of Southampton). Ethidium bromide was purchased from the Sigma Chemical Company and used
without further purification. The samples were lyophilized from 99.95% D,O and redissolved in deuteriated 0.1
mol-1"! phosphate buffer, pD 7.15, containing 10 mol- 1" EDTA. The concentration of drug stock solution was
measured spectrophotometrically using the molar absorption coefficient €=5860 mol-1".cm (A=480 nm) [16].
The method for the preparation of solutions and conditions of the NMR experiments were described earlier [8,
14]. 500 MHz "H-NMR spectra were recorded on a JEOL GSX 500 spectrometer. Measurements as a function of
octamer concentration were made at three temperatures (298, 308 and 318 K) in standard 5 mm NMR tubes using
a minimum volume of 0.5 ml of solution. Measurements as a function of temperature were made at constant
concentration in the temperature range 278 to 358 K. Chemical shifts were measured relative to an internal
reference tetramethylammonium bromide (TMA) and then recalculated, with respect to DSS (sodium 2,2-
dimethyl-2-silapentane-5-sulphonate), i.e. 3pss =dmmat3.178 (ppm). Two-dimensional homonuclear TOCSY and
NOESY experiments were carried out on a 600 MHz Bruker AMX spectrometer. The sample temperature was
regulated using either Bruker or JEOL variable temperature control units, as appropriate.

RESULTS AND DISCUSSION
Thermodynamics of self-association of the octamer.

Experimental observations. NMR assignment of all the non-exchangeable protons spectrum of the
deoxyoligonucleotide 5'-d(GpApCpApTpGpTpC) (I) was made using homonuclear 2-D TOCSY and 2-D
NOESY measurements and is in good agreement with the previous assignment for this octamer under similar
experimental conditions [16]. There are only very small changes of proton chemical of I shifts with concentration

in the range of 0.06 to 4.2 mmol-1" at two temperatures (298 and
308 K), most of them being within the limits of accuracy of the
experimental measurements (A5=(1-2)x10” ppm). Such behaviour

5 3 ; most likely results from a relatively high equilibrium constant for
Gl-A2-C3-A4-TS-G6-T7-C duplex formation of the octamer so that at both temperatures, 298
S slicR® ch R et S and 308K, practically all the oligonucleotide is in the duplex form in
C8-T7-G6-T5-Ad-C3-A2-G1 solution and, correspondingly, the contribution of the single-
= ; stranded form to the observed proton chemical shift 8 is negligible.
3 2 It should be noted that, in order to observe NMR signals of

sufficient intensity for reliable quantitative analysis it is necessary to

use relatively high concentrations of oligonucleotide which favour
1. Schematic representation of the duplex of the duplex formation. At the same time, in order to obtain accurate
octamer , 5'- d(GpApCpApTpGpTpC). Dotted estimates for association constants, experiments should be carried
lines represent hydrogen bonds between bases in out at concentrations of the molecules that are near the reciprocal
the double-helical structure. of the association constants [8]. Taking all these factors into
account it follows that it is very difficult to use the concentration dependence of proton NMR chemical shifts to
. analyse duplex formation of the self-complementary octamer 5'- d(GACATGTC) as done previously [5, 6] for the
deoxytetranucleotides in solution with self-association constants in

8, ppm the range (10* -10° 1-mol™).
18- ngg:% For molecules with relatively large self-association constants
M (ie. K > 10° 1-mol™) it is feasible to use the temperature
74t dependence of proton chemical shifts in order to determine the
equilibrium constant and thermodynamical parameters of self-
66+ association. In contrast to the curves observed for
deoxytetranucleotides [5, 6] the temperature dependence of a
ok m;%) number of proton chemical shifts of the octamer shown in Fig. 1 -
M H1' cs’, has a pronounced sigmoidal-shape which is characteristic of
Wf H5(C3)  melting of a duplex.
2& : Model and analysis. The experimental results for the octamer
(Fig. 1) have been analysed using the ‘’monomer-duplex’’ model

5.1

28018000 550 7T S0 0TI me0 of molecular association, where the chemical shift of the i-th
T.K proton at temperature 7" can be presented in the form:

Fig. L. Experimental temperature dependence of

some of the non- exchangeable protons of the (T)= T e TS 617 1

deoxyoctanucleotide, d(GACATGTC), at constant 8T) = f u(T) 8l T) * [ T) 8a(T) )

concentration (No=1.89 mmol-I"").
P In equation (1) 8n(T), 8a(T) and f£(T), fAT) are the proton
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chemical shifts and equilibrium mole fractions (where f,(7) + f{7)=1 ) of the octamer at temperature 7 in the
monomer and duplex forms, respectively. In the analysis of the temperature dependence of chemical shifts it was
assumed that 8, and 3, are monotonic functions of temperature due to changes in intramolecular base stacking in
the different conformational states of the octamer in solution; linear and quadratic approximations for 5,(7) and
3AT), respectively, were used in the calculations [2, 5, 6, 18]. It is expected that application of parametric
regression equations would be a suitable computational method to describe the temperature dependence of mole
fractions. As the experimental temperature dependence of chemical shifts has sigmoidal character (Fig. 1), the
equation for the mole fraction £ 7) has the form [8, 9] used to describe the “’helix-coil’’ transition

FaoT)=fATO[1+S(Ty]/[1+8(T)]. @

where S(7) = (7/0)’, © and b are the parameters of the regression equations for mole fraction fAT); f{7o) is the
mole fraction at 7=298 K. Note that the constant 8 of the regression equation (2) has a definite physical meaning,
The value of © corresponds to the melting temperature 7,, of the duplex, i.e. the temperature when the mole
fraction of the duplex decreases to half the content compared with its value at low temperature (ca.273 K).
Equilibrium constants of duplex formation, K(7), at different temperatures were determined from calculated
values of mole fractions using the mass law equation and the mass conservation law for this reaction. Equilibrium
constants K(7), in turn, were expressed in terms of the thermodynamical parameters AH° and 4S°

0 0
K(T)=axp(A—S——-AHJ 3)

R RT

assuming that values of AH° and AS” do not depend substantially on temperature in the range studied. It should
be noted that use of model summarised in equation (1) assumes that the molecules are in fast exchange on the
NMR time scale. The numerical procedure of minimisation was described earlier [5, 6, 19]. The calculated values
of @ (i.e. T,,), K(298 K), AH and AS and AG (298 K) are listed in Table 1 for each proton studied. The mean
values of these parameters for twelve protons are, respectively, =830 (+190)x10’ 1-mol™ at 7=298 K; 7,=321
(#5) K; AH=-410(+38) kJ/(mol duplex);, AS=-1.26(x0.13) kJ/(mol duplex-K). Calculations have shown that the
parameters determined using all the experimental points and those at higher temperatures only (7>308 K) are the
same within the error limits.

Table 1 . Calculated values of equilibrium constant K (I-mol” at 7=298 K and thermodynamic parameters
A H°, AG® (kJ/(mol duplex)) and AS® (kJ/(mol duplex-K)) of the selfoassoclatlon of the deoxyoligonucleotide

5'- d(GpApCpAPTpGpTpC)“.

proton K10’ K -AH° -AS" 08 -AG%08
H8(A2) 477 300 466 1.46 324
H8(A4) 679 324 410 1.26 33.3
H8(G1) 982 327 440 1.36 34.2
HS8(G6) 997 324 422 1.30 342
H6(C8) 625 320 434 1.35 33.1
H2(A2) 997 320 284 0.84 34.2
H1’(T7) 986 319 454 1.41 34.2
H1’(G6) 972 330 398 1.22 34.1
HI’(T5) 434 326 350 1.07 32.1
H1’(C3) 976 323 432 1.33 34.2
H5(C3) 801 324 380 1.16 33.7
H5(C8) 998 319 448 1.39 34.2
mean 830(+190) 321(+5) 410(+38) [ 1.26(10.13) 33.7(x 0.6)
values

“/In 0.1 mol-I" phosphate buffer, pD 7.15.

Magnitudes of the thermodynamical parameters. Each of the thermodynamical parameters (AH, AS and AG)
of duplex formation of the octamer is summation of different kinds of physical interactions [20, 21] such as: 1)
molecular interactions (hydrogen bonding, hydrophobic, van der Waals and electrostatic interactions); 2)
conformational alterations in the oligonucleotide; 3) changes in hydration and release of the solvent counterion or
proton in the self-association of oligonucleotide chains. The magnitudes of the contributions of each of the above
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factors to the measured thermodynamical parameters are not completely understood [20], although experimental
results [22] and theoretical analysis [23] confirm that hydrogen bonding and stacking interactions of the bases give
comparable contributions to the stability of the double helix.

The magnitudes of the thermodynamic parameters for duplex formation of the deoxyoctanucleotide
d(GpApCpApTpGpTpC) are in good agreement calculated relative to one base pair) with the corresponding AH
and AS values for dimerisation reactions of self-complementary hexamers in solution [2, 17]. The enthalpy of
duplex formation of the octamer is also consistent, within error limits, with the corresponding theoretical value of
AH determined by the nearest-neighbour model [10]. The AH value found for the octamer in this work is more
than double (= 2.4 - 2.8) the values found for analogous deoxytetranucleotide sequences measured at the same
solution conditions [5, 6]; the difference probably reflects a substantially larger influence of the melting of terminal
base pairs in the tetramer compared with the octamer and the greater probability of complementary strands
“’sliding’ relative to each other in short tetranucleotide duplexes so that in equilibrium there may be different
helical structures in solution [5, 6] . A similar relation for AH values for duplex formation is observed between
deoxytetranucleotides [5, 6] and dinucleotides [24] i. e. double the length of the oligonucleotide sequence leads to
an approximately 2.5 times increase of the absolute values of enthalpy. It is likely that some contribution to the
enthalpy of duplex formation in longer oligonucleotide sequences is given by such factors as stronger stacking
interactions and smaller conformational alterations in the chain due to the effect of ‘free ends’.

Complexation of EB with 5'-d(GpApCpApTpGpTpC)

Experimental observations. The structural formula of ethidium bromide, EB , (IX) shows the atom positions of
the aromatic protons having different NMR resonance peaks used in the drug binding studies. Signal assignment
of all the non-exchangeable protons in the PMR spectrum of EB
was obtained previously using both 2D homonuclear COSY and
NOESY experiments [24]. Only a few intermolecular cross-peaks
between EB and the octamer protons were observed in the 2-D
NOESY spectra of mixed solutions obtained at different mixing
times (Ty=90 ms, T,,,=200 ms), a situation which is similar to that
found previously for EB binding to self-complementary
deoxytetranucleotides [8, 14].

The 2-D NOE spectrum of EB with the octamer d(GACATGTC)
exhibits intermolecular cross peaks of relatively small intensities
between the ortho protons of the EB phenyl ring and H1' ,
deoxyribose protons of cytosine (C3) and thymine (T5) providing
T . ; : qualitative evidence about preferential binding of EB to the
o ot tor e eambere o pyrimidine-purine [5'd(T-G) and 5'-d(C-A)] sites of the octamer
studies. from the minor groove of the duplex as found [14], for example,
for d(TGCA). In order to estimate quantitatively the complexation
of EB with the octamer, the chemical shift dependence of the six protons of the EB chromophore was measured
as a function of both the concentration of the octamer (at three temperatures, 298, 308 and 318 K) (an example is
given at 318 K in Fig. 2) and temperature (Fig. 3). The temperature dependence of EB proton chemical shifts

II. Structural formula of the phenantridinium

3, ppm 3, ppm
. 85F Hi
H10
» 80+
H1
1.7 H1° 75+ u‘g
H2
72 70}
67 H9 65}
| 2
! . = 6.0 — - - - -
620 04 08 12 16 20 24 et o T T‘”&
N - Fig. 3. Experimental temperature d den of
k ig. 3. Experimen ependence
¥ig- 2 Depondecice of some of the EB gecton some of the EB proton chemical shifts in solution
chemical shifis on concentration of the octamer, of the drug with the octamer

Do=1.15 mmol-1"! in solution, 7=318 K.
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at a constant ratio of drug to nucleotide in Fig. 3 has the form of those observed for “’helix-coil’’ transition in
macromolecular DNA, in the presence of EB the melting temperature 7,, of the octamer duplex is increased ca.
23-24 K (T, ca. 344-345 K).

Model of complexation and analysis. As the relative content of the duplex form of the octamer is
overwhelmingly predominant in solution at moderate temperatures, it was considered that the basic scheme for
molecular complexation could neglect binding of EB with the single-stranded form. Taking into consideration the

“excluded neighbour™ model [25] for the binding of intercalators to DNA duplexes, there are four accessible sites
of intercalative binding of EB with the octamer. Hence the basic model had to take into account the 1:2, 2:2, 3:2
and 4:2 complexes of the drug with the octamer, which are characterised by the binding constants X, , K;, K; and
K, respectively. A schematic representation of examples of the different complexes of EB with the octamer are
summarised in Fig. 4. Previous work [8, 14] on the complexation of EB with DNA tetramers showed that the
preferred sites of drug binding are pyr-pur base sequences in the chain. As there are two pyr-pur binding
sequences in the octamer, it is likely that EB preferentially forms complexes with these sites in the duplex, i.e. K;
and K values are expected to be higher than K; and K binding constants, because the latter will include reactions
with pur-pur or pyr-pyr sequences in the octamer duplex.

The following equilibrium reactions, including self-association of drug D (K, ) and nucleotide N (Ky), were
considered for quantitative analysis of chemical shifts resulting from drug-octamer complexation:

D+D«Xi3D2 @ N+N&EL N2 ® D+N2XL5DN: ©

D+DN2¢%23D3N2 @ D+DiN2«X23D3N2 @ D+DsN2<X43DsN2
@)

Chemical shifts were calculated using an additive model [8, 14]:

4
8 =8mfm+8dfd+§81f1 (5)

where 3,,, 84, 8, -84 are chemical shifts of EB in the monomer , dimer, 1 :2 (DNy), 2:2 (D;N,), 3:2 (D3N,) and 4:2
(D4N;) complexes with the octamer duplex; f,,, fz, fi-f4 are mole fractions of EB in the monomer dimer and in the
abovementioned

complexes, respectively.

5 3y
G1-AZ-C3- A4 TS -G6-T7-CB i3 ;..M_G.M, .c”,_;ﬁ‘ The validity of such a
19 3¢ Sh:nsigreos 32 H L B model assumes fast exc-
-~ . ec:— —————s hange between interacting
molecules.
The equilibrium cons-
s S s 1l tants K; (= 1 - 4) were
s R : @ AR T I 1K eemel s of fhe
C8-T7-G6-T$-A-C3-A2 -Gl &-T7-G6-T$- Ab-C3-A2-G corresponding parameters
o v - 5 AH?, AS” using relations

Fig. 4. Schematic representation of examples of intercalated complexes of EB (shaded ©uive-lent to. (3). The
rectangles) with the octanucleotide duplex at different drug: oligonucleotide ratios. values of 5 and 3, , as

well as AH; , AS; were
determined previously [24] from investigations of EB self-association using the dependence on concentration of
drug proton chemical shifts in the same solvent system ( 0.1 mol-1" phosphate buffer, pD 7.1). Taking into
consideration the mass law equations for reactions (4) and the mass conservation law [8, 14] , the observed
chemical shift in equation (5) is a function of the following twelve parameters: 8, -8, AH,’ -AH/’, AS," - AS,.
The parameters of the model were determined by minimising the quadratic discrepancy function, A, between the
experimental and calculated values of chemical shifts for the six aromatic protons of the EB chromophore; the
detailed computational prooedure is described in previous work [8, 19, 25, 26]. In the calculations the data on the
temperature and concentration (at three different temperatures) dependence of EB proton chemical shifts in the
mixed solutions have been processed jointly.

It is reasonable to solve such a multiparametric problem by the method of successive complication of the
model [8, 14]. The calculated equilibrium constants and thermodynamical parameters for different complexation
reactions (1:2, 2:2, 3:2 and 4:2) are summarised in Table 2. It is seen from Table 2 that K, > K, >> K3 > Kj i.e.
formation of the 1:2 and 2:2 complexes of EB with the duplex is preferred to the 3:2 and 4:2 complexes. The
results also show that successive binding of drug molecules to the octamer duplex is anti-cooperative. The
relatively high magnitudes of K, and K, are consistent with complexation of the first and the second drug
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molecules being preferred to the pyr-pur sites [d(CA) and d(TG)] of the octamer duplex. The probability of
binding for the first EB molecule (i.e. formation of the 1 :2 complex, DN,) when there are two preferred binding
sites available should be about double that for the second drug molecule, which has access to only one such site.
This is in agreement with the values of association constants K, and K, determined in the present work. The
probability of complexation of EB to pur-pur d(GA) or pyr-pyr d(TC) sites (i.e. formation of 3:2 (D;N,) and 4:2
@y@m@a\wmmammmm«m@mmﬁm@wm&
chain in agreement with previous work (3, 12, 27].

Table 2. Equilibrium constants K; at 7=298 K and thermodynamic parameters of EB complexation with
the octamer 5’ d(GpApCpApTpGpTpC)?.

[ Complex, K; ( K;, 1 0] 7 -460 298 -Aﬂo -AS” 298
: (I-mol™) (kJ/mol) (kJ/mol) (3/(mol-K))
DN, K, 718(+65) 33.4(3.3) 47.8(+2.5) 48.4(17.5)
DN, K, 315(+41) L 31.4(+4.1) 75.9(3.6) 149(+26)
D;N; K3 47(+7) 26.6(+4.0) 99.8(23.6) 245(+43)
DN, K, 18(+4) 24.3(+5.4) 86.3(+4.2) 208(£51)

9 1n 0.1 mol-I" phosphate buffer, pD 7.15.

Properties of the complexation equilbrium. The analysis of the dynamic equilibrium in solution is important
for determining the contribution of each type of complex to the experimentally-observed proton chemical shift and
for reliable determination of the thermodynamic parameters of formation of different complexes [8, 9, 14]. Using
the values of the equilibrium constants (Table 2) the relative content of each of the molecular complexes in
solution has been calculated as a function of 7 (=N,/D,, the ratio of initial concentrations of the octamer duplex
and drug) at different temperatures. An example is shown in Fig. 5 (at 298 K), where it can be seen that the
contribution of different types of complexes to the general equilibrium in solution is determined not only by the
values of the equilibrium reaction constants, but also by the value of 7, as shown previously for drug binding with
self-complementary and non-selfcomplementary deoxytetranuc-
leotides [8, 14, 27]. Characteristic maximums of the concentration
curves for 4:2, 3:2 and 2:2 complexes are observed at r values
corresponding approximately to the stoichiometric relations of
octamer duplex and drug, i.e. r= ca.0.25 for D4N,, = ca.0.33 for
D;N; and r= ca.0.5 for D,N, complexes. At small  values
(r<0.4), when the drug concentration is higher than the
concentration of the octamer in solution, the relative amount of
the 2:2, 3:2 and 4:2 complexes are greater than the 1:2 complex in
solution, whereas at 21 the fraction of the 1 :2 complex of the
drug with the duplex becomes predominant. It should be noted
that it would be incorrect to assume that the 1:2 complex
predominates for drug-octamer solutions at different

00 502 0606081012 14161820  concentration ratios; at 7=l calculations show that only about 40

r % of the drug (D) is in the 1:2 complex whereas about 50 % of
Fig. 5. Calculated relative content (f) of the drug the drug is in the 2:2 complex. Similarly for solutions made up at
(D) and the different complexes with the octamer 1:2 drug-octamer concentration ratios (i.e. 7=2) there is still a
5'-d(GpApCpApTpGpTpC) in solution as a Significant amount of drug in the 2:2 complex (ca.30 %)
function of r (= NyDo, the ratio of initial compared with ca.70 % in the 1 :2 complex at 298 K.
concentrations of octamer duplex and drug) at  The calculated temperature dependence of the mole fractions
T=298 K. of different types of EB-octamer complexes are shown in Fig. 6
for r ca.0.8. It is seen that at lower temperatures (< 320 K) practically all the drug is in the complexed state but at _
higher temperatures the concentration of the ‘free’ drug (D) increases as the drug-octamer complexes
disassociate. The temperature dependence of the mole fractions of the 1:2, 2:2 and 3 :2 complexes of EB with the
octamer duplex are typical for “melting curves” of double-helical oligonucleotides. (The mole fraction of the 4:2
complex is negligible at the conditions of the experiment (7=ca.0.8), as seen in Fig. 5). The value of the melting
temperature 7,, determined directly from the experimental curves (Fig. 3, ca.345 K) is significantly smaller (~ 11
K) than the calculated 7, for the 1:2 complex, which is the most stable complex in solution for the octamer
studied. The calculations have also shown that successive binding of the drug to the octamer duplex decreases the
melting temperatures of the complexes being formed (i.e. 7, ca.344 K for 2:2 and 7, ca.338 K for 3:2
complexes). It follows that successive intercalative binding of EB to the octamer duplex destabilises the helical
structure, presumably due to unwinding of the helix by the drug in such a relatively short oligonucleotide
sequence. It should be emphasized that observed melting curves for a multicomponent systems are averaged

f
08

07
06 -
0.5
04
03

02

0.1




13
Thermodynamical analysis by "TH NMR of the complexation of ethidium bromide to a DNA...

values and without a quanfifafive analysis of the complex equilibrium it is impossible to differentiate the
contribution of each type of complex.

Magnitudes of the thermodynamical parameters of complexation of EB with the octamer I The
thermodynamical parameters summarised in Table 2 show that all the reactions of complex formation of EB with
the octamer duplex are exothermic. Hopkins ef a/ [13] suggested that enthalpy changes for binding of aromatic
drugs with double-helical DNA is the sum of at least six components, including: 1) diminution of

the stacking interactions of the bases caused by formation of
f the cavity for the drug molecule to occupy; 2) stacking

08 interactions of the bases in the cavity with drug chromophore;

3) electrostatic interactions between the positively-charged

05 drug cations and the negatively-charged phosphates of

nucleotides; 4) alteration of solvation due to complex

04 formation ; 5) different arrangements of the intercalator in the

complex ; 6) specific hydrogen bonds which drug molecules

.3 form in the complex. Some components of enthalpy change (

= 1), 4), 5) ) may adopt positive values [13, 28]. Positive

7 entropy contributions are determined, in the main by

r hydrophobic interactions due to transfer of the drug molecule
from solvent to the intercalation site.

00— ) The absolute values of entropy and enthalpy changes for 1

300 310 320 330 Mo 35°T 3;" :2 complexes of EB with the octamer duplex are substantially

smaller than the AH and AS values for other complexes (2:2,
Fig. 6. Calculated temperature dependence of the 3:2 and 4:2), indicating that hydrophobic interactions play a
relative content, f (7), of different complexes of EB significant role in the binding of EB to the double-helical
with the octanucleotide, d(GACATGTC), in solution gy octanucleotide in aqueous solution. It is seen from Table
8 Do=115 memol ™ and No=1.21 mmol ", 2 that successive binding of EB molecules to the octamer
duplex occurs with more favourable enthalpy and less
favourable entropy compared with 1:2 complex formation. These results are consistent with those found for
deoxytetranucleotides [9] and may be interpreted as arising from 1) increased van der Waals interactions (a
decrease of the distance between adjacent base pairs has been found in the 2:2 complex compared with the 1:2
complex of EB with d(TGCA) [14], containing the same preferred binding sites for the drug (d(T-G) and d(C-A)
sites) as in the octamer studied); 2) an increase of the rigidity of the double-helical structure due to intercalation of
different numbers (2-4) of drug molecules, accompanied by a decrease of entropy in view of limiting the number
of accessible conformation states [29, 30]; 3) and arising from a combination of ion, and water interactions [20].
The values of the thermodynamic parameters obtained for the 1:2 and 2:2 complexes of EB with the octamer
duplex, which predominate in solution at > 1 (Fig. 5), are in good agreement with calorimetric results for EB
binding to oligonucleotide duplexes of comparable length [11, 12;31]. Previously it had been found from NMR
data at the same experimental conditions [9] that the values of enthalpy changes on binding of EB to relatively
short deoxytetranucleotide sequences were substantially larger (in absolute value) than those determined for
macromolecular DNA [12, 13] and longer oligonucleotide duplexes [11, 12] The observed differences [9] may be
explained by the following: 1) - the contribution of hydrophobic effects would be different on binding of the drug
to macromolecular DNA compared with short oligonucleotides; 2) - the conformational transitions on drug
binding to short duplexes, due to the influence of “free ends” in such molecules, is quite different from DNA
macromolecules where their influence can be neglected. The results obtained in this work confirm these
assumptions; the influence of “free ends” is expected to be much smaller for the octamer duplex compared with
deoxytetranucleotides and the thermodynamic parameters for EB complexation with the octamer (Table 2) are in
good agreement with the results published previously for relatively long oligonucleotide duplexes [11,12].
Additional support to confirm these assumptions are the much higher AH values for complexation of the drug with
terminal sites of the octamer duplex (i.e. 3:2 and 4:2 complexes in Table 2) which may be explained in terms of
the higher conformational freedom of the nucleotides situated at the ends of the chain.
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TEPMOJAWHAMIYHWA AHAJII3 KOMILIEKCOYTBOPEHHS BPOMHCTOIO ETHATIO 3
OKTAMEPOM JHK 5'-d(GpApCpApTpGpTpC) Y BOTHOMY PO3‘IEHI METO/JOM "H-IMP
CIEKTPOCKOIII
B. L Ilaxomos, /1. B. Jiesic’, O. H. Becesikos,

Ceeacmononbcokuii depoicaguil mexwivnuil yieepcumenm,

Cesacmonons, 335053, Cmpeneyvxa 6yxma, Cmyomicmeyxo, Kpum, Vkpaina
* lenapmamenm ximit, Bepxbex konredane JIondoncvkozo YyHieepcumemy,

Jlonoon, WC1H OPP, Beauxobpumanis

Mertoaamu 1M- 1 2M-SIMP cnexTpockonii A0CTHIKEHA CAMOACOLIALYiS CAMOKOMILIEMEHTAPHOTO AC3OKCHOKTAHYK/ICOTHAY 5'-
(GpApCpApTpGpTpC) Ta iioro KOMILICKCOYTBOPCHHS 3 (enauTpHaMHOBEIM GapBHEKOM 6pounc11m erugiem (EB).
I‘ouox.ucpaa xopensuisina [TMP cnelcrpocxomx 2M-TOCSY Tta 2M-NOESY BHKOpHCTOBAHI A/l TMOBHOTO BiAHECCHHS
CHTHANiB HEOOMIHHMX INDOTOHIB MOJEKYN i SKICHONO BH3HAYEHHS MICT TNPEPEBAXHONO 3‘BAIYBAHHA JHraHmy 3
OJIrOHYK/ICOTHIHOIO MOCTAOBHOCTIO. PO3POGICHO METOAHMKY BH3HAYCHHY TEPMOAMHAMIYHMX MApaMeTpiB CaMmoacowjiaiii
oxramepy JTHK Ta ananisy cknagHO# piBHOBArH y BOZHOMY PO34HHI NPH HOTO KOMIUIEKCOYTBOPEHH] 3 GPOMHMCTHM ITHAIEM HA
ocrosi marux SIMP. PospaxyHOK KOHCTAaHT PiBHOBAIM Ta TEPMOAMHAMIYHHX NapaMmeTpis (BUTbHOI eHeprii, eHTambmii Ta
CHTPONi) yTBOPEHHS AYIUICKCY OKTaMEpy Ta PEaKiiii KOMILIEKCOyTBopeHHs 3 EB 06rpyHTOBaH Ha AOCTHDKEHHI 3MEKHOCTEH -
MPOTOHMX XIMITHHX 3CYBIB MOJEKY/ BiJl TEMIEPaTypH i KOHLEHTpawii. DKCHEpHMEHTambHI pesyisTard oOpobneni 3a
AOTIOMOTOI0 MOACIT, IKA BPAXOBYE YTBOPESHHS KOMIUIEKCIB 3 PI3HUM THCIIOM IHTEPKATBOBAHMX Y AYIUIEKC MONEKyY (apOruKy
(1:2, 2:2, 3:2 Ta 4:2 xommurexcn). ITokasaro, MO BITHOCHH CKNAJ MONEKYAPHHX KOMIUIEKCIB KOMKHOTO THITY 3aNeKHTh Bij
CHiBBiTHOMIEHHS MOYATKOBHX KOHIEHTDALIH OKTaMepy Ta GapBHMKA i TEMIepaTypH pO3diHy; TIOCTAOBHE BOYJOBYBAHHS
MOTIeKy GapBHIKA Y OKTAMEPHHH AYTUICKC BiAGYBAETHCS AHTH-KOOTIEPATHBHO.

KJIIOYOBI CJIOBA: nmxcmmnyxnwm.u, GpomHCTHIT eTHIIH, IHTEpKANAL{A, TEPMOAMHAMIYHM mapamerpH, SIMP-
CTICKTPOCKOTist
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HCCIEAOBAHUME T'MIPATAIIMA U CTPYKTYPHBIX IEPEXQO/IOB
TPAHCIIOPTHBIX PHK

T.B. Boas6yx, M.A. Cemenos, B.A. Kamnyp, B.fl. Manees
Hruemumym paouogpusuxu u sanexmponuxu HAH Vipaunei, yn. Ax. llpockypei, 12, 2. Xapwkos, 310085
e-mail: maleev@ire.kharkov.ua.

HoCTYImMIa B pejiakipno 15 smBaps 1999 1.

Merogamu MK-cniexrpockommiy, KBY-mioieKTpoOMETPHH M [e30rPaBUMETPHM IPOBENCHO  HCCIIEOBAHNE
rujipataiy cymmaprolt TPHK Bo BIaXHBIX InieHkax W pactsopax. Hatiewo, uro crenens ruparammd TPHK
cocrasisier ~14 (1) Monelt BOJBI Ha CpeiHEI MOIb HYKICOTH/A. JIAHHOE KOJIMYECTBO BOJIHI HEOGXOHMMO IS
0GpasoBaHust He TONLKO BTOPH4HOM cTpykTyphl cTebieit TPHK, Ho 1 hopMUpOBatHs ee TPeTHUHOM CTPYKTYPHL.
K/IYOUEBBIE CJIOBA: mHyKiemHOBHE KWCIOTH, Tujpatamms, crpykrypa TPHK, MK-criexTpockomis,
mbe3orpasuMerpus, KBY-/monexTpomerpus.

Hsyserme Tpancnoprasix PHK (TPHK) ¢ nomompro Ju()pakmus PEHTICHOBCKHX Jy4cH TO3BONHIO
YCTAQHOBHTB, YTO 3TH BAKHBIC MOJICKY/IbI, 00/1a5as OJHOHHTYATOH NEPBHYHOM CTPYKTYpO# (75-90 HYRICOTHIOB)
NpH ONpPEACNCHHBIX YCHOBHAX B KPHCTAJUTHYCCKOM COCTOSHHMH (DOPMEHDYIOT BTOPHHMHYIO (B BHAC KICBEPHOIO
JHCTA) M TPETHYHYIO CTpyKTypsl. Cumraerca, wT0 CTaOHWIM3aums 3THX CTPYKTYp MAOCTHIAETCs 3a CYET
00pa3oBanus BOJOPOIHBIX CBA3CH B NMPABWIBHBIX M HEMPABHIBHBIX NMAPAX A30THCTHIX OCHOBAHMM, 4 TAKKC
6marozapst CTEKHHr-B3aMMOACHCTBAIO. B GOJBIIMHCTBE CIY44€B HPABWIBHBIC YOTCOH-KPHKOBCKHE NAPhI
(hopMHpYIOT BTOPHHHYIO CTPYKTYpy - cnupaibhsie crebmm TPHK, a Tperdmdmas CTPYKTypa YACpIKHBACTCH B
OCHOBHOM HCTPABHIBHBIMH mapamu. M3BecTHO Taike, wro B (opmupoBanum TpeTH4HOM CTpykTyphl TPHK
AKTHBHOE YYACTHC MPHHAMAIOT HOHBI ABYXBANCHTHBIX Meramios (Mg”", Mn®', i ap.) [1]. Y3 MHOrOMHCICHHBIX
PEHTTCHOCTPYKTYPHBIX JAHHBIX U1 MOHOKPHCTAMIOB AymickcoB PHK [2] w3BeCTHO, 4TO YCTOMYHBOCTH HX
COHPANBHOM CTPYKTYPHI ONPEACIACTCS KAK YOTCOH-KPHKOBCKMMH NAPAMM H CTEKHHI-B3aHMOJCHCTBHEM, TaK H
C(OPMHPOBABIMAMHACA BOJHBIMH MOCTHKAMH, KOTODhIC B CIMPAIbHOM KOH(OPMAIMH CKPEIULZOT a30THCTHIC
OCHOBAHHA M MPOTHBOIOJOKHbIC NMOJMHYKICOTHARbIC HenH. [T03TOMy MOXHO AyMaTh, YTO BOAC NMPHHAIJICHKHT
OnpeACNCHAAas POk B 00pa3oOBaHHM BIOPUYHOM M, MO-BHANMOMY, TPETHIHOH CTPYKTYPHI TPHK. Hackonbko Ham
H3BECTHO, BIIMAHHC BOABI HA CTPYKTYpy TPHK HE H3y4asnock. 3

Iemsio macrosmel paboThl GBUIO HCCIENOBAHHE BIIMAHWSA TMIPATALMH HA CTPYKTYPY H CTPYKTYPHBIC
nepexoasl cymmapusix TPHK B mieHKax W pacTBOpax ¢ MOMOMBIO pa3pabOTAHHOTO HAMH KOMIUICKCHOIO
MOAX0Ja, OCHOBAHHOIO HA HCMOMb30BaHMH WK-CNEKTPOCKOMHM, MUIICKTPOMETPHH H NHC30rPaBHMETPHH.
Ipumencrne HK-CIEKTPOCKONEHM 0KAa3al0Ch WONE3HBIM NPH HCCICAOBAHHH BTOPHYHOM  CTPYKTYPBI
(eranananmrosodi TPHK [3]. IlosroMy MOXHO ObUI0 HAZEATHCA NONYYHTh HH(OPMAUHIO O BIHAHHH
TMAPATAllAH HC TONBKO HAa crmpanbbie yuactku TPHK, HO m Ha (OpMHMpPOBAaHME TPETHYHOH CTPYKTYpBL
IpeasapurenbHbie pe3ynbTaThi ObUH CO0OMEHE B [4].

MATEPHAJIBI H METO/IBI

Meromuka  MK-CHEKTPOCKOMAYCCKHX,  AHIICKTPOMCTPHYCCKAX H  NBC30TPABHMETPHYCCKHX
HCCNICIOBAHKH OBINA AHANOTMYHA TOM, KOTOpPas NPHMEHAIACH JUIS M3YHYCHHS OCOOCHHOCTEH (HOpPMHPOBAHHS
ABOMHBIX CTIMpaeH U ruApaTHLIX 000n04ek nomHykneoTnaos Tana PHK [5-9].

B kauectse 06pasuoB ucnoms3osama cymmapuyio TPHK ¢upMer «Serva» (Iepmammsa). KomeyecTso
HOHOB ONPE/C/IATH C IOMOMIBIO IUIaMEeHHOro (horomerpa ®IUI-1 u H3MEpeHHH AMINCKTPHYECKHX NMAPAMCTPOB
(moct P568, wacrora 10 kI'i). CornacHo 3THM H3MEPCHHAM, B HCCIEAYEMOM 00pa3lE MO OTHOMICHHMIO K CyXOMY
secy TPHK conepxanocs 5,7% n 0,6% nonos Na* u K coorsercreenso.

TieHKH TOTOBATH MC/ICHHEIM HCTaperuem Bosl npu 4°C m3 1% pacrsopa TPHK, nomemenHoro Ha
noAnoxKy u3 (moopura. IloanOKKy pacmonaraad CTPOr0 IOPH30HTAILHO HA COCHHANBHOM CTOJMKC. PIK;
CIICKTPHI 3aIHACKIBAH C MOMOIBIO ABYXy4esoro crieckrpodoromerpa UR-20, npm3ma NaCl, paspemenne 6cm'l
mpu 1700cM™. MK-criextpsr o6pasuos TPHK ¢ pasmeuHbIM cogepkamueM BOAs B obmacts 3900-1800cM
NOJTY4A/lH C TIOMOIBI) PaHee Pa3pabOTAHHOM repMETHYHOM W TCPMOCTATHPOBAHHOM KIOBETHI C OKOMIKAMH M3
(moopura [10]. JelTepHpPOBAHHE H YBIAKHCHHC [UICHOK NPOH3BOMMIH B HHTepBane 0-96% OTHOCHTENbHOH
BinaxuocTd (OB) Tak e, Kak 1 B pabore [10]. OnTHYECKYO NJIOTHOCTH HAXOAWIH METOXOM 0a30BOM JTMHHH NPH
wacrorax v=1800cu™ u 1350cu™ .
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~ Cremens ruppataumus TPHK B pacrsope (koHueHTpamas 1,3%) HAXOAWIH C  NOMOIIBIO
muGdepeHIMANTEHOr0  JHANEKTPOMETPA MM/UIMMETPOBOTO JHANA30HA JUIHH BONH. HemocpeaCTBEHHO
A3MEPACMBIMH BETHYHHAMHE SBISLTHCH KO (HIHEHT norromenus 1 ()a30Bas NOCTOAHHAN, HCXOAA 3 KOTODBIX,
Kak ® B pabore [11], pacCUHTHIBAIA KOMIUICKCHYIO NPOHHIAEMOCTS H KOJIHYECTBO MOJIEKYJI BOJBI, CBA3AHHBIX C
monexynoi PHK.
Msorepmir rumparammn TPHK, T0 €CTh 3aBHCHMOCT: WHCTA CODOHDOBAHHBIX MONEKYN BOXBI HA

HyKaeoTHA (n) or OB, momy4ama METOIOM KBAapLEBOro pesonaropa [12].

PE3YJIbTATH H OBCYXJIEHHE
Ha puc. la, 6 npeacrasncunl cnektpsl mieHok TPHK npm pasmaumsix 3wavemms OB B
JCHTCDHPOBAHHOM H HEJACHTCPHDOBAHHOM COCTOSHHAX. W3 3THX [JaHHBIX BHAHO, 4T0 C pocrom OB
HAOMOZAIOTCA 3HAYMTENBHBIC M3MCHCHHA B Y4YacTKaX CHEKTpa, ome'ialonmx HOTJIOMICHHIO  A30THCTHIX
ocrosammit (1800-1300 cm’) m caxapopocdarhoit memn (1300-900cM"). ITH HIMCHCHES CBASAHEL C
H3MCHEHUAMH CTPYKTYDhI rPHKnnxrwamom OKDY?KCHHS B MPOLECCE YBIAKHEHHA 00pa3ua.

1500 1600 1700 1800 1000 1100 1200 1300
4
b v, CM

Puc. 1. MK-criekTpsl feiirepupoBanHoi (a) ¥ HepekrepupopanHoi (6) TPHK B IueHKe Npu paziiuHBIX
sHavermax OB: 1-0%, 2-56%, 3-92%(a), 1-0%, 2-44%, 3-86% (6)

Ha puc.2 mpmBesesa msorepma ruaparamms TPHK mpm 20°C. CopGmmommas cmocobmocts TPHK
He3HayHTenbHO oTmEyaercs or JHK [13].

16
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2] Puc. 2 W3orepma ruaparamu TPHK mpu 20 °C
0
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%, 0B

Jns [OCTaTOYHO HAJACKHO HHTCPIPETHPOBAHHBIX MNONOC IOIJOMEHHS A30THCTEIX OCHOBAHHM M

caxapodocaTHOM nenMH BEMONHEH NOAPOOHBIH aHAMA3 CHekTPoB. C 3TOH HEMBI0 NMOCTPOEHBI 33BHCHMOCTH
3HAYCHHH YACTOT V M HHTCHCHBHOCTEH R (B OTHOCHTE/NBHBIX €HHHIAX) OT BEIMYHHLI N (YHCIA MOJCKY BOMIBI

OIICHHS A30TH goapwi. Ha prc.3 mna nedmeprposansoii TPHK npeacrasieHs!
THIAYHEIC mmmm VH R OT N AJM NOJNOC NOIJOMEHAA BHYTPHKONBIEBBIX KoneOammit C=N ryasuna
v=1574 e  (a), anemuma v=1624 cm” (6), xapGommmBbHOrO KoneGamms C404 ypamana u, Bo3MoxEO, C202
maTo3aHa v=1655 cm ' (8) 1 C606 ryammua v=1681cm™ (r), a Ha PHC.37 NPHBEACHH! NOXOOHBIC JABHCHMOCTH
JUTs TONOCH nornomerns 1698 o (xoneGarme C=0) neelTeprpoBarEOro o6pasma TPHK.
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HcenenoBanyie ruipataliiy ¥ CTpYKTYPHBIX HEPEXO/IOB TpaHenopTHbIX PHK
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Puc.3 3aBHCHMOCTH YACTOT V M MHTEHCHBHOCTEH R oT n
1 asordcTsix ocHosanmit TPHK B DO u H)O mis monoc
101 nornomenwust v=1574 ey (a), v=1624 oM (6), v=1655
o - oM™ (B), v=168lcm’ (r) m v=1698 (m).
0 5 10 15 20

Ha 3THX 32BHCHMOCTAX B TPEX HHTEPBAjJaX W3MCHCHAA N HaOMOZAXOTCS 0COOCHHOCTH. B mepeoM HHTCpBAC
mMeHeHns 0<n<4 wHTeHCHBHOCTH R Bo3pacraet Ha 10-20%. Ilpm 310M 3aMETHOTO 4AaCTOTHOIO CABHTa
GONBIIMHECTBA YKA3aHHBIX MOJOC HE MPOMCXOAUT. Takoe yBeNHYECHHE HHTCHCHBHOCTH C POCTOM I, KaK IMOKa3an
KBAHTOBOMEXAHMYECKHHM PAcyeT ANs MOACIBHOTO cOeauHEHHs [14], CBA3aHO C H3MEHEHHWEM OIEKTPOHHOH
IIOTHOCTH HA ATOMAX, C KOTOPBIME MOJIEKY.Is! BO/bI 00pasytor H-cBs3n. TTOCKONBKY PaCCMOTPEHHBIE KOIEOaHHS
OTHOCATCA K CBA3SM C Y4ACTHEM aTtoMoOB a30THCTHIX ocHOBaHMi (N3, N7, 02, 04),T0 CBA3BIBAHHE MOJCKY]X
IPOHCXOJHT HMEHHO MO 3THM nempau (0] cmm.mannn monekyn Boasl ¢ C606 rpynmamMu CBHAETENBCTBYET
TOHIDKCHHE YacTOTH v=1682 cM” Ha 2-3 cM™ (pEc.3r) B pocT MHTEHCHBHOCTH Ha 20%.

Bo Bropom mETepBane 4<n<9 NPOMCXOAMT PE3KHi BBICOKOYACTOTHBIM CmBur Ha 3-4 em? mormoc,
COOTBETCTBYIOIMX BHYTPHKOIbIEBEIM KoneGammam C=N (puc.3a,6) 1 BEekoIbLCBEM KoneOarmam C=0 Ha 3cM™
! (puc.3B,r), KOTOPEIi CONPOBOXKIACTCA YMCHBIICHHEM HHTCHCHBHOCTH Ha 10-12% (rmmoxpommsm). Ota
apdexTsr B 2-3 pasa MCHBIIC IO CPAaBHEHMIO ¢ amanormumbivME ddexramu ami JIHK B AByxcrupamsHOHR
xonopmamms [15 ], uT0 BHOTHS OOBACHHMO, HOCKONBKY B AByXCrmpambsHOH cTpykrype TPHK maxomarcs
npuﬁmmmmmxowSO%awmocmnanni Kak noxa3an pacyer pesoHamCHmX Hacror [ 16 ],
OOHApY)KEHHBIE BHICOKOYACTOTHBIC CABHTH monoc M HaOmomaemsri HIK-ranmoXpoMH3M CBHACTCIBCTBYIOT O
nepexoze crebneit TPHK B cnnpam.nylo A-xoR(OpMAIHEIO. ITOT BHIBOA COOTBETCTBYeT paboram [ 5-8 ]. l'Ipn
n>3 nonoca nornomerns 1698 oM™ Hexeirepuposarsoit TPHK nperepnesaer «rony6oin casar 10 v=1702 o’
(puc.37), 9To TaxKe roBopuT 0 nepexone TPHK B companbHyro KOH(POPMAIHIO.

B Tpersem mmTepBare 9<n<l4 momoca mornmomemms 1655 cu’ (xoneGamms C404 u C202)
OPETEPHEBAcT HA3KOYACTOTHBIA CABHT HA 34m‘;,v‘Panee. OpH HCCIGAOBAHHM KOMILIEKCOB TIOJMHHYKICOTHIOB

i,
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poly(xA)-poly(rU) [5], poly(dA)-poly(dT) [17] , poly(rG)-poly(rC) [8] Taxoii adexr st monoC noromErNs,
COOTBETCTBYIOIIEX KADOORWILHEM KoneGamusaM, He Obu1 oOHapyxen. U3 nammsix PCA H3BECTHO Takoke, 4YTO
TperryHas crpykrypa TPHK CTaGHIM3HpYeTCS NPABHIBHBIME H HENPABHILHLIME H-CBS3SMH C Y4ACTHEM ITHX
xap60nmnmrpynn[l] TToaToMy MBI HOJNAraeM, 9TO OOHAPYKCHHBIH HH3KQYACTOTHBIA CHBHI MOJOCHI
1655cm™ cassan ¢ (opMEpoBanEEM TPETHIHOK cxpynypu TPHK B 210M HETEpBaNe aGCOPOIHI BOBL.

un|A||-|b CAXADOMOCHATHOM a
UL TIONIOC nomomem CHMMETPHYHOrO (V,) M AHTHCHMMETPHYHOIO (V,) KomeOammii Qocparos PO, u
BBIPOKACHHOIO KoJIe0anus aroMoB pubo3sl [18,19]:
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1110 Puc. 4 3aBUCHMOCTH 4acTOT V M HHTEHCHBHOCTeH R oT n
i W monoc mornomerms PO;” rpymm vs=1090cm’,
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HH3KOYACTOTHOE CMEIICHHE V,, ¥ BHICOKOYACTOTHEIH CIBHT V, HA 6-7 CM” yKA3BIBAIOT HA CBA3BIBAHME
MOJIEKya Boasl (ocarabivE rpymmamMu. [TOCKONBKY 3TO CMEIICHHE NMPHOMHM3HTENBHO B 3 pa3’a MEHBINE, YeM
CMEINCHAS aHAJIOrHYHOro Koebanms v, JHK [15], To creayer monarars, 9TO CBA3BIBAHHE BOIBI C IPYIMAMHE
PO, B TPHK Menee mpousoe, yeM ¢ TeMu ke rpymmamMu JIHK. PocT HHTEHCHBHOCTH 3THX IOJIOC BO BCEX TPEX
HHTEPBAJIAX COPOLHMA YKa3hIBACT HA TO, 410 CreneHs ruapatauud TPHK coorBercTByeT n=14 MONEKyIaM BOABI
HA OJMH HyKICOTHZ. YacroTa NOJOCH NOIJIOMEHHA pPHOO3BI 1105cM” B mepBoM mETepBane copOimu
NPAKTHYECKH HE H3MEHSETCS, OHAKO BO BTOPOM HHTEPBANE J0 N=8 OHA IPETEPNEBACT BHICOKOYACTOTHBIA CBHT
10 1120cu™ (prc.4B), 4TO CBA3AHO, MO-BHIHMOMY, C KOH(OPMAIMOHHEIME H3MCHEHHSMH PHOO3BI: HMEHHO B
3TOM HHTEpBANE, Kak ObUIO CKAa3aHO BhINE, MPOoHCXomuT nepexon crebneit TPHK B AByXCIHPANBLHOE COCTONHHEE.
POCT HHTEHCHBHOCTH JAHHOM NOJOCHI BIUIOTH 40 n=14, kak ® B ciay4ae ¢ (ocaTHEIMH MOIOCAMH,
CBHZCTE/BCTBYET O CBA3HIBAHHE MOJEKyX Boasl ¢ C2’OH rpymmamu puGo3sl. ITOCKONEKY HHTEHCHBHOCTH THX
[ONOC BO3PAcTaeT H B TPEThEM HHTEPBANe COPOMME, TO HANO MONAraTh, YTO HAa 00pa3OBAHHE TPETHYHOM
CTPYKTYpHI TpeOyeTcs 4-5 MONEKY BOJBL

H3MepeHns AWINEKTPHYECKHX mapameTpoB pactBopa TPHK Tamke mo3BOMAIHM ONPEJCIHTH CTCHCHB
ragparanud TPHK, koTopast okasanack 6m3K0M (~13 MOMEKyT BOABI HA OJHWH HYKJICOTHA) K COOTBETCTBYHOMICH
BCJTHYHHE BO BJIAXKHBIX IUICHKAX.

Tamoﬁpamu,uomcmmmmmmrmmma{*‘“‘)nnepecmmomnym
cymmapsroii TPHK cocrasnser 1411 Monexyn BOABL

Panee HamMu OBUIO YCTAHOBJICHO, YTO CTENECHH TMAPATAIMH TONHHYKJICOTHIOB COOTBETCTBEHHO PABHBI:
h'=7(11), h=11(x1), h'=12(£1), h"=9(x1), h*¥=14(1), h""=8(+1). Tax xax B CpeaHEM B ABYXCIHDATHHOH
crpykrype B crebmix TPHK maxomurcs ~55%Bcex HyKICOTHZOB, TO cremeBb ruaparamud TPHK moxHO
TPEACTABHTH B BH/IE
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A-Y r-Im v 4 r i g
H™ — 557 ;h P :h LA
rae h™" - cremens ruaparamuu HyKneoTHAA mpH (HOPMHPOBAHMM TpeTHYHOM crpykrypsl TPHK. IMoacraBnss
H3BECTHBIC BETHYHHBI B ()OPMyNy, MOXKHO HaHTH, 4TO Ha 00pa30BaHHE TPETHYHOH CTPYKTYPH HEOOXODHMO
OKOJI0 4 MOJIEKYJ BOABI HA HYKJICOTHA. VI3 3aBHCHMOCTH BEJMMMHEI V OT N (DHC. 3B) TaKke BHIHO, YTO 3TO
KONMHYECTBO MOJEKY] BOAN HeoOxommmo mua (opmupoBaHms TperwuHoM Crpykrypsl TPHK. Hamaume
cmupama3oBanHkX crebnei TPHK o6ecneynBaeTca JOCTATOYHEM KOIAYECTBOM IHAPATHPOBAHHLIX HOHOB Na' B

HCCIIeyeMbIX 00pasiax.

BBIBObI
IpoBencHubIe MccnenoBanus ruapatanud TPHK H NOMMHYKIEOTHIOB CBHACTENLCTBYIOT O TOM, YTO
BOJA HIPacT BAXHYI0 PONb HE TONBKO B (JOPMHPOBAHMM BTODHYHOM CTPYKTYPhI, HO H B CBEPTHIBAHMH
TpancnoprHoii PHK B Tpernumyo CTpykTypYy.
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The metal (Mn2+ Mg*" ,Ca2* ,Cu 2+ ) ion effect on the DNA structure in films is studied at different
relative humidities (5-98%) by the IR-spectroscopy 'method. The results obtained evidence the interaction of
the ions with  DNA phosphate groups ‘as well as with nucleic bases. The formation of the secondary
structure of DNA eomplexed with-metal ions is shown to take place at the greater number of water
molecules bound to the polymer than in the case of DN A without ions. The interaction of DNA with metal
ions prevents its transition into A-form and induces essential changes in the hydrate water of the
complexes. The models for the ion interaction with DNA macromolecules and its components are
discussed.

Keywords: DN A structure, metal ions, vibration spectroscopy

The active biological role of divalent metal in the function of the genctic apparatus in
cancerogenesis and mutagenesis has been attracting permanent interest in the interaction of these ions
with nucleic acids. A great number of works has considered this problem [1-10] but at present binding
sites of Me on DNA, molecular mechanisms of interactions of the hydrate water with DNA
complexed with metal ions have not been clarified yet.

The present work continues the previous studies carried out using the viscosimetry, CD
and  differential UV-spectroscopy methods [8,9]. The work studies Mn2+ ,Ca2* Mg>* and Cu 2+ ion
interactions with DNA in films at various relative humidities by IR- spectroscopy. The method used
gives information on metal ion binding sites, the metal ion effects on the macromolecule transition
into the double helical conformation and on properties of the hydrate water of the complex. Such data
are necessary to develop real models of the Me ion+DNA hydrate complex and to understand
mechanisms of ion-hydrate environment effects on the structure and parameters of macromolecules.

EXPERIMENTAL

Native calf thymus DNA of molecular weight 1.9 x 107 Da was used, the protein content being
smaller than 0.5%. DNA was extracted in the D.Yu. Lando Laboratory (Minsk, Belarus). The
hypochromic effect was 36% at A = 260 nm. The number of elements Na* and K+ determined with a
FPL-I flame photometer in DNA preparations (regarding their "dry" weight) was 7.0 £ 0.2 and 0.6 *
0.02%, respectively.

Methods of the DNA film preparation and IR spectum recording with an IR-
spectrophotometer UR-20 (Zeiss, Jena) are described in details elsewhere [4]. IR spectra of DNA
complexes with the above ions were studied in the range of relative humidities (RH) from 5% to 98%. The
temperature was 29°C. The average number of water moles per mole of DNA nucleotides (n) was
determined as described in [4].

RESULTS AND DISCUSSION

To investigate Me?* ion effects on the structure of DNA and its hydrate shell, IR
spectra of DNA complexes with Mn2+ ,Ca2+ and Cu 2+ions were studied in the range of relative
humidities (RH) from 5% to 98% (Figs.1,2). As binding constants for the Mn2+, Mg** ,Ca2+and Cu 2+ ion
association with DNA differ  essentially, various concentrations of ions ([Cu?*)/[P]=0,4,
[Mn2+)/[P]=1, [Ca?*)/[P]=10-20) were studied in order to compare effectsinduced by Me2+ ions. The
analysis of the spectra obtained shows that the above metal ions induced essential changes
in IR-spectra of DNA in the absorption region of the sugar-phosphate bone as well as of the
nucleic bases (Figs.1-3 ).

Thus, Ca?* ions induce shifts and intensity changes of the absorption band of asymmetric ( v
=1230 cm!) and symmetric (v =1087 cm-! ) vibrations of PO- groups and 14 cm! shift of the
absorption band of ribose (v =1055 cm') in DNA at [Ca2* )/[P]=20 and n=8 (76 % RH) (Fig. 2). At
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Fig 2. IR spectra of DNA+Me”" complexes at 76% RH
N in D,O.

. Fig 1. IR spectra of DNA+Me”* complexes at 76%

RH.

n>12 (98 % RH) these shifts of 1221 cm-! and 1087 cm-! absorption bands decrease, being 1 - 3 cm-
1. Also, Mn2* ions cause shifts of absorption bands of asymmetrical vibrations of PO groups by 5
cm! to the region of low frequencies ([Mn2+)/[P]=0.4) at 76 % R.H. (Fig. 1 ). With the increase of
the water content in the film up to n >16 the absorption band of phosphates (v =1221cm-! ) shifts up to
v =1222 cml. Cu?* ions induce shifts of phosphate absorption bands at n=8. For ecxample, the
absorption band of asymmetrical vibrations of phosphates for DNA+Cu?* is 1225 cm-!.

Table 1 gives main characteristics of absorption bands of DNA and DNA complexed with
Me?* ions. These data and spectra in figs. 1-3  evidence that Mn2+, Ca2+ and Cu 2+ interact with DNA
phosphates and that DNA complexed with divalent ions seems to transit into B-form passing A-form.
Changes in parameters of spectra of deuterized DNA films and DNA+Me?* ion complexes are shown
in Table 2 It should be noted that the absence of the band 1710 cm-! and the shift of the band 1053 cm'!
characteristic of the presence of the double-helical DNA structure, in addition to the location of
absorption bands of PO-; groups, do not permit the conclusion on the formation of the native DNA
structure complexed with Ca?* ions (Ca/P=0,4+1), Mg (Mg2*/P=1) even at R.H.=98% (Fig. 1-3, Table 1).
The double-helical structure is absent with the all DNA metal complexes studied at R.H.=76% (Fig. 2 ).
Its formation completes at R.H. 98%. DNA films kept in a hermetic cuvette with H20 or D,O for several
(2-3) days showed that metal complexes sorb the larger number of water molecules (n) than the pure
DNA and that this number increases with the rise of the Me?* content in DNA films [ 4,5 ]. So, for
DNA+Ca?+ at Ca2+/P=20 n were 26 while for DNA it was 20 and did not increase on the DNA keeping
in a hermetic cuvette with water for 2-3 days.

Analysis of changes in spectral parameters of DNA (Figs 1 ) and deuterized films of DNA+Me?*
complexes (Fig. 3 ) is given in Tables 1 and 2 , respectively. The comparison of frequencies of
characteristic absorption bands of IR spectra of DNA and its complexes with Me?* ions permits a
supposition that in the presence of Me2* studied DNA transits into the double-helical conformation at
higher R.H.s than the pure DNA. Unlike the latter, the above DNA seems to transit to the B-form



Table 1 Main marker bands in IR spectra of complexes DNA+Me?*,

DNA exp.DNA DNA+Cu DNA+Mn DNA+Ca DNA+Ca DNA  exp.DNA DNA+Cu DNA+Mn DNA+Ca DNA+Ca Assignment
A-form 76% RH ([Cu]/[P] [Mn])/[P] [Ca]/(P] [Ca]/[P] B-form 98% RH [Cu]/[P] [Mn)J/[P] ([Cal/[P] [Ca)/[P] [11-14,16-18]
e =0.4 =0.4 =0.4 =20 - [8] =0.4 =0.4 =0.4 =20
‘ 1714~ 1715 1712 1715 B-f Base double band
1709 1709 1700 1709 1705 1705 1710 1709 A-f inplane str. mode
1695 1695 1690 1688 169 1694 1686 1690 1690 C=0 (T), C6=0 (G)
1670 1670 1660 1665 1662 167 1675 1673 1873 C6=0(G), C=0(T)
1620 1620 1630 1625 1620 1620 1628 1625 C=N (A,G)
1575 1575 1575 1578 1580 1575 1575 15679 1580 C=N (G)
1425 1427 1424 1426 1425 1422 1425 1426 1429 1429 €2’ endo
1421 1419 1419* C3’ endo
1374 1374 1374 1374 1374 1374 137 1374 1374 1874 1374 - 1374 dG, dA anti
132 1329 1329 1328 1329 1329 B-form T
1831 1332 1330 1331 1335 1335 A-form dA+dT
1280 1280%* 1290 1290% 1281r 1281 1290 1280 1285* 1290 B-form T
1277 1275 A-form T
1234 1230 1230 1230 A  Antisym, phosph.
1225 1225 1223 1224 1216 1222 1225 1227 B stretch. vibration
1189 1185%* 1185%* 1185* A furanose
1060 1060 1065 1069 furanose
1053 1055 1055 1058 1055 1058 1058 C-0, anti
968 970 970 970 970 971 969 970 971 971 970 970
930 935 935 935 936 940 931 038 938 940 B marker
894 894 892 890 894 894 896 894 894 894 B marker
897 898 898* 898* A marker
885 888 A marker
864 864 864 865 865%* 865 dC3’ endo
830* 839 832 835 835 833 841 840 840 837 837 d C2’ endo
807 807 809* A marker

* - shoulder
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conformation family, passing the A-form (Table 1). Besides, we note strong conformational changes
in DNA+Cu?* and a DNA disordering at Cu/P>0,4. Data in Table 2 permit analysis of the shift of
characteristic absorption bands of DNA nucleic bases on the DNA interaction with Me2*. Besides, they
permit a supposition that the interaction of Mg?t, Ca2* and Mn?* ions with DNA is realized by
coordination with N7 and O6 of guanine and phosphate groups. For Cu?* ions this complex can be
supposed only with the ion content smaller than Cu?*/P<(,4. In the case of high concentrations of Cu2=
ions a model proposed in [10] seems to be realized. In this model Cu2* ions coordinate with N7 and 06 of
guanine and N3 and O2 of cytosine, locating inside the DNA double helix[5]. Such a complex is possible
in the case of the guanosine rotation around the glycoside bond and the transition to sin-conformation
that, as studies showed, is realized on DNA protonation [8]. Studies on DNA+Cu?+ complexes was
carried out by Raman spectroscopy [5,9] evidence as well the realization of sin-conformation on the Cu2+
binding to DNA at Cu2*/P>0,4.

Table 2 Parameters of spectra of deuterized DNA films and DNA+Me* ion complexes

\

ions | DNA with Mn”" DNA with Cu®" DNAwithCa®" | Assignments
1:0,4 1:0,4 1:20 [SemenovM; Ghomi M. et
R. al; Fritzsche H.et al]
¥ (N) 1550 C=N(C)at presentCu”"
15751578 15757 157551580 |C=N(G) .
(N) 1580 C=N(G)at presentCu’*
1620->1625 16201630 C=N(C,A)
% 1645 16457 C,=0(C)
° | 16701665 —1660T
1670 16701662 | Ce=0(G), C=0(T)
169516887 1695->16904 C=0(T), Ce=0(G)
(N)1550 C=N(C)at presentCu**
1575651579 157551580 |C=N(G) 2
(N)1583 C=N(G)at presentCu
. 162016281 16201625 g==1\(1§(%;\)C_O(T)
° | 16751673 1675—1673 6 5 L=
16941690 169416861 169416904 |C=O(T), Ce=0(G)

M- decrease or increase of the absorption band intensity
—> - shift of absorption bands in spectra of DNA+Me2*complexes are indicated in comparison with DNA

spectrum;
(N)-new absorption band.

The analysis of dependencies of frequencies and intensities of absorption bands of
nucleic bases and the sugar-phosphate bone on the number of absorbed water molecules per
nucleotide (n) allows to study interactions with ions and structural changes of macromolecules. The
absorption band intensity was characterized in relative units R = Di/Do , where D; and Do are optical
densities at the maximum of absorption bands at i- and minimum relative humidities, respectively.
The minimum relative humidity was 5%.

Figures 3 show dependencies of frequencies and intensities of stretching vibration bands of
DNA phosphate groups complexed with divalent ions. It is known that for DNA such dependences
permit to observe the transition into A- and B-form at n=8 and n=12, respectively [15]. It can be seen
that for DNA+Me?* ion complexes essential changes in the character of the above dependences are
observed. Thus, Mn2* and Ca2* ions decrease the intensity of these DNA absorption bands, while Cu?*
ions increase it. Probably, the decrease of the intensity is due to the fact that Ca2* and Mn?* ions
interacting with phosphates prevent from their hydration, while Cu?* ions are able to locate inside the
DNA helix, forming interstrand complexes [5]. Besides, they do not prevent from the hydration of the
bone, and the increase of the intensity could result from P=0 bond polarization during the interaction.
Cu?* ions with DNA
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Fig.4. Dependencies of the frequency (v) and
relative intensity (R=Di/Do, where D; and Do are
the optical densities at the maximum of
absorption band at i and minimum relative
humidities, respectively) on the number of

Mn2+/P=0.4; 4-A Mg?*/P=1; 5-0 Ca?/P=1; 6- v

Ca2*/P=20 absorbed  water  molecules: (O)DNA,

(X)DNA+0.4[Mn2+]/[P],
(®)DNA+0.4[Cu?]/[P], (A)DNA+20[Ca2+)/[P].

At n<3 frequencies of asymmetrical vibrations of phosphate groups of DNA+Me?* ion
complexes, except Cu?* ions, are shifted to the region of lower frequencies as regards those in the
DNA spectrum. Also, it should be noted that for DNA the transition into the double helical
conformation (B-form) is identified by the shifts of phosphate absorption bands to v =1224 cm-!, 1087
cm! (it occurs at n=12 for DNA in the absence of Mc?* ions [15]), while these bands are observed at
n=18 for [Ca2*]/[P]=10, n=24 for [Ca2+]/[P]=20, n=14 for Mn?* ions and n=12 for Cu2* ions.

Data of Table 1 and dependencics obtained for intensities and frequencies of vibrations of
phosphate groups of DNA complexed with Me?* ions indicate that all the above ions delay DNA
transition into the B-conformation. DNA macromolecules complexed with Me?* jons transit into
the B-conformation at n=14 for Mn2* ions,n=18 and 24 for [Ca2*]/[P]=10, 20, respectively, and n=12
for Cu?* ions (Fig. 3 ). This effect was also observed for DNA complexed with monovalent ions

(7.

Also, DNA transition into the double helical conformation is identified by the
appearance of absorption bands (v =1053 cm! ) of ribose and the in-plane stretching vibration mode
(v= 1705 cm! )[14,15]in the IR spectrum of native DNA at n>8 (Table 1) The observed IR band
with a peak position at v=1705 cm-! is fairly well reproduced by calculations with the double-strand
structure of Poly U (1707 cm-! for C =O(U) absorption band of IR spectrum) [15]. Divalent metal ions
induce the low frequency shift of this absorption band in IR spectra. For DNA+Me?* complexes the
appearance of absorption bands at the above frequencies is observed at n=14 ((Mn2*]/[P]=0,4; 1,
[Ca2+]/[P]=10), n=20 ([Ca2*)/[P]=20) and n=12 in the case of Cu2* ions.

At n<12 the absorption band of ribose is resolved at v =1065-1070 cm-! in the IR spectrum of
DNA complexes with Ca2* and Mn2* ions. This band is not observed in the case of Cu2* ions.

Dependencies of frequencies and intensitics of absorption bands of DNA nucleic bases and
DNA+Me?* complexes on the number of absorbed water molecules show the delay of the DNA+Me2*
ion complex transition into the helical conformation and the above frequency shifts too (Fig. 4 ).

It should be noted that the decrcase of the intensity of absorption bands of nucleic bases due
to the DNA+Me?* ion transition into the double helical conformation is observed at n=10 (n=8 for
native DNA) (Fig. 4). The discrepancy of intervals for n values at which the structural transition of
DNA+Me?* ions is identified by dependencies of frequencies and intensities of absorption bands of
phosphate groups and nucleic bases can be explained by the preferential binding of Ca2* and Mn?* ions
to biopolymer phosphates and by hydration of these centres. Such a discrepancy is not observed in
the case of Cu?* ions, which is due to higher values of binding constants for these ions bound to DNA
bases than those for phosphates [5,14]. All the divalent ions, except Cu2* ones, induce the shift of the
frequency of the absorption band of stretching vibrations of the absorbed water from 3420 to 3400
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cm! , perhaps, due to the Ca* and Mn2* ion interaction with H>O in outer layers of the DNA
hydrate shell (Fig. 5).

It is also known that the frequency shift of this absorption band is proportional to the
excess enthalpy of water molecule evaporation from the complex [13,15]. This leads to a conclusion that
the binding of water molecules to the DNA+Me2* complex is stronger than that to DNA
macromolecules without ions.

Also, it should be noted that on the complex formation the maximum number of absorbed
water molecules in the DNA hydrate shell increases (Fig.3). It follows from the fact that on the long-
term (for about 5 days) keeping of DNA+Me?* films at R.H.=100% maximum numbers of absorbed
water molecules for Ca?* ions are 23 at [Ca2*]/[P]=10 and 26 at [Ca2*)/[P]=20. For Mn2* and Cu2*
ions this value is 22.

3440

4

1304 y emet
3420
3410
3400
3390
3380 1
3370i
3360-

Ll * L) = 1 e Ll

0 4'6'12 0 D s

Fig.5. Dependecies of the frequency of the absorption Fig 6. Dependence of sorbed water molecules
band of absorbed water molecules on DNA: (O)DNA, (n) on relative humidity (RH) for DNA (1-°)

(@®)DNA+0.4[Cu2+]/[P], (X)DNA+0.4[Mn2+]/[P], : M on_ 2 (a
(A)DNA +20[Ca2*J/[P]. and complexes with Cu™" (2-®) and Mn*" (3-@)

The dependence of n on relative humidity of DNA + Cu?* and DNA+Mn?+ by data of IR-
spectroscopy and picsogravimetry methods are shown on fig. 6.
Binding DNA with Cu?* decrease of the DNA sorption degree and RH =30-70%. In the range of
RH=50-70% where DNA transition into double helix conformation is observed, the decrease of the
DNA sorption degree is two water molecules per nucleotide (n=2). For Mn?* ions this values [Mn 2+/[P]
=0.4 is about n=1 and coincide with curve for DNA molecules without ions (Fig. 6 ). This effect can be
explained by the fact that Me 2* bind with N 7 of the guanine and N 3 of the cytosine, which involved in
hydration bonds formation. The DNA double helix structure formation is occurs at interaction water
molecules with this centres on DNA molecules and dehydration N 7 of the guanine and N 3 of the
cytosine during binding with the Cu?* ions and in this case the number of the water molecules need for
transition DNA + Cu?* are increase .

Conclusion

The results obtained show that in the presence of metal ions DNA transits into the B form by
passing the A form. All the investigated ions delay the DNA transition into the B conformation. The
transition occurs at 7 = 14 for Mn2* ions, n = 18 and 24 for [Ca2*}/[P] = 10 and 20, respectively, and n =
12 for Cu?* jons. Cu?* and Mn?* ions decrease the DNA hydration while Ca* ions increase it. From the
fact that shifts of frequencies of stretching vibrations of the water sorbed on the DNA+Me?* complex are
observed, it may be concluded that the binding of water molecules to a DNA + Me?* complex is stronger
than that to DNA macromolecules without ions.

The results obtained evidence the modification of the secondary DNA structure, specifically, the
B-A structural changes in some part of the DN A molecule complexed with Ca2* at high concentrations of
calcium ions ([Ca2*)/[P] = 20). Studies of DNA + Cu?* complexes ([Cu?*)/[P] = 0.4-0.6) show that the
DNA structure cannot be assigned to any of the known conformations (A,B,Z). The purine nucleotide
transition from anti to syn conformation was observed in DNA complexes with Cu?* ions and at the high
(ICa?*)/[P]=20) concentration of Ca2* ions. These data can support the model of the DNA + Cu?*
complex proposed in Refs. [9,10].
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Ka.nopume’rpuqeéxm METOJIOM YCTaHOBJIEHA AHOMAJIUS TEIUIOBLIX CBOMCTB JICHATYPHPOBAHHOM BIAXKHOM
JHK, npossisioniascs B BALE CKayka TEILIOEMKOCTH, TEMIIEPaTypa KOTOPOrO 3aBHCHT OT CTENEHH IMAPATalluH.
ConocrasiieHHe BCEX TEPMOAMHAMMYECKHX M KMHETHYCCKMX OCOOCHHOCTEH OGHApYKEHHOM aHOManmMM ¢
KJIACCHYECKMMM NPU3HAKAMU TIPOSBIECHHMA OJHOrO M3 OCHOBHBIX PEJIAKCALMOHHBIX IMPOLECCOB B TBEPAOM Tene -
TpoLecca CTEKJIOBaHMS B aMOP(HBIX CHHTETHYECKMX MOJMMEpPAX, a TAkkKe B PSAe BIAKHBIX ACHATYPHPOBAHHBIX
6eIKOB T03BOJISIET YTBEPXKAATD, YTO M B PACCMATPHBAEMOM Clyyae HaGJIONAeTCs MPOLECC CTEKIOBaHMs, a BOAA NIPH
9TOM ABJISETCH ECTECTBEHHBIM IacTH(ukaropom. Murepsan Baaxnocred, B kotopom JIHK cymecrsyer B Buie
CTEKJa IIWPE, 4 OTHOCHTENbHAY BEIMYMHA HM3MCHEHWA TCIUIOEMKOCTH NPH PacCTEKIOBbIBAHMM GoJbIIE, 10
CPAaBHEHHMIO C OENKaMH, YTO Ia€T OCHOBAHHWE MPENOIAraTh, YTO MPOLIECC CTEKIOBAHKA MrpaeT eme GoMbuIyIO poils B
Terossix ceoiictBax JTHK, yem Genkos.

KJIFOYEBBIE CJIOBA: kanopumerpus, ruapatauus, JJHK, creknoBanue.

Panee Hamu B 1IeJIOM IHKJIE paboT, MOCBAIIEHHOM H3YYEHHIO TEILUIOBHIX CBOMCTB cHCTeM Gesok - Bosia
[1-3], GbLI0 MOKA3aHO, YTO MOCHE ACHATYPALHH Kak (pMOPHILIAPHBIE, TaK B TIOOYISpHEIC GEIKH B NPHCYTCTBHH
CBA3aHHOM BOJIBI CIOCOOHBI NIEPEXONTD B CTEKI000pa3HOE COCTOSHHUE.

B Hacrosme#f pabore B mNpoOJOIDKEHME OTOTO IHMKNA WCCIIEJOBAHMIM BHINOJIHEHO JETaIbHOE
KaJOPUMETPHIECKOE M3ydeHVe TemoBbIX cBoicTB cuctemsl JIHK - Boma ¢ mepeMeHHbIM COEpKaHWeM BOJIBI.
IIpobneme ruaparamuu JTHK nocesmeHo xoctaroyHo Gonbmoe KonwdecTBO paboT, OIHAKO, Kak MpaBMIIO,
BHUMaHHE HMCCIENOBaTeNIeH NpH 3TOM COCPENOTOYEHO Ha mpobneme B3ammozeicTsua ¢ Bonoit [IHK B ee
HaTHBHOM cocTosiHMH [4]. B Hacrosmeii paboTe oCHOBHOE BHUMAHHE YAENIEHO W3YYEHHIO TEIUIOBBIX CBOWCTB
neHatypupoBanHoi JIHK. OtMerwMm, 4TO HaHHBIE, NONydeHHble Hamm i HatusHoW JIHK, Haxomsarcs B
XOpOLIEM COMJIACHH C Pe3yNbTaTaMH TEIUIOBLIX WCC/e0BaHMi, aHAM3HpYeMbIX B paGote [4]. B pesynbrate
npojenaHHol paGoTel GbUIO ycTaHOBNIEHO, 4TO NeHaTypupoBanHas J[HK, copepkamas BOAy B CBS3aHHOM
COCTOSIHMH, KaK ¥ BJIaXKHble OJIKH, PH OXJIAKIEHHH NIEPEXOIUT B CTEKI000pa3Hoe COCTOSHHE, IPH 3TOM BOJIA B
NpoLEecce CTEKJIOBAHHSA UTPAET POJIb €CTECTBEHHOTO IIaCTH(HKATOPA.

MATEPHAJIbI U METO/bI

Bce u3mepenus BbiNoNHEHs! Ha MupdepeHUManbHOM CkaHupylomeM MukpokanopuMerpe JICK-111
¢upmbl «Setaram» € COrNIACOBaHHBIM C HMM BBIYHMC/IHMTENBHBIM KoMmiuiekcoM Intertechnic-50 (Ppanums).
YyBCTBHTEILHOCT, MHKpOKanopumerpa 3¢10° J[i/c. Ommbka B ONpeeNeHAN BEJIHYHH TEMIOBBIX s dexron
HHIyLMPOBAHHBIX TEILIOM CTPYKTYPHBIX IpeBpamieHtii GHonoammMepa ¢ UCHOJb30BaHHEM MPEIOKEHHOTO HAMU
paHee 3KCIEPUMEHTAIbHOro criocoba nposeieHns 6a30BOM JIMHAM B TEMIIEpaTypHOM HHTEpBaiie NMepexona it
npoluecca JieHaTypamuu cocrasisana +5%. ITorpemHocts B onpeneneHny aGCOMOTHBIX 3HAYEHHH H3MEPAEMBIX
Temmneparyp cocrasisia + 0.1 °C. B kayecte oObekTa HCCeIOBaHHS B pa60're ucnonb3osancs npenapat JTHK
THMYCa TeleHKa QUPMBI «Servay.

PE3YJIbTATHI U OBCYXJIEHHUE

H3pecTHO, 9TO B pesyabTaTe MPOAODKUTENLHOrO TerioBoro Bosaeiictsus JTHK Tepser cnoco6HOCTH k
penatypauud. Ha puc.] (xpusbie 2-8) mpuBeIeHbI TeMNepaTypHbie 3aBUCHMOCTH TaKOrO JAEHATYPHPOBAHHOIO
obpasua NpH pa3IMYHOM COZepXaHuM BOIbl. Kak cnemyer W3 pHCYHKa, UIS BCEX KPHBHIX TEMIEpaTypHOM
3aBHCHMOCTH TEILIOEMKOCTH NeHaTypupoBanHoit JIHK npu comepxanuu Bozasl 6omnee 40% XapakTepHO HaIH4YHe
Makcumyma BOmm3H 0°C, 06ycroBNeHHOrO IUIaBJieHHEM JbJa., 06pa3ylomerocs npy 3aMOpaXHBaHKH 06BEMHOM
CcBOOOHOM BOIBI.

ITonyueHHble HAMA JaHHBIE I MAKCHMAJILHOIO KOJMMYecTBa cesasbiBaiomeiics ¢ JIHK Boapl, a Takke

Ui BCEro Xxoxa KpuBOM 3aBUCHMOCTH AQ,, (CH0 %) (puc.26) HaxomATcs B XOpOWEM COIVIaCHH C
JIUTepaTypHBIMH TaHHbIMU [4,5].



I'.}. Ueperemm, O.J1. Bapemok, T.B. Benononsckas

.

U3 npuBeeHHBIX Ha pHC.] pe3ynbTaToB HauboJee BaXKHBIM, HA HALI B3IJIAM, ABJIAETCS YCTAHOBJICHHBIH
3KCTIEPUMEHTAIBHO (akKT CymecTBOBaHMA aHOMAJMH-TEMIEPaTyPHOTO XOa TEIUIOEMKOCTH B BHAE ckayka AC,
s o6pasuos aeHatypuposanHol JIHK, conepxkammx Tobko cBsazaHHyio Boay. Ilomydero, uto Habmonaembiit
CKaYOK TEIUIOEMKOCTH MMeeT BenmduHy npumepHo 0.42 J[x/reK B mepecuere Ha CyXoif BeC B NMPEATNONOKEHHH,
4TO TEIIOEMKOCTh BOABI paBHa 4.18 JDi/reK u mpaxTHyeckd HE 3aBHCHT OT BJI@XHOCTH, B TO BpPeMs Kak ero
temnepatypa T.; (puc.2, kpuBas 1a), Kak M B J€HAaTYpHpOBaHHBIX Genkax (puc.2, kpuBas 2a) OYEHb CHIBHO
H3MEHseTCs Co cTeneHsio ruaparanuy JTHK.

PaccMatpuBaeMasi aHOMaJlHsl TEIUIOEMKOCTH paHee Oblla OGHAapy)KeHa HAMH B JIeHaTypHPOBaHHON
JIHK ¢ 14% Bombl ¥ UHTEpPNpeTHpOBaHa (110 AHAIOTHH C HCCIEIOBAHMAMM TEIUIOBBIX CBOMCTB GENKOB) Kak
KaIOpHMETPHYECKOe MpOsBICHME Inpouecca crexioBanus [1]. B  Hacrosme#f pabore mnomydeHs!
JKCNEPUMEHTAIbHBIE (aKTBI, IIOJHOCTBIO MOATBEPXKJAIOMKE NPEUIOKEHHYI0 MHHTepnperaumio. K Hum
OTHOCSTCS, TIOMUMO 3aBHCHMOCTH TeMmmepatyphl ckauka T, OT cOep)KaHHs BOJbl B COXPAHEHHS B MEPBOM
npHOMIKEHHH BETHYMHBI CKayka TeroeMkoctd AC, MpH pasMYHBIX CTENMEHAX THApPATAlMH, MOTY4eHHbIH
XapaKkTep M3MEHEHHs TeMIIePaTyphl CKauKa P M3MEHEHHH PEKUMOB HarpeBaHHsA/OXJIKACHHA.

Kpome Toro, mosBlieHHe JIONONHMTENBHOrO MaKCUMyMa Ha KPHBOW TeMIepaTypHOH 3aBHCHMOCTH
TEIUIOEMKOCTH TI0CJIe MPOBENCHAS OTIKHra HCCIIeYyEMON CHCTEMBI H XapaKTep ero H3MEHeHHs B 3aBHCHMOCTH OT
BpPEMEHH TeIUIoBOH 00paboTkM TaKkke O4YEHb THUIHMYHBI Ui KaJIOPUMETPHYECKOTO IPOSBIEHHSA NPOLECCOB
CTEKJIOBAHHA.

ComocTaB/ieHHe BCEX TNEPEYHCIEHHbIX OCOOEHHOCTEH KAaIOPHMETPHYECKOr0 MPOSABIEHHS TEIUIOBBIX
cBoifictB neHatypupoBanHod JIHK ¢ THNMYHBIME TNpH3HAKaMH OJHOTO H3 OCHOBHBIX PpENaKCALMOHHBIX
NpOIIECCOB B TBEPJIOM TeJie - MpOLIEcca CTEKJIOBaHHA B aMOP(HBIX CHHTETHYECKHX Nonumepax [6], a Taxke B
pane HAPaTHPOBAaHHBIX AEHATYPHPOBaHHBIX OenkoB [1-3] Ge3ycnoBHO JOKa3bIBaeT, 4TO H B JAHHOM Cllydae
HMeEeT MECTO NPOIECC CTEKIOBAHHUA, a BOJA IPU ITOM SBJIAETCS €CTECTBEHHBIM IUIACTH(HKATOPOM.

H3BeCTHO, YTO NMpH MEpEeXojie M3 CTEKIa B BHICOKOIIACTHYECKOE COCTOAHHME TOSBIACTCS HOBBIN THII
TEIUIOBOTO JIBIDKEHHMs, HE CBA3AHHBIN C KOJEOATeNbHBIM CEKTPOM HCCIEIYeMOM CHCTeMBI M OGYCIOBIEHHBIN
NOABJICHHEM TPAHC/AUMOHHONO MBWXKEHMA Moiekyn [6]. B cioydae aMOpQHBIX CHHTETHYECKHX U
JICHATYPHPOBAHHBIX  OHOJOrHYECKHX NONMMEPOB ITO O3HAYaeT MOSABJCHHE TPAHCISLUOHHOTO IBHKEHHS
OT/IENbHBIX CErMEHTOB MoJeKysn [6], koTopoe, B CBOIO O4epelb, ¥ MPHBOAMT K TNOSBJICHWIO MHKPEMEHTOB
TEIUIOEMKOCTH, CONPOBOXJAOMMX 3TH npouecchl. Takum o0pa3oM, TONYYEHHbIE HAMHM JaHHbIE
CBHJICTEJILCTBYIOT O TOM, YTO BO BI&XHOH AeHatypuposarHoi IHK, kak u B Genkax, Hamwane ckauka AC, Ha
KPMBBIX ~TEMIEPAaTypHO 3aBHCHMOCTH TEIUIOEMKOCTH HENOCPEACTBEHHO CBA3aHO C HM3MEHEHHEM
KOH(OPMALMOHHOM NOABWKXHOCTH TIPH PAaCCTEK/IOBBIBAHUN.

[anee npyu McCeI0BaHUM BIMAHUA OTKHIa Ha TeroBsle cBokicTsa [JTHK Hamu GbLIH OTYdeHB! HOBBIE
MHTEPECHBIC OCOGEHHOCTH TOBEJeHMA CHCTeMbl JeHaTypupoBanfias J[HK - Bojga, ykaselBalompe Ha
peJlakCallMOHHBIM XapakTep HcciexyeMoro mpouecca. Okasanock, 4YTO0 HaubONBIIMN MO BENTHYMHE
JOTIOHUTE/IbHBIA MAKCUMyM B 0011aCTH CTEKJIOBAHMS, NPEBBINIAIONMME BEIMIMHY CaMOTO CKayka, Habimonaercs
B TeX Cily4asX, KOrJa CTeKI000pa3HOe COCTOSHHE MCCNeIyeMOl CHCTEMbI MOMYYEeHO HETOCPEACTBEHHO U3 ee
resieo6pa3Horo COCTOSHMA € ColepkaHueM Bofbl He MeHee 50%. IIpu 3Tom GBUIO YCTAHOBNEHO, UTO BETHYHHA
Ha0/OaeMOro  IOTIOIHATE/NLHOTO ~ MaKCHMyMa 3aBHCHT OT  MCTIOJB3YeMBIX YCHOBHH NpPOBENEHHMSA
KaJIOpUMETPHYECKOrO OMbITa, YMEHBIIASCH C NOHMKEHHEM CKOPOCTH HarpeBaHus, T.e. HMEET PENaKCaLMOHHOE, a
He CTPYKTYpHOE NPOMCXOX/CHHE, B OTIMYME OT MAKCHMYMOB Ha KDPHMBBIX TEIUIOEMKOCTH, ONpENENseMBbIX
(a3oBbIMH mepexopaMu, AUl KOTOPBIX TEMIOTa Nepexoia He 3aBHCHT OT YC/IOBHI NMPOBENCHHA KCTIEPHMEHTA
[6].

: OTOT JKCHEPHMEHT, Ha Hall B3MVIAJ, NEMOHCTPUDYET HOBBIE HEH3BECTHHIE paHee OCOGEHHOCTH
TPOLIECCa CTEKIOBaHHs, 00YCIOB/IEHHbIE CTIeLH(HIECKHM B3aMMOEHCTBHEM BOMIbI ¢ GHOMAKPOMONEKYJOM.

HeobxoauMo oTMETHTB, 4TO NOABIECHHE B MCCIELYEMOH CHCTeMe CBOGOHOM BOMBI MPENATCTBYET
ONHMCaHHOMY BBIIIE KJIACCHYECKOMY KalOPUMETPHYECKOMY MpOSBIECHUIO NMPOLECCA CTEKIOBaHMs. 3amep3mas
cBoGonHas Boja obpasyer JelfHyl0O MaTpHLY, KOTOPas NpENATCTBYET CKAYKOOGDa3HOMY H3MEHEHHIO
MOJIEKyIAPHO# MOABIKHOCTH cobcTBerHO Monexys1 JIHK. HanoxeHue TeMnepaTypHIX HHTEBATOB TUTABJIEHAS
TIe/AHON MAaTPHLBI M NPOLIECCA CTEKJIOBAHHA ONpENeIfeT CIOKHOE MOBEACHHe TEeMNepaTypHOM 3aBHCHMOCTH
TEIUIOEMKOCTH HCClienyeMod cuctemsl BOmM3n 0 °C m Tpefyer NaibHEMIIEro W3y4eHHs B CBA3H C
HEOOXOMMMOCTBIO pa3/ie/ieHus BK/IAZ0B (a30BBIX M PEAKCAIMOHHBIX TIEPEXOIOB.

Conocrasrienne NoMyYeHHBIX JAHHBIX C Pe3y/IbTaTAMH HCCIENOBAHHA NPOLECCA CTEKIOBAHUA BIAKHBIX
Ge/koB mOKasbiBaeT: MHTepBan BIDKHOCTed, B kotopom [JHK cymectByer B BHme crekia, mwpe, a
OTHOCHTE/IbHAA BENMYMHA HM3MEHEHHA TEIUIOEMKOCTH NpH pacCTEKIOBBIBAHME GOMNbINE, M0 CPABHEHHIO C
Genkamu, 4TO JaeT OCHOBaHMWE NPEANIONAraTh, YTO MPOLECC CTEKNOBAHWA MIPaeT eme GONbUIyI0 poib B
TeroBkIX cBoicTBax JIHK, uem Genkos.




KasopuMerprdeckoe HCCIeOBaHHE CTEKITOBAHMA AeHaTypupoBanHoi JJTHK
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Puc.1. TemnepatypHble 3aBHCHMOCTH TETUIOEMKOCTH CHCTeMB! icHaTypupoBarHas JJHK - Bojia npy pasimuHOM
COZIEPIKAHNM BOJbI:

1-12.8% H,0, 2 - 17.3% H,0, 3 - 25.0% H,0, 4 - 32.2% H,0, 5 - 40.7% H,0, 6 - 44.3% H,0, 7 - 52.3% H,0, 8 -

79.9% H,0.
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Puc.2. 3aBrucumMocTh TerIoBEIX cBOMcTB cucremsl JIHK - Bozma ot
COJIepKaHKs BOJBI:
a) Temneparypsl crexaoBanus Te,: 1 - JTHK, 2 - amopdHoi xenarunsi [2];
6) TenIoTHI NIABNCHUS cBOGOAHOM BOABI AQ,,: 3 - AeHATYpHPOBAHHOM
JUHK, 4 - sarusuo#t JIHK [5].
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QUANTUM CHEMICAL STUDY OF DECAMETHOXINUM
AND RELATED DICATIONS
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The structural and electronic parameters of the dication of antimicrobial drug decamethoxinum and a set of model
ammonium dications with various size of alkyl substituents at quaternary nitrogens were determined by means of AM1
quantum mechanical calculations. It is shown that the most favourable conformation of the decamethoxinum dication in
the absence of water solvent is an extended one with side substituents in the frans-position with respect to the central
chain and intramolecular solvation of ammonium groups by carboxyl oxygens. The positions of two centers of charge
distribution in the decamethoxinum dication are close to the location of quaternary nitrogens while the analysis of the
set of model dications revealed a strong dependence of the positions of such centers on type and size of the alkyl
substituents. Possible correlations of the molecular parameters and the biological activity of ammonium salts are
discussed.

KEY WORDS: diquaternary ammonium antimicrobial agents, decamethoxinum, quantum chemical calculations

A class of salts of diquaternary ammonium compounds embraces the substances the distinctive feature of
which is the presence of two quaternary nitrogens in the structure of their dications. At the same time the
possibility of practically unlimited variation and combination of types of the substituents at quaternary nitrogens
offers a variety of compounds with a wide spectrum of chemical properties and biological action, including
poisons and antidotes, chemotherapeutic antimicrobial and anticancer agents, miorelaxants, herbicides, dyes, and
many others, In this connection investigation of the relations between the structure of substituents at quaternary
nitrogens and the physico-chemical properties of bisquaternary compounds is of great interest for elucidation of
possible mechanisms of their biological action.

The cationic surface active compounds based on quaternary and bisquaternary salts possess antimicrobial
properties and some of them, such as decamethoxinum developed in Ukraine, are used as medicines [1-3]. In this
type of compounds the substituents provide surface active propertiés and facilitate the adjustment of the drug to
its molecular receptors in the bacterial cell [3]. The nature of these receptors, however, is not yet entirely known.
The obvious interaction of surfactants with cell membranes does not explain all the effects of bisquaternary
agents, and more complicated mechanisms of intrusion of the drugs in the cell metabolism and biopolymers
functioning may be involved [3]. In this connection a knowledge of structure, conformational mobility, charge
distribution in the dications of the drugs is necessary for evaluation of the possibility of their interactions with
biologically important molecules.

Such data are also vital for interpretation of the results of experimental, in particular, spectroscopic, studies
of these compounds. Recently in the frames of mass spectrometric technique an approach was developed, which
allows to estimate experimentally the energy of coulomb repulsion in multiply charged molecules [4, 5].
Awareness of actual charge distribution over the atoms of ionic species is required in these experiments.

The aim of the present work was to perform quantum chemical calculations of structural and electronic
parameters of a number of diquaternary compounds which vary in type and length of substituents at quaternary
nitrogens, and to estimate intramolecular repulsion energy in the dications. The objects of the study were a
dication of decamethoxinum, an antimicrobial drug widely applied in composition of relevant medicines the
formula of which is as follows

- 1 2+

CHg CHS

] ICM3 (I:Ha I?
O-C-CHz-Ed-(CHz)m- P'J-CHg-C-O « 2CI
CH CH; CH; CH
LN , 7\
CH; CH; CH; CH,

e il




32
M.V. Kosevich, V.A. Pashinskaya, S.G. Stepanian et al.

and a set of model dications with variable length of central inter-nitrogen and side alkyl substituents.

THEORETICAL METHODS

Calculations of structural and electronic parameters of the above listed quaternary ammonium dications were
performed in the frames of semiempirical AM1 procedure using the MOPAC 6 program package [6]. A good
agreement between the dipole moment values determined using charges on atoms, obtained by the AM1 technique
and measured experimentally for a large row of organic compounds proved the validity of application of the
present method for evaluation of charge distributions [6].

Intramolecular coulombic repulsion energy U between two charged parts of the dications was calculated
using formula (1)

1

-

u:Z';Ui-_,fz';cfl_i_'i

r._,-

which accounts the interactions between each pair of charges ¢, and g, located on atoms i and j, taken from two
symmetrical halves of the dication, and the interatomic distances r; between the corresponding pairs of atoms
(c is a constant being 1.439 nm/eV in CI units [5]). Knowledge of the total coulomb energy allowed to estimate
the distance ry;..2 between two geometrical centers of weight (w1, w2) of the charge distribution in the ion:

cq:9:
Tty = s )
U

RESULTS AND DISCUSSION

The geometry fully optimized in the AM1 calculations geometry and the charges on atoms of the dication of
decamethoxinum are presented in Fig. 1 a, b. The optimal conformation of the central polymethylene chain
-(CH,),0 - (with no influence of a solvent) of the dication is completely extended. The length of the organic
dication in this extended conformation is 2.75 nm, the distance between two quaternary nitrogens ry.y is 1.39 nm.

The methyl substituents at quaternary nitrogens (N3 1, N44, here and further the atom labeling is as in Fig. 1)
occur in opposite directions in relation to the chain axis and the menthyl rings in decamethoxinum are in frans-
position in relation to the chain as well. It should be mentioned that, along with the structure featured in Fig. 1,
there is a number of close energy minima for the positions of menthyl rings and their own conformers. Heat of
formation of such conformers differs from that of the most favourable structure (71.96 kcal/mole) by 1-3
kcal/mole. The ionization potential of doubly charged species is comparatively high and comprises 14.09 eV.

Another interesting feature of the structure of the dication of decamethoxinum is that the positively charged
quaternary groups are «solvated» by carboxyl oxygens. For example, the distance between 057 and C33 or C34
of the methyl groups at N31 is 0.27 nm, the value of which is comparable with the average length of hydrogen
bonds. The analogous effect was reported in the literature, for example, for a cyclic antibiotic gramicidin S, in
which structure neutral [7] or charged due to protonation [8] amino groups on the ends of side chains of two
ornitine residues were solvated by carboxyl oxygens of the polypeptide backbone. An intramolecular solvation
may contribute to the stabilization of decamethoxinum dication.

Analysis of the atomic charge distribution shows that a partial charge on quaternary nitrogens themselves is
rather small, being 0.044 of electron unit. The positive charge of the dications is distributed over the hydrogens,
mainly those at four carbons adjacent to a quaternary nitrogen and some hydrogens in the central polymethylene
chain (Fig. 1).

An assessment of the distributions of the positive charge over four radicals connected with a quaternary
nitrogen in one of the two symmetrical halves of the decamethoxinum dication is presented in Fig. 2. One can see
that about 83% of one-electron charge is concentrated on a fragment which could be conventionally called as the
first coordination sphere of a quaternary nitrogen. This involves the nearest-to-nitrogen two methyl and two
methylene groups, including C1, C32 and C33, C34 for N31 or C10, C45 and C46, C47 for N44, and hydrogens
connected with them. The rest of the charge is shifted to the other atoms of the central and terminal radicals.

Thus, in the decamethoxinum dication (as in some other calculated bisquaternary ammonium structures [9])
the «excess» charge has no point localization but is smeared over the ion. Since four substituents at each
quaternary nitrogen differ significantly in their structure and size, the charge distribution is not symmetrical, which
is to say that it is not valid to assume a priori that the geometrical center of charge distribution (w1 or w2)
coincides with the position of a quaternary nitrogen.

As it was mentioned in the Introduction, theoretical determination of charge distribution and geometrical
positions of w1, w2 is of interest not only for evaluation of biological properties of the dications, but for inter-
pretation of some experimental results on their molecular parameters. In particular, one of the mass spectrometric




Quantum chemical study of decamethoxinum and related dications

-Q.100.Ca3 \)— c68 -0.211
-0.159 €62 C66  -0.104
-0214 C81 98 R 5
+0.033 C59 058 -0.203
A& e
-0.124 C1 3= €34 -0.198
-0.159 —— BRS¢ -oite
-0.158 C2 -0.180
-0.158 C4 -0.158
-0.180 C6 -0.158
-0.197 C47 C8 -0.158
-0.198 C46 —
+§:§§z g‘zg Co1 -0.102 ros il
+0.034 €90 e

——C03 " -0:159

-0.156 C95 C9%4 -0.100 o

-0214 C112 —— Y\

0107  H8s Y g N
0.089 HAd T 0.092
— ::? 0.119
H73 0098
H67 0.105
H86 0.100
H74 0.052
0.135 Rt e
0.134 ko ;- 2078
0,094 E0% Vi s e 11 0. 100
0.094 H14 0.107
0.088 0.107
0.088 H19 H17  0.090
0.090 0.089
0089 H23 0.088
0.107 H28 0.087
S S st enek S a _ 0.094
0.138 HSS - 0.094
0138 Hs3
0.177 H54
0178 H51 —————
0.133 HS2 — 7~ [ Jo——————— H49 :
B 1o 0.161
H107  0.050
111
0.105 Hes —— L
0.092 H100 O ——— H110  0.070
0.119 H118 —— ‘. 2111 0.104 b
0.082 H102 —— PN~————— H114  0.068
0.108 H116 ————— S H113  0.091
0.089 Y e ;

imized i i icati i ith indication of charges on atoms
ig. 1. Optimized in AM1 calculations geometry of the dication of decamethoxmum wi n
o 3;» C (; N (l:) and H (b). (Radii of spheres in (a) are conventional and do not correspond to van-der-Waals radii).



M.V. Kosevich, V.A. Pashinskaya, S.G. Stepanian ef al.

93.5% '

2 ---“_"_--.‘. 83.3% = _f____ 21;)72‘:;—1

EESE ]
<3

e

~14.5%- £ 25% - 1-14.5%

----- --6.5% —---J

Fig. 2. The scheme of distribution of positive, one electron in absolute value, charge over functional groups
of one-half of the decamethoxinum dications. «Excess» charge on each hydrocarbon group was calculated as
a difference between the absolute values of a sum of charges on the hydrogens minus the charge on the carbon.

techniques, described in details elsewhere [4, 5] allows direct experimental determination of coulomb repulsion
energy U on the basis of measurement of the kinetic energy released during fragmentation of a doubly charged ion
to two singly charged fragments. This technique was designed to provide a tool for determination of the confor-
mation of ionized chain molecules in the gas phase, as the distance between the charged sites can be easily
calculated using the experimental U value in Eq. 2. Obviously, the coincidence of the experimentally determined
Iwiwz Value with a maximum possible value for a given molecule means its extended conformation, while smaller
I'mwz Values evidence the bend structure. It is also obvious, that in the case of complicated molecules the
measured r value corresponds to the distance between the centers of charge distribution w1, w2, which, in
general, can be shifted from the positions of heteroatoms (such as a quaternary nitrogen) due to the mentioned
above asymmetry of the charge distribution. The necessity of accounting of such a shift has not been paid proper
attention up to now. Its effect, however, can be noticeable. For example, an interesting fact was encountered in
our recent mass spectrometric measurements by the above technique [10] of coulomb repulsion it two species -
decamethoxinum itself and its doubly charged fragment

0 CHs CHs .0 %
I e | e | Il
H-0-C-CHz-N -(CHz)o- N-CH,-C-0-H .
! [
CH;, CH;

which differs from the intact dication by the lack of two side menthyl rings (@ symbol denotes delocalization of a
unit charge). In the assumption that the overwhelming part of the charge is concentrated in the first coordination
sphere and geometrically centered on quaternary nitrogens, no difference in U values for the two similar structures
must be observed. In practice, however, the measured coulomb energy for the above fragment appeared to by in
about 0.2 eV larger than that for the whole decamethoxinum dication.

Calculations of U value by using in Eq. 1 the actual charge values and the intercharge distances determined
in the present AM1 studies for the most extended conformation of the both dications, all atoms of the molecules
being taken into account, showed that U = 1.07 eV for decamethoxinum is indeed smaller than U= 1.12 eV for
the fragment, and there is a good qualitative agreement between the experimentally and theoretically determined
values. Thus, while the distance between the quaternary nitrogens in the two dications is the same (ry.y =1.39nm),
the calculated distances between the centers of charge distributions differ, being 1.34 nm and 1.28 nm in deca-
methoxinum and its fragment, respectively. This means that the smaller intercharge distance in the fragment is due
to different charge distribution, but not due to its presumable bent conformation. The value of coulomb energy in
decamethoxinum is lower as compared to that in its smaller fragment because about 6% of each «excess» charge
is shifted to more distant from the center menthyl radicals.

The above described effect points to the necessity of accounting the influence of type and size of substituents
at quaternary nitrogens on position of the center of charge distribution in the bisquaternary ions. To establish
some general rules of such an influence, the of charge distribution and coulomb energy were calculated for a
number of model dications of the following type
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(EH; ?Ha 2+
CHa-(CHz)m-h'l = (CHg), - l'V = (CHz)n - CH,
CH, CH,3

In the above structures the dependence of charge distribution on n and m values, that is the size of the central
Reentr and side Ryq, radicals, marked in the next scheme, was analysed:

?H; |CH3 2+
Rase =N — Roanr -~ N —— Ruse
CH, CHs

The main results are as follows. Firstly, the variations in n and m values show, that roughly 25+5% of a unit
charge is distributed over each of the four substituents (see Fig. 2 as example), that is the deviation from one
fourth share per radical varies within no more than +5% in the dependence of the size of the radicals.

Secondly, the dependence of charge distribution in the central substituent Reeer On its length, that is the
number of methylene groups n in the polymethylene chain (CH,), , was analyzed for a set of dications
[(CH3); - N - (CHy), - N- (CH;);]’* with Rgq4. = const = CH; . In Fig. 3 schematic representation of charge
distribution on carbons and hydrogens in a set of central chains with even n values is shown (the structures with
odd n values gave qualitatively similar results). For comparison the data for a neutral extended polymethylene
chain are presented in the same plots. Calculations for hydrocarbons (CHz)s - (CHy), - (CH3)s with n up to 12
show that a ~(CHy),- chain has equal charges on all carbons (-0.158) and hydrogens (0.079x2H), which compen-
sate each other. It can be seen that in the case of dications the highest charges are located on the hydrogens of the
first three methylene groups next to nitrogen (Fig. 3b). The shorter the chain, the relatively higher charges are on
the hydrogens. The tendency for a decrease of the partial charge per hydrogen from a terminus to the center of the
chain is nonlinear. For longer chains the charges on the hydrogens of the central links decrease noticeably, but
they do not reach the value characteristic of pure polymethylene even for a chain as long as of 16 groups.
In contrast to hydrogens, the charges on carbons (Fig. 3 a), showing peculiarities for the atoms in o. and B
positions in relation to nitrogen, reach neat hydrocarbon values for chains with n> 4

Thirdly, several sets of dications [CHj3 - (CH)m - N (CH3); - Reentr - (CH3); N- (CHy) - CH; |**
with constant length of the central chain and varying length of the side radicals (m = 0, 1, 2, 3) were considered.
Again, the hydrogens of the closest to nitrogen methylene groups have the largest charge. In contrast to the
central chain, the positive charges on CH, groups in the side chain decrease down to the values characteristic of
pure hydrocarbons at m = 8.

From the above data it follows that the influence of the excess charge, that is the deviations from the charge
distribution characteristic of a similar neutral polymethylene chain, extends for a distance as large as 0.5-0.6 nm
(which corresponds to 2-3 methylene groups) from the position of quaternary nitrogen in the directions both of
the central and side substituents.

One more interesting peculiarity was observed: a variation in the length of the side radicals does not affect
the distribution of charges in the inter-nitrogen central chain, which remains the same as in Fig. 3 for correspond-
ing n. Two methyl groups and nitrogen lose only several percent of charge with increase of the length of the
fourth alkyl radical. The most substantial loss in favour of other links of the Rgq, radical bares hydrogens of the
methylene group next to nitrogen in the fourth side radical. The shift of some share of the charge along the side
chain away from nitrogen decreases the total charge in the first coordination sphere of the nitrogen, which must
reduce the coulomb repulsion energy and enhance the stability of the dication.

In Fig. 4 comparison of the coulomb repulsion energy and the intercharge distances calculated in two
different assumptions for a set of dications with Rg4. = const and Ry, variable is presented. In the first case an
approximation, traditionally believed to be sufficient, was applied: two unit charges were considered to be
centered on the sites of two quaternary nitrogens. In the second case the distribution of charges on all atoms of
the molecule was accounted in Eq. 1 and the intercharge distances were calculated using Eq. 2. Noticeable
deviations of two sets of data which change their sign in the dependence on n was observed. In comparison with
the simplified point-charge model, the account of real charge distribution shows that the dications with smaller
central chains appear to be more stable due to the shift of the center of charge distribution to the side radicals,
while in the dications with larger R . the center of distribution is shifted to the inter-nitrogen substituent, which
cause some destabilization. The «switching» point where the center of charge distribution coincides with the
position of nitrogen, was observed at n = 6. As to quantitative values, the most significant difference by about
0.85 eV between the U values calculated in the two assumptions was revealed for n = 2 (Fig. 5). The same data
demonstrated that an error in estimation of intercharge distances due to the use of too rough approximations may
reach 10-15%.
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Fig. 3. Schematic representation of the distributions of the charges on atoms of carbon (a) and hydrogen
(b) in the dependence of the number of atoms n in the central polymethylene chain - (CH,)a- of dications
[(CH3)s - N - (CHa)a - N- (CHs)s]** (n=2,4,6,8, 10, 12). Straight base lines represent the equal charges
on C and H atoms in the «infinite» linear polymethylene chain.

Although the alkyl part of the side chain of decamethoxinum is presented not by a linear chain, but by a
cyclic menthyl ring, the effect of this type of substituent is similar to that of the chain of the same number of
carbons. As it was shown above, the side menthyl radicals which «pump» some share of charge from the first
coordination sphere increase the stability of the decamethoxinum dication by ~5% as compared with its analog
with only one CH, group in the side radicals.

It should be marked that some of the above model dications are miorelaxants, that is they have the mecha-
nism of action different from that of decamethoxinum. In contrast to these compounds a chain of heteroatoms
COO is included to the side chains of decamethoxinum and related drugs, such as ethonium. This atomic group,
obviously, has its effects on intermolecular interactions and methabolism of the antimicrobial drugs.

The previous discussion concerned the charge distribution in the most extended conformation of the dicat-
ions, which appeared to be the most favourable in the gas phase. To analyse possible reasons of this favourability,
several conformers of decamethoxinum were calculated using fixing of at least one «kink» in the polymethylene
chain. The change of conformation did not affect the general pattern of charge distribution determined above for
the linear dication, except of some changes in charges on hydrogens at the carbons directly participating in the
«kink». The coulomb energy calculated for the structure with one kink in the middle of the central chain appeared
to be 1.18 eV, which is grater as compared to the extended conformation due to shortening of distances between
all charged atoms. The distance ry;..2 = 1.22 nm calculated with account of all atoms was close to ry.x = 1.24 nm
for this conformation.
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Fig. 4. The coulomb energy and the intercharge distances for a set of dications in the extended conformation
with Rege = const = CH; and the number of -(CHz)- groups in Reentr varied from 2 to 10, calculated in two
assumptions: 1) point unit charges are centered on quaternary nitrogens (rninz , Unianz ); 2) charge
distribution over all atoms of the dication is accounted (rwi.wz2 , Uwi-wz ).

From the above at least three reasons for stabilization of extended conformation of the central polymethylene
chain of decamethoxinum follow. Firstly, any bend of the chain provokes repulsion between partially positive
hydrogens; secondly, kinks distort the symmetry of charge distribution in the chain (that is deviations from the
symmetrical plots in Fig. 2); thirdly, the coulomb repulsion increases upon shortening of the distance between the
centers of charge distribution. It should be noted that all the considerations presented are valid for the isolated
molecules (ions) in the gas phase, and the interactions with the solvent may have relevant effects on this type of
amphyfilic compounds. However, some biologically important processes such as interaction of the surfactants
with cell membranes, proceed in a deficit of water molecules, in which case the data on molecular parameters in
the absence of the polar solvent may be appropriate.

It has been earlier determined that the spectrum of antimicrobail action of bisquaternary cationic surfactants
depends on size of side substituents R4 and inter-nitrogen distance ry which is connected with the size and
conformational mobility of Reer [11, 12]. The data reported here show that the differences in charge distribution
and charge density over the dication may be responsible for the binding of a particular drug to a specific receptor.
It is established that two unit charges have no point localization but are smeared over the organic ion. The first
coordination sphere of each quaternary nitrogen has a mean radius of 0.214 nm, and only 83% of a unit charge is
distributed over its surface. This may suggest that not a point negative charge, but an extended zone of negative
electrostatic potential is necessary for a more firm coordination of the quaternary group with the surface of its
virtual receptor; spatial distribution of charge and a particular the value of charge density may provide specific
recognition of a definite receptor [13]. The energy of interaction of the species with delocalized charges with
other molecules must be smaller in comparison with the ions with localized «point» charges as well
Delocalization of charge increases the area of the positively charged surface of the dication, in particular, on
account of the hydrocarbon substituents, which decreases their lipofility as compared with the pure hydrocarbon
species of the same size.

CONCLUSIONS

The structural and electronic parameters of the dication of antimicrobial drug decamethoxinum were
determined by the AM1 quantum chemical method. It was shown that the most favourable conformation of the
decamethoxinum dication in the isolated state is extended (which was confirmed by mass spectrometric data [10]).
Two positive charges of the ion are distributed over the hydrogens of alkyl substituents at quaternary nitrogens,
which reduces the intramolecular coulombic repulsion in comparison with the virtual point-charge species and
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thus stabilize the dication. The positions of two centers of charge distribution in the dication, however, are close
to the location of quaternary nitrogens (fwiwz = 1.34 nm vs 1y = 1.39 nm); the calculated intramolecular
coulomb repulsion energy comprises 1.07 eV. Solvation of quaternary groups by carboxyl oxygens stabilize the
structure as well.

Theoretical calculations for a set of model dications with varied size of inter-nitrogen and side substituents
allowed some general conclusions to be made concerning structural and electronic parameters of bisquaternary
compounds:

- in quaternary ammonium ions the charge has no point localization but is distributed over the substituent radicals
at quaternary nitrogens;

- the influence of the «excess» charge extends for a distance as long as 0.5-0.6 nm from the position of a
quaternary nitrogen,;

- in the case where four radicals are of different length and structure, roughly one fourth (+5%) of the one
electron charge occurs at each radical, but the geometrical center of weight of the charge distribution does not
obligatory coincide with the position of quaternary nitrogen and can be shifted to one of the substituents;

- larger side radicals «pump» the charge from the nearest to nitrogen CH, group and thus reduce the coulomb
repulsion in the bisquaternary ions due to the decrease of charge in the first coordination sphere; the presence of
heteroatoms (groups) in the side chain could influence this effect;

- the distribution of charges in the central inter-nitrogen chain, on the contrary, seems to be insensitive to the
changes in other radicals and remains the same at a given -(CH,),- length.

Information on the structure and charge distribution in the decamethoxinum dication can be used in further
evaluation of its interactions with its virtual molecular receptors in a microbial cell.
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KBAHTOBOXIMIYHE JOC/I/DKEHHA JIKATIOHY JEKAMETOKCHHY
TA IIOAIBHUX AIKATIOHIB
M.B.Kocesn4, B.A.llamunceka, C.I'.Crenansn, B.C.Ieakoscbknii, B.B.Opaos, ¥0.ILBaarok
Dusuxo-mexriunudi incmumym nusvkux memnepamyp im. 5.1 Bepxina HAH Vipainu,
Xapxis, 310164, np. Jlenina, 47, e-mail: mvkosevich@jilt.kharkov.ua

CrpykTypHi Ta €NEKTPOHHI NapaMeTpu MiKaTiOHy NPOTHMIKDOGHOrO mMpenapaty AEKAMETOKCHHY Ta Py
MOJIEIbHUX aMOHIEBHX JKATIOHIB 3 PI3HMM PO3MIPOM ANKINBHHX DAAiKajiB INpPH YETBEPTHHHOMY a30Ti Oyiu
BCTAHOBJIEHi 32 JIONOMOIOK KBaHTOBO-XiMiuHOro Meroxy AMI. IlokasaHo, mo HaibitbIm BHrigHA
KOH(OpMalia NiKaTiOHy NEKAMETOKCHMHY y BiJICyTHOCTI PO3YMHHHMKA-BOIAM € BHTATHYTOK, @ 3aCTYIHHKH
PO3TalIOBaHi Y TPAHC-TIOJNIOKEHH] BITHOCHO LEHTPAILHOTO JIAHLIOra, T4 Ma€ MiCLe CONbBATALlS AMOHIEBHX TPy
KapOOKCHIbHUMH KUCHAMH. TTONOXKEHHS BYX LEHTPIB PO3NOALTY 3apsiia y AeKaAMETOKCHHI 6H3bKi 10 LEHTDIB
YETBEPTHHHUX a30TiB, y TOM YaC AK aHAN3 cepii MOAENbHUX NIKATIOHIB JO3BOJIHB BHABHTH CHJIbHY 3aJI€XKHICTb
TNO3MIIN TaKWX LEHTPIB Bifl THIY Ta PO3MIPy AIKUIbHUX 3acTynHHKiB. OGrOBOPIOIOTBCA MOXIHBI KOpeJALi
MOJIEKY/IIPHUX TIapameTpis Ta 6ioNOrivHOI AKTHBHOCTI AMOHIEBHX COJIEH.

KJIIOYOBI CJIOBA: GicueTBepTHHHI aMOHI€BI CTIONYKH, NPOTHMIKPOOHI areHTH, IEKAMETOKCHH, KBAHTOBO-
XiMiYHi pO3paxyHKH
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MOJIEKV/IAPHA BIODPI3UKA
VIK 577.3

HCCJIIEJOBAHHME BO3BYKIEHUSI 1 MOHM3ALIUA OCHOBAHHIA
HYKJIEMHOBBIX KHCJIOT 3JIEKTPOHHBIM YIAPOM

M.U.Cyxopnsi, U.U.IMla¢pansom, JLJLIIamon

Vowczopoockuii 2ocyoapemeennuiii ynusepcumem
294000 Voczopoo, ya. [Toozopuas, 46
\ IToctynuna B penakimio 30 HostGpst 1998 r.

H3yuens! Heynpyrue B3auMOAEHCTBYSA MyyKa 3/IEKTPOHOB, SHEPrus KOTOPHIX PeryIMpoBaiacs B npeaenax ot 0
10 300 3B, ¢ ocHOBaHMAMM HYKJIEHHOBBIX KHCJIOT B ra3oBo# (ase. B crnekrpanshoii o6nactu 200 - 600 um
TOy4eHbI CIEKTPBI H3/lyYeHUsS THMUHA, AJICHWHA, IIHTO3HHA H NMPOYKTOB UX JAUCCOLMATHBHOIO BO36YKACHHUS.
HMccnenoBansl 3aBHCHMOCTH ((EKTHBHBIX CeueHHH BO3OYKICHHS CIECKTPATBHBIX MOJOC B MAKCHMyME OT
JHepruM 9ekTpoHOB ((yHkumm Bo3Oyxaenus). HMsmepensl Takke (QYHKUMH HOHM3ALMM OCHOBAHHMA.
ITomyyeHHble IKCIEPUMEHTANBHBIC JAHHBIE UCIIONB3YIOTCS JUIS MOJIGIMPOBAHHS YCIOBUH BHYTPHKJIETOYHOTO
6eTa-06myueHUs FeHETUYECKHX CTPYKTYP.

KJIOYEBBIE CJIOBA: o0CHOBaHMS HyKJICHHOBBIX KHCJIOT, MEJUICHHBIC 3JIEKTPOHBL, BO30yXIeHHE,
MOHM3ALM, UCCOLMALINS.

W3yyeHne MEXaHH3MOB B3aMMOJENHCTBUA HHU3KOIHEPTETHYECKHX IJIEKTPOHOB C MOJEKYJaMH ABJISETCS
B@XHBIM HE TOJNBLKO 1A HHU3HKH, HO M it GHODH3UKH U panuoOHONOrud, 0COGEHHO, €CITH UMETh B BHIY TaKHe
00BeKThI, KaK HyKJICHHOBbIE KHCIOTHI M MX KOMITOHeHTsI. [Iponeccs! Bo30yxeHns, HOHM3ALMK U JUCCOLMALIAH
GUOMOJIEKyYT IOl BNMSHAEM BTOPUYHBIX JIEKTPOHOB JIEXKAT B OCHOBE PajMallMOHHOM Jerpafialiiy KIeTOYHBIX
cTpykTyp. POpPMHpOBAHWE TPHIUIETHBIX METAaCTaOMIIBHBIX COCTOSHMI MOJeKyln W mpobneMa aGHOreHHOro
CHMHTe3a HYKJICOTHIOB Takke CBA3aHbl C TaKMMH Heynpyrumu B3auMozeiicTBumsamu [1]. Ommako npoueccsl
BO30yXICHAA M HOHM3aLUMH OHOMOJIEKYN OJEKTPOHHBIM YJapoM MNPAKTHYECKH Mal0 M3Y4YeHBI BCIENCTBHE
9KCMEepUMEHTaNbHBIX TpyaHocTelt. Mccnenopanus B3ammozeiicteus memieHHbIX (0-100 3B) snextporHoB ¢
MOJICKyJlaMH LMTO3MHA M aJeHWHA BBITIOJNHEHbl Hamu paHee [2,3]. B nanHOM coolmeHuH mnpUBOAATCS
pe3y/IbTaThl VI MOJIEKYJ] THMHHA. DKCNEPHMEHTAIBHbIC JaHHbIC, MOJYYECHHbIE U1 PA3IMYHBIX OCHOBAHHIA,
HCTIONB3YIOTCS VISl (PM3HYECKOTO MO/IENMPOBAHMAS YCIIOBHI BHYTPHKIETOYHOTO GeTa-06My eHns reHeTHIECKHX

CTPYKTYP.

MATEPHAJIBI 1 METO/bI

B pa6oTte ncnons30BaNnCh NpenapaThl a30THCTHIX OCHOBAHUH HYKJIEMHOBBIX KHCIOT ¢pupM “Calbiochem” u
“Reanal”.

HccnenoBanus NpOBOAWINCH HAa CHENMAIBHO CKOHCTPYHPOBAHHOM 3KCTIEPHMEHTAIBHON YCTAHOBKE,
OCHOBHBIMHM 0/I0KaM¥ KOTOpOH SBIIAIOTCA HCTOYHHKH MOJIEKY/ISPHOTO H 3JEKTPOHHOTO IYYKOB, Kamepa
CTOJIKHOBEHHMH, BaKyyMHas CHCTeMa, CHCTEMBbl JETEKTHPOBAaHHA HOHOB M (OTOHOB. MeToaMka M TeXHHKa
SKCMEPMMEHTOB OMMCAHBl B HAINMX Npembiaymux nybmukamuax [2,3]. HMCTOYHHKOM 3/IEKTPOHHOTO Mydka
CTyXHNa TATHIEKTPOJHAA JJEKTPOHHAA MymKa C OKCHIHBIM KaTolOM. OHEprus 3JeKTPOHHOIrO Iydka
perymmpoanacs B npesenax ot 0 mo 300 3B. ILtorsocTs Toka myuka 4 MA/cM® mpH SHepreTHYECKOM
HeoxHOpoxHOCTH 0,7 3B. DKCIEPUMEHTHI IPOBOIHCH [IPH BaKyyme B Kamepe croikaoserui 107 Top.

PE3YJIbTATHI U OBCYXJIEHUE

B pesynbrate npoBeJEHHBIX IKCIEPHMEHTOB OBUTH MOTYYEHBI CIIEKTPhl H3TYYEHHS THMHHA W NPOIYKTOB
€ro JUCCOUMaTHBHOrO BO30yxnenus B obnacth 200-600 HM IS PasNHYHBIX 3HEPTHY 3EKTPOHHOTO MyYKa.
Taxke U3ydeHbl 3aBHCAMOCTH 3O (EKTHBHBIX CedeHHit BO30YKISHUS IECATH CIIEKTPAIBHBIX MOJNOC B MAKCHMYMe
OT 3HEPrHH JJEKTPOHOB - “dyHkuMm Bo30OykaeHus”. CHeKTpalibHble XapaKTePUCTHKH THMHMHA H €ro
(parMeHTOB, a MMEHHO - UTMHBI BONH Aps COOTBETCTBYIOIIHE MAaKCHMyMaM CIEKTPATbHBIX I10JI0C, H
OTHOCHTENbHBIE MHTEHCHBHOCTH noJioc I i sHeprum anexktpoHoB 100 3B, npusenens! B Tabmane 1. Tam xe
yKa3aHbl aHAIOTHYHBIE aHHBIE UL M3YYCHHBIX HAMH paHee OCHOBaHHI HUTO3MHA M aJICHUHA.
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Tabnuma 1.  XapakTepUCTHKH CIEKTPOB M3JTydeHHS MOJIEKYN HYKICOTHIHBIX OCHOBAHHMH, BO30YKmaeMbIX
anekTpoHamu 3Heprueit 100 3B

TUMHH LIUTO3UH AJTEHWH

A BM I,otH. ex . Amax » HM I, otH. ex Amgx ; HM I, oTH. ex
286,5 1,00 290,6 1,00 308,1 1,00

333,2 0,52 316,8 0,38 327,0 0,74
369.,6 0.88 - 328,3 0,69 338,2 0,28
408,1 0,59 340,5 0,67 354,5 0,52
432,0 0,48 356,7 0,42 388.,0 0,43
482,2 0,72 . 381,2 0,85 4353 0,24
525,0 0,40 \ 429,3 0,35

CornocTaBneHue ONTHYECKHX M MacC-CIEKTpOB IHMPHMHIMHOBBIX OCHOBaHMH [2], a Takke aHamms
TIOPOTOBBIX 3Ha4YeHWi dSHeprud ¥ (OPMBI COOTBETCTBYIOMMX (YHKIMM BO30YKIEHHS HAIOT BO3MOXKHOCThH
OTpeeNUTh PUPOTY MONEKYIAPHBIX (pparmentoB. Haubosee BeposaTHO 06pa3oBanHue CleayIOnuX (pparMeHToB:
CHN,; C4N, C,N,, HCN, HGN, NCO, HNCN, NCN, CNC, OH. Kak mnpasuno, B Hammx
3KCTIEPHMEHTaX (DYHKIMH BO30YXIEHHS CTIEKTPAIbHBIX NOJIOC XapaKTePH3YIOTCs OAbEMOM BOJH3H MIOPOrOBBIX
3HAYCHMIl SHEPrUM W UMEIOT OJIMH WM IBa MakCHMyMma. B wacTHocTH, QyHKUHA BO3GYXKAEHMA THMHHA IS
TOJIOCE ¢ MakcHMyMoM 487 HM MMeET Mopor 0KoJjio 4 3B M I0CTHraeT 3KCTpeMabHbIX 3Ha4eHuM npu 16 u 87
3B. He HCKIIOYEHO, 4TO ee MOBEISHHE OTPAKAET CYNEPNO3HMIMIO HECKOJBKHX MPOLECCOB, B TOM YHCIE H
BO30Y)KIIEHHE ONTHYECKH 3aNpEelMEeHHbIX WHTEPKOMOMHANMOHHBIX NepexoioB. MYHKIHMS HOHM3ALMH MOJIEKYJ]
THMHHA MMeeT Makcumym npu 60 3B. IToporosoe 3Hauenne 31o¥f ¢ynkimm 9,5 5B COOTBETCTBYET nepsomy
MOTEHIHATY HOHH3ALMHA MOJIEKYJTb.

Anamz (u3HdecKoif cTaaM¥ B3aMMONECHCTBHA MEUICHHBIX JJIEKTPOHOB C GHOMONEKYIaMH TIO3BONSET
OLIEHUTH BKJIAJ MEPBHYHBIX (PU3MYECKMX NPOLECCOB B paJHAlMOHHYIO JErpajaliio XUBOH KieTkd. Takum
00pa3oM MOXHO NOCTPOHTh (U3MYECKYIO MOJEeNb, XapaKTepH3yIOUIylo mocaefcTsus Gera- o6mydenHus
HYKJICHHOBBIX KHCIOT. IIpn 3TOM MEUIeHHBIE 3JIEKTPOHBI MOTYT OBITh BTOPHYHBIMH KaK IPH BHENIHEM
00TydeHNN pa3IMYHBIMA BHaMHU PaJIMALiK, TaK U P BHYTPHKJIETOYHOM BO3/IEHCTBHH.

B ofmem cirydae, B3aMMOIEHCTBHE 3JIEKTPOHOB C MHIIEHBIO KOJHYECTBEHHO OIWMCHIBAETCSH CJIEAYIONMM
cooTHOWeHHeM [4]:

AZ =Ny'PQy'L
rae AZ - KONMYECTBO aKTOB B3aUMOJEHCTBHSA, BHI3HIBAIOMMX Peakumio, N, - KOHLEHTpaUus MUIIeHed, P, -
TOTOK MEKTPOHOB, Q , - 3(p{eKTHBHOE ceyeHHe peakumy, L - myTh MEKTPOHOB B Cpejie MMIICHH (IIMpHHA
MOJIEKYJIAPHOT'O ITy4Ka).

Jina Hammx IKCTICPHMCHTATbHEIX yenouit: P =2:10° ¢'; N.=510" cm®; Q, = 1,510 em% L =
710" em; AZ = 7-10° ¢!, Ormernm, g0 M3 cpaBHeHus P, u AZ cnenyefr 910 TONBKO onHa u3 10° wacThy
BCTYITHT BO B3aUMOJICHCTBHE C MHIIEHBIO. ;

Jnst pacuera 103bl, 06pa3oBaHHOM B spe JKMBOM KIETKH INOTOKOM 3/EKTPOHOB, MOXHO HCIIONB30BaTh
creayiommi noaxox. JlomycTam, 9To KieTka uMeeT GopMy mapa, B IEHTPe KOTOPOro HAXOAMTCA AAPO TAKKe
cepuueckoii popmbl. VICTOUHHKH MOTOKOB MEUICHHBIX JJEKTPOHOB B Kietke (B - NIOTOKOB) TMPEACTABHM
TOYEYHBIMH M3nydatensMu: Qy,Q,,...Q,,...Qy.

Jo3a D,; B Touke Q; [5]:

Dy=N ijdV,

rae N - OTHOCHTENIbHOE KOJHMYECTBO YaCTHIL, nponsamoneﬂmyiomux C MonekynamMu kiuetkd; D, - nosa,
co3jaBaemas OTHUM M3iydateneM; V - 00beM KJIeTKH.
Cpenusis 103a, NOTJIONMIEHHAS BCeH KIIETKOM:

a
=1V jDo.- 4nbidb,

T/l a - PajiMyC KIETKH, b - pacCTOAHME OT TOYEYHOTO HCTOYHHKA JI0 A/Pa KISTKH.

Taxum myTeM MOXKHO OLEHHTH Obllee KOMMYECTBO NOTMONIEHHOM SHEPTHH HA KIETKY, A/PO, MOJIEKYITy, TO
€CTb MOMJIOMEHHYIO 7103y, HE PacKphiBas, Ha KakWe KOHKPETHO (H3MUECKHe, (U3MKO-XHMHUECKHE MPOLECCH
HCIIONB3YeTCs  AaHHas oneprus. Hama mMozems nossonser Gosiee KOPPEKTHO PEMIATE 3TOT BOMPOC, HOCKONBKY
OHa JIaeT BO3MOKHOCTb JKCIICPHMEHTABHO H3MEPHTh BEPOATHOCTH PAsNMYHBIX (U3HYECKHX MpOLECcos. B
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YaCTHOCTH, IOJyYEHHBIE HAMH Pe3yJbTaThl CBUAETENBCTBYIOT O TOM, 4TO abCONIOTHBIE CEYEHUA MOHM3AIMH W
BO30YXIEHHS THMHHA 3/IEKTPOHHBIM YAAapOM COCTaBNAOT cootBercTBeHHO 1,5 10 ™ com? (npu SHeprum
anektpoHoB 60 3B) u 310 ™cM’ (npm 9Hepruy 3j1eKTpoHoB 20 5B). Ilpu HHM3KHMX SHEPrusX BEpPOATHOCTH
BO30YKIEHUA TPHMIUIETHBIX M CHMHIJIETHBIX COCTOAHMI Onmmsku. Kpome Toro, Heo6XOIMMO y4YHTHIBATH
OZIHOBPEMEHHOE MPOXOXKJEHHE HECKOJBKMX TpoueccoB. Hanpumep, mucconmaTHBHOe BO30yXneHHE H
AMCCOLMATHBHYIO HMOHHM3aLMI0, BO30yxIeHWe 00pa3oBaBIIMXCA HOHOB W ()parMeHTOB. PesyibTaThi
CMEKTPAIbHBIX M MacC-CNeKTPOMETPHYECKMX MCCIEN0OBaHHN B3aMMOJCHCTBHA OCHOBaHHH C MEJIEHHBIMH
SJIEKTPOHAMH  CBHJETENBCTBYIOT O JOCTATOYHO BBICOKMX BEPOATHOCTAX OSTHX IponeccosB. W3MepeHwe Hx
abCOMIOTHBIX CEYEHMiA Ype3BBIYAHO TpyJHAs 3aJaya, OHAKO OOHMM M3 PEATbHBIX SKCTIEPHMEHTATBHBIX
TNOJXOMOB €€ pEmIeHHs MOXeT ObiTh NpELM3HOHHBIA y4eT NPHIOPOroBhiX 3(QexkToB, Hanpumep, mpu
M3MepeHUAX (GyHKUMI BO30YKICHNS U HOHH3ALMH.
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Binsaue ¢popMApoBaHHAS rHAPATHOH 000/109KH HA TEIIOBbIe CBOMCTBA /00y IS PHBIX
GesikoB.

Beaonoasckas T.B., Heperemn I'.H., I'pyanna H.A.
Hayuno-uccredoeamenvckuti uncmumym gusuxu Canxm-Ilemepbypackozo 2ocydapcmeennozo ynugepcumema,
Canxm-ITemepbype, 198904

octymuna B pegaximio 235 HosGps 1998 roja

Merozom JICK onpezenernbl abCOMOTHBIE 3HAYEHHS TEIUIOEMKOCTH CHCTEMBI 06y IspHbIH Genok-Bosa B
IIMPOKOM MHTEPBAJIC TEMIIEPATYp W KOHLEHTPAUMH KaK /Ul HATUBHOIO, TaK H JUlS JICHATYPHPOBAHHOIO COCTOSHHIA,
TaK Ha3bIBAEMBIX, MABIX 106Y/IAPHBIX 6enKkoB: MHOrI00MHA, MH30oMMa 1 pHGOHYKeassl. [lomydeno, uTo /s Beex
M3Y4EHHBIX GENKOB HAa TEPMOrpaMMax HArpeBaHMsl JCHATYPUPOBAHHBIX 0OPA3LOB, COACPHKAIIMX JHIIL CBA3AHHYIO
BOMY, HaOMONAeTCs CKA4OK TEMIOEMKOCTH, OOYCNOBNCHHBIN, OYEBMIAHO, MPOLECCOM CTEK/IOBAHMS Oeika.
VeraHoB/ICHa 3aBHCHMOCTH TEMIIEPaTyphl CKauyka TEIUIOEMKOCTH OT COAEPKAHHS BOJALI B CHCTeMe 6enok-Boja.
BhIYnClIeHbl 3HAYCHUS TEIUIOEMKOCTH COOCTBEHHO G€/ika B HATHBHOM M JICHATYPHPOBAHHOM COCTOSHHSX MpH
M3MEHEHHH KOHUeHTpauuy Boas! oT 0 10 90 %, T.e. ot cyxoro obpasua 10 Genka C MONHOCTHIO CHOPMUPOBAHHOM
ruipatHO# 060104K0it. OGHapyKeHO, YTO UL BCeX rIo0ynsSpHBIX GENKOB KPHBBIE, XaPAKTEPU3YIONIME 3aBUCUMOCTh
CYMMAapHO# TEILIOEMKOCTH, & TAKIKE TEIUIOEMKOCTH COGCTBEHHO Gesika OT COIepXaHus BOJL! OJIHOTHITHEL H HMEIOT
S-06pa3sHelif BH, 4TO, MTOBHAUMOMY, ABAETCA OTPOXEHHEM IPOLIECCa PACCTEKIOBEIBAHUS Geka.
KJIOYEBBIE CJIOBA: ckanupyiomas KalOpUMETpHs, TI100ynspHble OGElKH, TENIOEMKOCTb, CTEKJIOBAHHE,
rUJIpaTalys, BIaXHOCTb.

Ipobnema ruapatauuu GeNnKoB, HECMOTPA Ha YKe WMEIOUIMHCA GONBINON SKCHEpHMEHTAambHBIN
Marepuai, NpoJ0DKAET OCTaBaThCA akTyalbHOM 0 HacTosmero BpeMen [1-5]. HepaBHo, Hamu GbUT BBIMONHEH
UMKJI MCCNIEIOBAaHHH MO ONpENENICHUIO TEIUIOEMKOCTH CHCTeMbl (HOPWUIAPHBIN Geiok KojulareH — Boja B
IIMPOKOM MHTEpBa/e KOHUEHTpaluii n 6oNbmoM auana3one Temnepatyp [6,7]. B pesynsrare 65110 BEICKa3aHO
MHEHHE, YTO PacCMOTPEHHE TEIUIOEMKOCTH CHCTEMBI GENOK-BOJA IPH BapHALMH COJAEPKAHHS KOMIOHEHTOB B
IIAPOKOM HHTEpBAJE KOHLEHTpaLMii HEBO3MOXHO 6e3 ydera Toro ¢akra, 4to Genku mpu 06e3BOXHBAHMH
CrocoOHbL, KAk ¥ CHHTETHYECKHE IOJIMMEPEI, IEPEXOIUTH B CTEKI000pa3HOE COCTOSHHE.,

Llensio HacTosMmeH pabOTHI ABIAETCA AHAIOTHIHOE MCCIC0BAHKE TETUIOBBIX CBOMCTB BOJHBIX CHCTEM
MassIX rIoOyNApHBIX GENKOB BO BCEM BO3MOXHOM JIMana3oHe M3MEHEHHS KOHLEHTPALM KOMIOHEHTOB — OT
KOHLICHTPHPOBAHHOIO pacTBOpa N0 0eska, MMEIONIEro JIMIIb CBA3aHHYIO BOLY, @ TAKKe W3ydeHHEe M3MEHEHMit
TEeII0eMKOCTH cobcTBeHHO Genka B mpouecce (pOpMHUPOBAHUSA €r0 THAPATHOM 060I0YKH.

MATEPHAJIbI H METOJ UCCJIEJNOBAHWSIL.

Hccnenosanre TEmIOBBIX CBOMCTB CHCTeM 0enoK-BOJa BBINONHEHO Ha Au(depeHIHaTEHOM
ckarmpytomem kanopumerpe JICK-111 ¢upmsi Cerapam B unrepsane Temmeparyp —30+150°C. Jleramn
SKCIIEpUMEHTa MoAPOOHO onMcaHsl B cTaThe [8], MOCBAMEHHOM HM3yYeHHIO (pa30BBIX MEPEXOAOB B HATUBHOM M
JIeHaTypHpOBaHHOM MHOIIoOHHe. B HacTosmeif paboTe OCHOBHOE BHMMaHME y/ENEHO M3Y4EHHIO M3MEHEHHs
MOJIEKYJIIPHOM MOJBIXHOCTH HMCCIIEXYeMOM CHCTeMBI Genok-Bojia BHe obnacTeli (hazoBbIX MEPEXOIOB HAa OCHOBE
aHanu3a abCOMOTHBIX 3Ha4eHHH TeruoeMKocT. OmubKa B onpezene i abCOMOTHBIX 3HAYEHHH TEIUIOEMKOCTH
He mpesblmana 1% npH yMeHbIIEHMHM KOHIEHTpauuu Oenka Bmioth g0 10%. B kadecTBe 00BEKTOB
HCCIIE/IOBAHMA HCTIONB30BAMMCE: MHOMNOOMH (Mb), masomum (Lys) m pubGonykneasa (RNC-aza). Ckopocts
Harpesa 5°C/MuH.

PE3VJIbTATBI U UX OBCYXJIEHUE.

Ha puc. 1 npuBeieHB!l TeMIepaTypHble 3aBHCHMOCTH a0COMOTHEIX 3HadeHmH TemioemkoctH (Cp)
cucTeMsl Mb-Bozia pH MEPBOM M BTOPOM HAarpeBaHMAX B MIMPOKOM HHTepBale KOHUEHTpauwil. OTMEeTHM, 9T0
neHaTypauus, o6pa3oBaHHe M IUIABJIEHHE YNOPSANOYSHHBIX CTPYKTYpP, BO3HHKAIONIUMX B JCHATypHUpoBaHHOM Mb,
6bUTH TIOAPOGHO paccMOTpeHs! HaMH B paGote [8]. B cBA3M C 3THM y NpeACTaBIEHHBIX HA PUC. | KPUBBIX HE
NpUBeJicHa BBICOKOTEMIIepaTypHas 4acTh. Kpome Toro, /s HacTosmel paboThl, NMOCBALIEHHON, B OCHOBHOM,
a0bCOMOTHBIM 3HAYEHWSAM TEIUIOEMKOCTH HMCCIeqyeMOl cHucTeMbl B uHTepBanie Temnepatryp 20-90°C,
CyIIECTBEHHO, YTO KPHBBIE, OTHOCAIIMECS KO BTOPOMY HarpeBaHHIO 00pasiia, OTPKAIOT TEMIIEpPaTypHYHO
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3aBHCHMOCTB TEIUIOEMKOCTH JeHaTypHpoBaHHOro Mb Bo Beex ciyyasx [8]. IIpu sToM mocneaHuit HaXomUTCH
7160 B MOJHOCTHIO Pa3yNopAA0YEHHOM COCTOSHHH, MO0 B HEM MPHCYTCTBYIOT rejlb-CTPYKTYPHI.

Puc. 2 JeMOHCTpHpYeT, KakuM o0pa3oM npM (HKCHPOBAaHHOH TeMmmiepaType W3MEHAETCS CyMMapHas
yHeNbHAS TEIUIOEMKOCTh CHCTeMbI Mb-Bo/ia B HATMBHOM M JI€HATYPHPOBAHHOM COCTOSHMSX (KpuBble 1-3) mpu
nepexoie OT MOJIHOCTHIO 00e3BOKEHHBIX 06pa3LoB k 06pasuam co 3HauuTeNbHbIM (90%) comepkaHueM BOJIBL.
W3 prc. 2 BEAHO, 9TO BCE MOCTPOECHHbIC KPUBbIC, KaK /Ul HATHBHOTO, TaK M LIS JIEHATYPHPOBAHHOTO COCTONHH
Genka ONHOTHIHBI M COCTOAT M3 ABYX YYacTKOB: HeNHHEHHOro S-o0pa3sHOro W MNpaKTHYECKH JHHEHHOro,
COOTBETCTBYIOIIEr0 KOHLEHTpauuAM Bosl Gonee 50%. Takum 06pa3om, U3 NPUBEAECHHBIX JAHHBIX CIEAYET, 9TO
TEIUIOEMKOCTh CHCTeMBI Mb-BoJa HH B HAaTHBHOM, HM B J[ICHATYPHPOBAHHOM COCTOAHHSX HE MOXeT ObITh
paccMOTpeHa IO MPOCTOM a/UIMTUBHOM CXeMe B INMPOKOM MHTEpBajle KOHUEHTpAUMil B NPEANOJIOXEHHH, 9TO
TEIUIOEMKOCTH Mb ¥ BOIBI OCTAIOTCS MOCTOAHHBIMHM. Halmy naHHbIE HAMVIAAHO NEMOHCTPHPYIOT, 4YTO TaKOM
NOAXOA K BBHIYMCIEHMIO TEIUIOEMKOCTH Oelka HEKOppeKTeH B 00JacTH KOHUEHTpauui, rae MpOHCXOIUT
(opmupoBanpe ruapaTHOH 060mouky. Ha Ham B3rsd, ero NpEUMEHEHHe NPaBOMEPHO TONBKO B OrPaHMYEHHOM
00/1aCTH KOHLEHTpALHif: THOO IS MOTHOCTBIO 06€3B0XKEHHBIX 6e/KkoB, 60 /U1 pa3baBIeHHBIX PACTBOPOB, Kak
310 ¥ GBUIO C/IENIaHO, HarpuMep, B pabote [9].

TemoemkocTs cobctBeHHO Mb (puc. 2, kpuBble 1°-3') BhIYMCIEHA B NPEANONOXEHHH, 4YTO
TEIUIOEMKOCTH BCei BO/IbL, Kak CBOOOIHOIM, TaK H, B IIEPBOM NpHOIIKEHNH, CBA3aHHON B HHTEpBAJe TeMuepaTyp
20-90°C ocraercs MOCTOSHHON U paBHOi 4,18 JDx/r-rpan.

VcTaHoBIEHHbIH S-00pa3Hblil XapakTep BCeX NPUBEJCHHBIX KPHBBIX O0OYCIOBIIEH, IO-BHAMMOMY,
TIOCTENEHHBIM TIEPEX0IOM BIAKHBIX 6eJIKOB B CTeK1000pa3Hoe cocTosHue. Hannine HHKpeMeHTa TEMI0eMKOCTH
(puc. 1,3) ¥ NpHBeJCHHBIEC HA PUC. 4 3aBUCHMOCTH €r0 TEMMNEPaTypsl OT NPHCYTCTBHSA IUIACTH(UKATOpa, POIb
KOTOPOTO B IAHHOM CJydae MrpaeT BOJa, ABIAIOTCS KaJOPUMETPHYECKHM NPOSBJICHHEM NPOLECCa CTEKI0BaHMS
¥ HAMVIAMHO MOATBEPKIAIOT HANIY TOUKY 3perns. CreyeT NoAYepKHyTh, YTO Pe3KHii CKa40K TEILIOEMKOCTH NPH
PacCTEKIOBbIBAHHHE MOXET ObiTh OOHAPYKEH JIMIIb B Clly4ae CTPOTO KOHTPOJMPYEMBIX PEXHMOB HarpeBaHus U
NpEIBAPUTENEHOTO OXJIAX/IeHHA. B MPOTHBHOM cTydgae BO BCEM HHTEpBalle CTeKJIOBaHUs Oyner HabmoaaThes
JIMING TIOCTENEHHOE YBEIUYEHUE TEIUIOEMKOCTH.

BrInojiHeHHsIe HaMH MccnenoBanus 1 Lys 1 RNC-a3bl Npd M3MEHEHMH MX BOJHOTO OKpPYXKEHHS
(puc. 3,4) noxasand, 4TO PAaCCMOTPEHHBIEC BBIIE TEILIOBBIE CBOMCTBAa chCTeMbl Mb-BOJa HOCAT AOCTATOYHO
obmmmii xapaktep. Cremyer, OJHAKO, OTMETHTb, YTO HabiiofaeMas BeJIMYMHA CKauka TEIUIOEMKOCTH B Mb
CylIeCTBEHHO MeHbIne, 9eM B Lys, RNC-ase, a Takxe B komarese [6,7]. Kpome Toro, cam paccMaTpuBaeMmbiii
nepexoX B Mb mpowncxomuT B ropasao Gojnee mupokoi obnacTé TeMmmepaTyp, 4eM NpH COOTBETCTBYIOIIMX
3HAYEHMSAX BJIAKHOCTH B ClIydae JPYrux 6enkoB. Yka3aHHBIE OTIIMYHA B NOBEICHHH CKavyKa TEIUIOEMKOCTH B Mb,
3HAYMTENHHO MACKMpYIOIHE MPOSBICHHE Mpolecca CTeKIOBaHHA, 00YCIOBJIEHBI, HA Hall B3TAM, TEM, YTO B
JAHHOM CJIyYae CTEKJIyIOLeHCs CHCTeMON fBNAETCS JeHATYpUPOBAHHBIH OeNok, cojepxamuii HEHaTHBHbIC
YIOpAZIOYEHHBIE CTPYKTYphI [8], B OT/IHUME OT ApYrHX WCC/E/OBAHHBIX HAMM JICHATYPHPOBAHHBIX 0ENKOB, HE
06pa3syloumxX TakKuX CTPYKTYp NpPH aHAJIOTHYHBIX YCIIOBHAX NMPOBEACHHS KAIOPUMETPHYECKOTO IKCIEPHMEHTA
[12,13]. UHTEpECHO OTMETHTh, YTO B CIy4ae HEKOTOPBIX CHHTETHYECKHX IOJMMEpOB (a JEHATypHpOBAHHBIN
6e0K MBI paccMaTpHBaeM Kak TOJIMMEp) MPHCYTCTBHE Jaxe HeGONBIIOro MpONEHTa KPHCTAUTMYECKOi a3k,
T.6. aHAIOTHYHO YMOPSAOYEHHON CTPYKType B IEHATYPHPOBAaHHOM Oelke, MOXKET NMPHBECTH K Pa3MBIBAHHIO
CKaYKa CTEKJIOBAHUS, SPKO MPOSBJIMIONIErocs B MOJHOCTLIO aMopdHOM nomamepe [10].

Janee, mnoNydeHHble JaHHbIE TO3BONAIOT  NpPOCHEIWTh, KaK  MPOHCXOMWT  Mepexox
JEruapaTHPOBAHHOrO OeNKa B PaCTBOP NpH YBIAXKHEHWH, @ TAKKe KaKHe COCTOAHHSA MPH 3TOM MPOXOAHUT Gesok.
Kak HaTMBHBIN, Tak U A€HATypUpOBaHHbIN Mb, HanpuMep, MPU KOMHATHO# TeMIepaType NpH CONEPXKaHHU BOJIBI
ot 0 10 10% HaxomUTCHA B COCTOSIHMM CTEKJIA, M €0 TEIUIOEMKOCTh NIPH 3TOM HE 3aBHUCHT OT BJIAXKHOCTH M paBHA
1,30 Hx/r-rpa. OTa BeTMYHHA HAXOAUTCA B XOPOIIEM COTNIACHH C HMEIOMUMHCS JIUTEPATYPHBIMH JAHHBIMH JUIA
00€3BOKEHHOI0 COCTOSHUA GENKOB BHE 3aBHCHMOCTH OT MX MEPBHYHON CTPYKTYpHl [2-5,9]. OOHapyXeHHbIi
(axt, cBHIETENbCTBYIOMMIT O HEYYBCTBHTENBHOCTH TeruloeMkocTd Mb k npucyrcTBHio mepBhix 10% Bompl,
ABJIAETCA JOBOJLHO HEO)KHMIAHHBIM, TOCKOJIBKY CBHIETEIBCTBYET O TOM, YTO Ha49ano (JOpMHpPOBaHMA MHAPATHOM
000NOYKH HEe NPHBOAMT K W3MEHEHWIO TEIUIOBBIX CBOMCTB Geika. YCTaHOBNEHO, 9YTO NPH JanbHeHIneMm
yBnakHeHHH 10 20% TemioeMKOCTh HaYWHAeT PacTH M OeNoK IpH KOMHATHOM TeMmepaType OKas3biBaeTcs B
HHTEpBaJie CTeKI0BaHUA. Takoe COCTOSHHE ABNAETCS CAMBIM HEPABHOBECHBIM M3 BCEX BO3MOXKHBIX JUIS CTEKIA H,
KaK TMOKa3aJM HallM WCCIeNOBaHMsA, TEIUIOEMKOCTh Oellka NpH 3TOM 3aBHCHT HE TONBKO OT TEIUIOBOM
NPEBICTOPHH ¥ croco0a 3ajaHus BIAKHOCTH TECTHPYeMOro ofpasiia, HE TONBKO OT BETHYHHBI CKOPOCTH
HArpeBaHus NPH ONpEIENIeHNH TEIUIOEMKOCTH, HO ¥ OT BPEMEHH HaXOXISHHs NPH 3TOM TeMrepaType, B JaHHOM
ciyqae koMHaTHOMH. ITpu 3TOM cocrosHue Genka NpooKaeT OCTaBaThCs HEPABHOBECHBIM M TIPH TOABJICHHH B
HCCIIelyeMOi CHCTEME MEpPBBIX NMPOLIEHTOB CBOOOIHOM BOJIBI.
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Puc. 1. TemmeparypHsie 3aBHCHMOCTH abCOMOTHBIX
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HarpeBanus 5°C/MHH.

Cp, (wan/r -rpan.)

0.7

0.5
0.4

05+

v

0.4
0.3

v

1 L

0 - 80 120 T,C0)
Puc.3

Puc. 3. TemneparypHbie 3aBHCHMOCTH aGCOJIOTHBIX
3HQYCHHH TEIIOEMKOCTH BJAXHBIX rI0GYISpHBIX Genkos:
RNC-asm (a), Lys(6), Mb(s). CruiomHasi TMHUS — TIEpBOE
Harpepanue. [IyHKTHpHAas JIMHMS — BTOPO€ HArpeBaHHE.
Ckopocts HarpeBanus 5°C/MuH.
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Puc. 2. 3aBHCHMOCTD CyMMapHOH TEMIOEMKOCTH
cucrembl Mb-soza (1-3) U TernIoeMKOCTH COGCTBEHHO
Genka (1'-3') mns HAaTHBHOrO M JEHATYPHPOBAHHOIO
COCTOSHHI PH pasnMYHbIX Temneparypax. 1,2 — 20°C; 3
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Puc. 4. 3aBHMCHMOCTH TeMMepaTypsl CTEKJIOBaHHS
JICHATYPHPOBaHHBIX  roGynspHeIx  GenkoB  OT
BnaxHocTH. O— RNC-aza, O — Lys, O — Mb.
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BimsHre GoOpMHUPOBaHUS THAPATHOH 060IOYKH Ha TEIUIOBLIE CBOHCTBA IIIOBYNIApHBIX GenKkoB

Kornma xonnuecTsa cBOGOIHOM M CBA3aHHOM BOJIbI CTAHOBSATCA COMOCTABHMBIMH, TEIUIOEMKOCTS Gelka
BHOBb NEPECTAaeT 3aBHCETh OT BIAXHOCTH. ITokasaHo, 4TO MOCNEAHWH pE3yJAbTAT OTHOCHTCA HE TONBKO K
KOMHAaTHOM TeMmIiepaType, HO TakXe H KO BCeM ApyruM B uHTepBaie 10 90°C. IlomydeHo Takke, 9TO NpH
TNOBBIMIEHHA TEMIIEPAaTypsl O0JACTh MHTEHCUBHOIO HM3MEHEHHS TEIUIOEMKOCTH TIOCTENIeHHO CMeIaercs B
CTOPOHY MEHBIUHX BJIQKHOCTEH, B TO BPEMS KaK JIMHEHHBIH yJacTOK JIOKHT NMPH KOHUEHTPALMAX BOJBI BbIIIE
50%. Otcioia MOXHO CIeNaTh BHIBOJI, YTO XOTS rPaHMIIA MEK/y CBA3AHHOM M CBOGOHOM BOOM ¢ MOBBIIEHHEM
TeMIepaTypbl CMEIIAeTCs B CTOPOHY MEHBIUMX 3HAYEHWH BIAXHOCTH, 3aBEpIIeHHe (JOPMUPOBAHHMS IHAPATHOM
000/I09KH, 4YeMy COOTBETCTBYET HE3aBHCHMOCTb TEIUIOGMKOCTH GeNnka OT BIA@KHOCTH, BO BCEX CIydasX
TNPOMCXOJIUT NMPH KOHIUEHTPALHUAX BObI 0K0JI0 50%.

BbIBO/IbL

VcranoBieHHbIH HaMu S—oGpa3HLm POCT TEIUIOEMKOCTH II0GYIApHBIX G€IKOB NPH YBIAKHEHHH, KaK U
B KojutareHe [6,7,11], sBnserca oTpakeHHEM MpOLECca PacCTEKIOBBIBAHNS NPH HATPEBAHWH BIAKHBIX GEIKOB.
HabmozaeMblii MHKPEMEHT TEIUI0eM-KOCTH MpeAcTaBiseT coboi ckauyok C, npu creknosanun. Kak cnencrswe,
HIDKe 3TOrO CKaykKa JeHaTypUpOBAaHHBIM GENOK HAXOMUTCS B COCTOSHUM CTEKJA, BHIE — B TAaK HA3bIBAEMOM
BBICOKO3/IaCTHYECKOM cocTosiHuH [10]. OCHOBHOE TEpPMOAMHAMHUYECKOE pa3MYMe 3THX COCTOAHMI, Kak
mpecTHO [10], o0OycnoBneHO mpOABIEHHEM NPH pPacCTEKJIOBBIBAHMA TPAHCIAANMOHHOM CETrMEHTANbHOM
TO/IBFYKHOCTH.

Ilepexon oT cTeKI006pa3HOrO COCTOSAHMA K BBICOKOIIACTHIECKOMY NPH TOBBIIEHHH TEMIEPATYpI,
TaK K€ KaK M MEPEXOo/l OT CTEKI000pa3HOro COCTOSAHMA K PacTBOPY NpH YBIAKHEHHH, CBS3aH, HAa Halll B3MJIAL, C
nosB/ieHHeM B Oenke TPaHCIANMOHHOM CErMEHTAbHOM MNOJBHXHOCTH, 3aNpelieHHOW B CTeKI006pasHOM
cocrostamH [10].

B nenarypupoBaHHOM COCTOSHWM O€Jka NpOSBICHHE TPAHCIALUOHHOMN MOABMKHOCTH HAaXOHUT CBOE
OTpa)KeHWE B BHJE CKauka TeruIoeMKocTH. Kak cieacTBue, TEIIOEMKOCTh NEHATYPHPOBAHHOIO IJIOGY/APHOrO
Oenka B pacTBOpe [O/DKHA NpEBBINATh TEIUIOEMKOCTb CYXOro Genka, HaXOASIIErocs B CTEKIOOOpasHOM
COCTOSIHMM, 110 KpaifHeil Mepe, Ha BeTMUMHY CKa4yKa TeIUIOeMKOCTH IPH PacCTeKIOBEIBAHHH.
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B nanHo#f paboTe NpeNCTaBIECHBI PE3ybTaThl KBAHTOBO-XMMHYECKOTO MCCICIOBAHMA B3aHMOCBS3H
CIIEKTPAIBHO-TIOMHHECLIEHTHBIX CBOHCTB IETEPOaPOMATHYECKMX MOJIEKYI IUIOCKOTO CTPOCHUS M FEOMETPHH
XpoMOQOPHBIX (DParMEHTOB, H3MEHEHHE KOTOPOH MOKeT ObITh BBI3BAHO BIHSHHEM TEMIIEPATYpHI,
nosspHOCTH pactBoputes. IToxasana BO3MOXKHOCTh NPHUMEHEHHS paspaboTaHHON MOAENBHON CHCTEMBI 1is
TEOPETHYECKOr0 H3Y4eHHs pa3MYHBIX COJNbBATALMOHHBIX MpPOLECCOB, ONMPEAENMIONMX CHEKTPalbHO-
JFOMUHECLEHTHBIE XapaKTEPHCTHKH MOJIEKYJI.

KnroueBbie €J10BA: NPOM3BOJHBIE KyMapuHa, XMHOJMHA, aKPHAOH, KCAHTOH, ()EHATPMAOH, 3NEKTPOHHOE
CTPOEHHE, KBAHTOBO-XUMHYECKHE pacyueTsl, MeToabl AM1, PM3.

DJryopecHUpyIOLIHe MOJIEKY bl ¢ TeTepOaTOMaMH a30Ta M KHCJIOPOJA HAXOAAT LIHPOKOE NPUMEHEHHE B
MeJMLHe B KayecTBe (uIyopecteHTHBIX MeTok [1]. Jlna uccnenopanus GHonormueckux MeMOpaH MoryT GhITh
WCTIOIb30BAHEI TOJIBKO T€ JIOMMHECLHPYIOIIME MOJIEKYJIAPHbIE CHCTEMbI, KOTOpbIE 00/MafaloT CTabMIbHBIMH
(GoTOpH3MIECKHMH XapaKTepPHCTUKAMH M TIOTOMY, NMPH MOAOOpe TaKUX MOJEKYJ, BaXHOE 3HAYEHHE MMEeT
M3y9deHHe BIUAHUA BHEITHUX (haKTOPOB (TEMIIEPATYphl, NOIAPHOCTH CPe/ibl) HA MHTEHCHBHOCTh CBEYEHHS.

CHCTeMaTHYeCKOe HCCIIC[IOBaHHE JIEKTPOHHON CTPYKTYPhI, CMEKTPANIbHO-TIOMHHECUEHTHBIX CBOMCTB
OpPraHHYECKUX COEJMHEHMH MO3BOJWIO YCTAHOBHTH OCHOBHYIO 3aKOHOMEPHOCTH MX B3aHMOCBS3H, CYIIHOCTb
KOTOpO#f 3aKI0YAaeTCs B TOM, YTO CHEKTPATbHO-TIOMHHECUCHTHbIE W (DOTOXMMHYECKHE CBOMCTBA MOJIEKYIH
ONpeeNsIOTCH OTHOCHTENHHBIM MOJNOXKEHHEM M ONH30CTBIO yYpOBHEH OHEpPruM HH3MIMX 3JEKTPOHHO-
BO30Y)KIEHHBIX COCTOSHMM PasNM4HOI OpOMTANbHOM M CIMHOBOM MpUpossl [2]. MHOroaToMHble MOJEKYIE!
CNIOKHBIX ~OPTaHMYECKHMX COCJAMHEHMH MOXHO pacCMaTpuBaTh KakK CHCTEMbI, [OCTPOGHHBIE M3
B3aMMO/ICHCTBYIOIIMX aTOMHBIX M MOJIEKYJIAPHBIX (PParMEHTOB, a TAKXKe ONMpeeeHHbIX ()YHKIMOHANBHBIX HIH
XpoMoGOpHBIX rpymil, coaepxamux rerepoatomsl N, O, S 1 ap. DneKTpOHHAA CTPYKTypa Takux ()parMeHToB, a
TaKKe MX TeOMETpHs, KOJMYECTBO M MPOCTPAHCTBEHHOE PACTOJNIOKEHHE TAKKE ONpEAENAIOT CBOMCTBA TAKHX
CHCTEM, B TOM WYHCIE€ H OTHOCHTENLHOE TMOJIOXKEHHE OJIEKTPOHHO-BO30Y)KIEHHBIX COCTOSHMN pasIMIHOMN
opOMTAIBHOM M CITMHOBOM mpupos! [3].

[TostoMy, NpEACTaBISET HHTEPEC H3YyYEHHWE  BIMAHHA HM3MCHCHHA TIEOMETPHH XPOMO(OPHBIX
(parMeHTOB, COJEPKAIMX reTEPOATOMBI a30Ta M KHCIOPONA, Ha CIEKTPaIbHO-TIOMHHECLECHTHbIE CBOMCTBA
MOJIEKYJI, TaK KaK YKa3aHHbIC M3MEHEHHs MOTYT ObITh BhI3BaHBI BO3/IEHCTBHEM BHEIUHUX (PAKTOPOB, TAKMX Kak
TeMIepaTypa, NpUpOjia PacTBOPHMTEN, arperaTHoe COCTOSHME, YTO MMEET HENOCPEACTBEHHOE MPaKTHYECKOe
3HA4YECHHUeE.

MeToabl.
Pe3ynbTaThl HAacTOAIIETO WCC/IEJOBAHAA OCHOBAHBI HA pacueTaX W aHAIM3e SHEPIHH 3/EKTPOHHBIX
cocrosiHmii Monekyn mo meroxy UITATU/C-KB B nonHom BaneHTHOM Gaskce B NpHOMIKEHWM OJHOKDATHO
B030YX/IEHHBIX KOH(QHrypammii u nccnenonamm B3aHMOCBA3H omocn'r‘enmoro TOJIOXKEHHS YPOBHEH JHepruu

HU3IIAX 3JIEKTPOHHO-

BO30YKIEHHBIX COCTOSHHIA

m @ @ @ CIOMKHBIX MHOTOATOMHBIX
MOJIEKYJ H _  IUIOCKOH

0”0 0~ C\) nedopmamum >C=0 u >C=N-

I 0—Cx, ¢parmenToB. B xauectse

' W MOJICTBHBIX coetuHenHit

HCTIONB30BANM  NPOM3BOIHBIE pAJa KyMapWHa, WIMPOKO TNPHUMEHSIOMMECSs 0arofaps  yCTOMYMBBIM
¢poropusmueckum xapakrepuctukam: kymapus (1), 3,4-6ersoxymapun (I1), 4,9-amokcanupen-5,10-muon (I1I).
Jnst cpaBHEHHS BBHITIOJIHEH PacueT MOJIEKYJIbl CXOJHOTO JJEKTPOHHOIO CTPOEH s, HO 6e3 rerepoaToMa B IMKIE -
(denanTperona (IV).
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Brmszne cpe/ib! Ha MEKTPOHHOE CTPOSHHE ITPOH3BOHBIX KyMapHHa M XHHOIIHHA

Hccneayemlii psit a30TCOAEPKAIIMX MOJIEKYJT COCTABHIIN NIPOU3BOAHBIE XHHOJIMHA: H30XUHOMMH (V),
6ersoxunomu (VI) u ero npoussonmsie(5,6-6enzoxunonuu (VIII), 7,8-6enzoxunonun (IX), 3,4-6eH30XuHOMAH
(X)), 1,3-mumernmannazon (VII). Jimany >C=0 cpa3u u3mersum ot 1,16 no 1,45 A, >C=N- or 1,28 1o 1,55 A.

A1 VIII
s uccnexyemsix coeauHenuit I, I, IIl skcnepuMeHTabHO YCTAaHOBIIEHA 3aBHCHMOCTH KBAHTOBOTO BBIXOJA
(yopecueHimyu o Temrieparypal [4]. KBaHTOBBIH BBIXOZ (TyopecueHIMH H30XHHOMMHA u3MenseTcs oT 0,6 1o
0,02 B TemneparypHom unteppane 120-250K, Gensoxunomuna ot 0,9 no 0,4 B maTtepsane 180-300K, 1,3-
JIMMeTHIHHAa3ona - ot 0,4 1o 0,24.‘[5,6].

Jiis npoBepku OOIIHOCTH Npe/ularaeMoll  MOZIEbHOM CHCTEMBI, MO3BOJSIONIEH YYHTHIBATH BIHAHHE
BHEITHEr0 OKPYXEHHS Ha CTPYKTYPY MOJIEKYJIbl M NPOTHO3MPOBAHMS BO3MOXHOCTH BO3HHKHOBEHHS MOJOOHBIX
3(p{exToB Np¥ H3YYEHUM AHAIOTMYHBIX TETEpPOapOMATHYECKHX CHCTEM, OBUI COCTAaBJIEH pSA COENMHEHHHA,

ColepXallluX OJWHAKOBBIE XPOMOQOpHbIE
TPy, HO Pa3THYHBIM obpazom

H
L‘ o PACHONOKEHHBIE B LMKJIE H, KaK ONpe/eNeH0
© @ 3KCMIEPUMEHTAITBHO, T10-pasHOMY
NPOSBIAIOLIAE YyBCTBHTENHHOCT K
o TONADHOCTH pacTBopuTens: akpuuoH (XI)-
1
H

kcanton (XII), d¢enantpumon (XIII), 3,4-
6enzokymapus (I1)[7]. Pacuer anexTpoHHOM
X1 XII X1
CTPYKTYPhI MOJIEKYJ]IbI aKpH/IOHA BBITIOJHEH B paMKax meTonoB AM1 m PM3, BXOAfIHMX B MAakKeT MpOrpamMMel
Hyper Chem [8]. O60CHOBaHHOCTH NPUMEHEHHS ITHX METOJOB IMPOBEPEHA MOCPEACTBOM COMOCTABIECHHA
9KCTIEPHMEHTAILHO ONpPE/IE/ICHHBIX BEJIMYMH JHEPrHH SJEKTPOHHBIX COCTOSHHN M PAaCCUMTAHHBIX JIaHHBIMH
metogamu. ITockosnbky Monekyna akpuioHa uMMeeT JBa (parMeHTa C reTepoaToMaMi ObUIO BBIMOJHEHO
HCCTIEIOBaHUE 3aBUCHMOCTH SHEPruH ypoBHEi ot mmH >C-N< u >C=0 cpazeil.

PesyabTaTsl H 06CcyxRAEHHE.

B psazne paboT nokaszaHo, 4T0 H3MEHEHHE FeOMETPHH MOJIEKYJIb! (YMEHbIIEHHE [UTHHBI CBA3el, BaIEHTHBIX
YIJIOB) TPM COXPAaHEHWHM B [EJIOM MIIOCKOMH KOH(OpMAlWH, CyIMIECTBEHHO W3MEHAET MOJIOXKeHHE YpPOBHEH
sHeprud nm*- m nn*-tuna [9,10]. TIpyu n-n* JNMEKTPOHHBIX Mepex0aax MONEKY] KapOOHWIBHBIX COEIMHEHMt
HauboNbIIHe H3MEHEHHS B MX CTPOCHHH OTHOCATCA K KapOOHMIBHBIM (pparMeHTaM: XapaKkTepHOM 0COGEHHOCTHIO

ABIAETCH  YBEJNHYCHHE  MEXBAAEPHBIX
paccrosuuit >C=0 Ha 0,1-0,2 A (¢ 1,2 mo

380001 Snmy  1,3-1,4 A) s Monekyn ¢ OTHOM
kapOoHmwILHOM rpymnmo#t u Ha 0,03-0,1 A wis
i | Tnmy  pukapGowmnbHBIX coemHeHuH. Bo3MOXKHO
34000+ YBEIMUEHHE  MEXBANEPHONO  PacCTOSHUSA
Sxxn C=C-cBsizu nHa 0,1A, mHaxonsmeiics B
wi 32000 - conpsokeHuH ¢ rpymmo##t >C=0 wu
Snmyy  ymenbmenwe C=C  paccrosEuit  uiA
30000 LEHTPAIBHBIX aTOMOB yriepoaa Ha 0,07-0,1
Snnu A [9]. Ha pucyake | npencrasiena
280001 rpauyeckas 3aBHCHMOCTh SHEPTHH YPOBHEH
26000 — . - 4 ucew - Tnmu pysmmax 3NIEKTPOHHO-BO36YKIEHHBIX
115 120 125 130 135 140 145 cocTosHuit 3,4-0€H30KyMapHHa OT JUIMHBI
L>C=0, A >C=0 cBmu (W1 BCeX OCTAIBHBIX

COEUHEHHH

Puc. 1. 3aBUCHMOCTE HEPruM YPOBHEH Sype, Toxe, Spxe THNOB OT

amansl >C=0 casu (—— -coeaunenuell, - - - coequnennelV) Habmo/anach aHATOTHHAS 3aBUCHMOCTS).

OTHOCHTEIBHOE MONOKEHHE YPOBHEH

SHEpPrHM TIPH MCXOIHOM mmmHe cBa3u 1,16A

s BceX Mouiekyn cueayiomee: Tpge, Spee,

Tuzts Suer(VCIIT). C yBenuueHHeM JIHHBI KapOOHWIBHOrO ()parMeHTa OTMEYaeTcsi 3HAYMTEIBHOE M3MEHEHHE
9HEPruH Sy U Tyze YPOBHEH, B TO BpeMsi KaK JHEPrHs Sy-ypOBHeH H3MeHsercs cnabo; Habmonaercs
H3MEHEHHE MX OTHOCHTENBHOTO TONOKEHHA Type, Tpze, Spxe Spee(IVCIIT), Omeprus ypoBrelt Monexymsi IV



T.B. Caxno, 1.B. Kopotkosa

OCTaeTcs MPaKTHIECKH HEH3MEHHOM BO BCEM HCCIIEyEMOM JIHana3oHe.

Takum 00pa3oM, yBeNHYEeHHE JUTMHBI CBA3H C IeT€POaTOMOM B XPOMO(OPHOM (parMeHTe NPWBOAHMT K
M3MEHEHHMIO OTHOCHTEJIBHOIO MONOXeHus ypoBHel nm* u mn*-runoB u monexyns: I-III mepexomsr w3z V
cnexTpanbHo-moMuHecnenTHoM rpynmel (CJII) B IV ¢ cooTBeTcTBYIOmMHMM H3MEHEHHEM ()ITyOpeCLeHTHBIX
XapaKTepPHCTHK.

Pe3yneTaThl pacyeTa JHEPrMii M CTPYKTYphl HH3IIHMX 3JI€KTPOHHO-BO30YKIEHHBIX COCTOSHHA
asorcozepxammx Monekyn V-X, Kotopsie ObUIM MONy4€Hbl TpPH yBeJW4eHMH MUIMHBI >C=N- ¢parmeHTOB
MOJIEKYJl C COXpaHEHHeM IUIOCKOH KOH(QWIypamu¥ TNO3BOJNWIM COCTaBUTh TpadHuecKue 3aBHCHMOCTH,
npeAcTaBIeHHble Ha puc.2 g Monekya V, VI. Jlns npousBokHsIx GeH30XMHONMHA HAGmo1anach Ka4eCTBEHHO
A nonobHas kapruHa. Kak W B ciydae
KapOOHWICONEpXaUMX  COeNWHEHHH  psna
KyMapuHa, NpU yBEIWYEeHHWH UmuHBI >C=N-
CBA3M JHEpPrui nm*-ypoBHEW  MOJIEKyI
H3MEeHIach Oonee aKTHBHO, deM 7m*,
OT/TMYHE JIUIIb B TOM, 9TO YBEJIWYEHHE JUIMHBI
YKa3aHHOM CBA3H B a30TCOJAEpIKAIIMX
i COEIMHEHHAX COTIPOBOKAANIOCH BO3PACTAHHEM

e SHepruM nm*-ypoBHeH, rIaBHBIM o0Gpa3om
e / s . curnetssix  (Tabmama 1), B pany
. i NPOW3BOJIHBIX  KyMapuHa OJHeprus  nm*
i ol YPOBHEH  MONeKyn  yMeHbIIanach ¢

piid ysenuuyenneM mmmHel >C=0 cBmu. s

e r D irves T g dal ™ 00BACHEHUs Pa3HOHAMpPABJIEHHOCTH

oA M3MCHEHHA OJHEPrMM COCTOSAHHI ClexyeT

paccMOTpeTh CTPYKTYpY Nm*-MOJNEKYISAPHBIX

opburaneii (MO). Kak nokasbiBaeT aHaju3, YCTaHOB/JCHHbIE OTJIMYHMA CJIeIyeT CBA3BIBATH C Pa3IHYHOM

Puc.2. 3aBHCHMOCTH JHEPTHH YPOBHEH HH3ILMX JIEKTPOHHO-BO30YX-  CTENEHBIO H3MEHEHHE k03¢ dumenToB d.(p;),

JIeHHBIX cocTosHuM coenunenuit V u VI ot ummnsr >C=N- cBs3u KOTOpBIE TPEACTARIAIOT coboit

koopduumenTsr  pasnoxkenus MO 1o

aToMHBIM opbuTanaMm (AO). C yBennueHueM

amaEsl >C=N- CBA3H TPOMCXOMMT MOCIENOBATENbHOE yMEHbleHHE kod(p¢uumenToB d, Ha rerepoatome: B

usoxuHomure ndy (px + py )= -0,18; B Genzoxunonune mdy (px + py) = -0,098; B 1,3-numeTnununnazone mdy (py

+ py) = -0,266. B psisy npou3sBOJHbIX GEH30XMHOIMHA JaHHbIE H3MEHEHHA cocTaBrma: mdy (px + py) = -0,121, -

0,130, -0,179 B monexynax VIII, IX, X, coorercTBenHo. IIpencTaBnenfibie Ha pHC.2 3aBHCHMOCTH XOpOLIO

COITIACyIOTCA C IKCIIEPHMEHTANBHBIMHM JAHHBIMU O BJIHAHMM TEMITEPAaTYphl Ha OTHOCHTENbHBIM KBAHTOBBIH

Bbixox coemuuenmit V, VI, VII [5,6]. [lauHsie (axThl, MNMO-BHAHMOMY, MOXHO CBS3aTh C H3MEHEHHEM

OTHOCHTEJIBHOTO TOJIOKEHHMS YPOBHEH SHEPIMM HM3LIX 3JEKTPOHHO-BO30YXKACHHBIX COCTOSHMM pasIMdHOM

OpOMTANBHOM M CIIMHOBOM IPHPO/IBI, YTO MPOHCXOIUT NMPH W3MEeHeHHuH WiHHbl >C=N- dpparmenra. Heobxomumo

OTMETHTb, YTO 3HEPrHs CHHIJIETHBIX N7T*-ypoBHEH H3MeHseTcs Gonee AKTHBHO, HeXENW TPHIUIETHRIX. B

KayecTBe NapaMeTpOB CPaBHEHHA HCNONb3oBaIM BenwuuHbl TE/1A, mn/l1A, rae nnm - obmee M3MeHeHHe
sacenenHoct# AO retepoaroma (m=n[d.(p;)]?). IomyuennbIe nanHbIe NpeACTaBeHs B Tabmume 1.

4

EBEBE B &8 8 8

Tabmuua 1
Coemvnenue nE TpumietHeiX [7E  cunrierneix | mE/1A | nn/l1A
ypoBHei, cm™ ypoBHeii, cm™
W30XuHONMMH 10000 10707 45177 |0,405
bBeH30XHHOIMH 11600 12000 59113 10,113
1,3-IMMEeTHIHHAA30I 12398 14883 67650 [1,218
5,6-6€H30XHHONHH 8294 9190 56728 0,080
7,8-6€H30XHHOIUH 6626 7010 54765 0,539
3,4-6€H30XMHOIUH 10670 11506 60878 10,386

Kak cnemyer W3 mpejCTaBieHHBIX NaHHBIX, o0llee W3MEHEHHE 3aCelIeHHOCTH aTOMHBIX OpOuTaneif
reTepoaTtoMa Ha EIWHHIY UIMHBI CBA3H (Mn/1A) XOpOIIO KOPpeNnupyeT ¢ H3MEHEHHEM BHEpPreTHYECKHX
XapaKTepPUCTHK COCTOSHUM, a uMeHHO TE/1A.

Ilpn 3amene aroma N Ha >C=0 rpynmny B Monekyne IX ¢ nociemayromum U3MEeHEHHEM JUTHHEI CBA3H OT
1,16 no 1,40 A monoxenue ypoBHelf SHEPrHH HM3LINX JNEKTPOHHO-BO3GYXKAECHHBIX COCTOSHHH H3MEHAJOCh
HesHaumTeNbHO. Tak ME CHHIMIETHBIX ypoBHe# nn*-THna coctaBuno 916 cM™, B To Bpems kak nm*-Tuna - 1403
e, Boniee 3HAYMTENHHO MOBHIIANACH sneprus S-T-pacmennenus A nn*-ypoBHeH, HO HHBEPCHH YPOBHeH He
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BrusHue cpefibl Ha EKTPOHHOE CTPOCHHE MPOM3BOAHBIX KyMapHHa M XHHOIIMHA

Ha0JIo/anoch, Kak u B ciy4yae Mosekysl [V,

BBINoJIHEHHbIE pacyeThl MO3BOIMIM B CaMOM 0GIIIEM BHIE YCTAHOBUTH CBS3b MEXIY H3IMEHEHHEM BKJIAJIA
rerepoatoMa B ()OpMHpOBaHHE NPHUPOABI M JHEPrHHM Nm*-MoneKyJlspHeIX opbutaieit (MO) M creKTpaibHO-
JIOMHHECLEHTHBIMHM CBOUCTBAMH COEIHHEHHUIA.

[IpeanpuHATHIH paHee BapHaHT MOJENMPOBAHMSA BIHSHHMS PACTBOPHTENS, IIOMELIEHWEM MOJIEKYN B
NEKTPHYECKOE I0JIe, MO3BONMWI YCTAHOBMTH MEXaHW3M MpONECCa, HO CBS3aTh JAEHCTBME DACTBODHTENA C
H3MEHEHHEM OTHOCHTEJILHOIO TOJIOXKEHHs YPOBHEH SHEPIUH HU3IIHX 3/IeKTPOHHO-BO30YKAEHHBIX COCTOSHUM He
yaasnock [11]. BemosHeHHbIe KBAHTOBO-XHMHYECKHE PACUeThl 3NEKTPOHHOTO cTpoeHns monekyn XI, XII, XIII u
Il no3BoNMIA YCTAHOBHTL Pa3/IMYHYIO CTENEHb H3MEHEHHS JHEPrHH JEKTPOHHBIX COCTOAHMM nm*- U mm*-
Tuna. J{is MOJIeKyJl aKpU/IOHa ¥ KCAHTOHA, BEIMYMHBI CHHIVIET-TPHIUIETHOrO Sy, - Ty, pacmermenns (8000 -
10000 cM') 3HAYHTENBHO MEHBINE, YeM IS Sy - Tox - cOCTOAHMI (10000 - 12000 cm™) Monekyn denanTpuoHa
U 3,4-6eH30KyMapuHa. DTH pa3NHuHs CBA3aHbI C H3IMEHEHHEM OPOUTAIBHOM NPUPOIBLI COCTOSHHUMN H JIOKATBHBIM
pacnpenieieRHeM 3apsia Ha aromax (N,0), pacrosioXeHHBIX Ha CPaBHHTENbHO GONbmOM paccrosuun. C
yBemaeHneM JuuBEl >C=0 cBs3H Eg.r,, YpOBHell B MOJIEKy/laX akpUIOHa ¥ KCAHTOHA YBEJHYMBAETCA Ha 2562
em™” 15236 oM™, B TO Bpemsi Kak B MOJIEKyTax (enanTpunona u 3,4- 6eH30KyMapuHa NPOUCXOUT yMEHBIIEHHE
sueprum- S-T - pacmemnenns nn - ypoBHeii. BONbIIyI0 NOABHKHOCTH 77T - YPOBHEH, IiaBHbIM 06pa3oM
cHreTHBIX, B Monekynax XI, XII noxrsepxmaer Benmunsa nE/ml , kotopas cocrasnger 5562cm™ u 5647 oM™
'/A COOTBETCTBEHHO, /U5 CPABHEHMA, AHATIOrMYHbIE BETHIHHbI B MoJekynax XIII, II Beero 1177 1 3517 em™/A.
AHanusupys TNOBEieHHE NT - YPOBHEH BCIENCTBHE BapbupoBaHus reometpun >C=0O ¢parmenTa ciexyer
OTMETHTh OJHOHANPABJICHHbIH XapakTep H3MEHEHUI HX XapaKTepHCTHK. Hna BCEX MOJIEKYJT
HabmoaeTcs He3HAUMTENbHOEe YMEHBIIECHHEe JSHEpPrud CHHIVIET-TPHILIETHOrO paciiervieHus : Ha 329,403, 330,
271 cm! , B XI, XII, XIII, II, coorBerctBenHo. Ho Benmmumnsl nE/nl B Monekynax ¢eHaHTpupoHa u 3,4-
6ensokymapuHa B 1,4 pasa Gonblne, 4em B MOJIEKyJIaX aKpHAOHA U KCAHTOHA.

[lpeacraBnser WHTEpPEC NPOAHAIM3MPOBATh HM3MEHEHHE OJHEPreTHYECKMX  XapaKTepHCTHK npu
M3MEHEHMH JUIMHBI (parMeHTta ¢ rerepoatoMoM B mukie (>N-R u C-O-C), yunteiBas, uto >N-R ssisercs
Gosee CHIBHBIM 3JIEKTPOHHO-JOHODHBIM — 3aMECTHTENIeM, YeM KHCIOpOAHBIH MoCTHK. Ecnu B Monekysax
denanTpuaoHa ¥ 3,4 -6eH30KyMapHHa SHEPrHA T -ypOBHEH NP 3TOM MEHseTCs MeHee, yeM Ha 800cm™'/A, To
B MOJIEKy/JlaX aKpHAOHa M KCAaHTOHAa YKa3aHHbIe BelMuMHBI coctapnmorT 13821 cM/A u 5375 cm/A.
V3MEeHeHHE JHEPrWH N7 -ypoBHEH, B ()OPMHPOBAHHH KOTOPHIX NPHHAMAET yJacTue TeTepoaToM, HOCHT
oOpatHelii xapakrep B pagy monekynr: XI, XII, XIII, II nHabGmopmaercs MOCHEIOBATENLHOE —YBEJIHYEHHE
semmumHbl TE/nl ot 324cem™ o 12668cm™, T.e. HanGonee UyBCTBHTENBHBI N7 -yPOBHH MONEKY (peHAHTPHIOHA
u 3,4-6eH30KyMapuHa.

PacyeT 3/IeKTPOHHOrO CTPOEHHs MOJIEKYJl aKpHIOHA, KCAHTOHA, (eHaHTpHIOHA M 3,4-GeH30KyMapHHa B
pamkax Merona YIT/ITI/C-KB He no3Bonun aeKBaTHO WHTEPNPETHPOBATh YCTAHOBJICHHYIO 3KCIIEPUMEHTAIBHO
3aBHCHMOCTb CHEKTPATbHO-TIOMHHECLIEHTHBIX XapaKTePHCTHK MOJIEKYl OT MOJAPHOCTH pPacTBOPHTEJI.
CoryiacHO MOJTy4eHHBIMU JAHHBIMH 3HAYUTENbHAS 1YBCTBHTEJIBHOCTH K IOJNAPHOCTH pacTBOpHTENS Mosekyn XI,
XII 06BACHAETCS TMOMBIKHOCTBIO TIIn' - ypoBHeli MONEKy, T.e. ypOBHEH ¢ GONBIIMM BKIAZOM l-3/IeKTPOHOB.
Bonbmioe pacxoxieHue MeXay NpOBEIECHHbIM pacyeToM M TONYYCHHBIMH 3KCIEPHMEHTAIHHO 3HAYCHUAMH
SHepruil CUHIeTHbIX ypoBHed Monekyn XI u XII MoxHO 00bscHuTE HemoctatkoM Metoma UITIAI/C u
HCIIOJIb30BAHHEM  JKCHEPHMEHTANBHBIX JAHHBIX MO pacTBOpPaM, B KOTOPHIX YPOBHH OJHEprHil pa3sHOM
op6HTANBHOM MPHPOIBI (TN ¥ NT') MO BIHSHAEM MEXMOJIEKYIAPHBIX B3aHMOIECHCTBHI MOTYT HM3MEHATh CBOE
nonoxenne. C apyroii croponsi, B Monekynax XIII u Il yBenudeHwe mimHbl KapOOHWIBHOro (parmeHTa
NPUBOIAT K H3MEHEHHIO OTHOCHTENBHOTO TMOJIOKEHHSA YPOBHEW JHEPrHH, YTO JOJDKHO COIPOBOXAATHCA
TymeHHeM (UIyOpecUeHUMH TpH Mepexoje OT MOJAPHOrO pacTBOPHTENs K HEMOJAPHOMY, YTO
9KCIIEpPHMEHTabHO He Habmonanock. B CBA3M ¢ 3THM pacyeT SHEPrHH 3JEKTPOHHBIX COCTOSHHM MONEKYJbI
aKpHJIOHA BBITIOJIHEH C HCMOIb30BaHHEM MeTo0B AM1 u PM3.

ITnockas nedopmanms >C-N< cBsasu ot 1,16 10 1, 36 A (wmna >C=0 cBA3M OCTaBaIACh MOCTOSHHON H
cocrasnsna 1.4095A) NpakTHYECKH He CKa3alach Ha TOJIOXKEHHH NT-ypOBHEH MONEKYb: MEg=677cM ™, ME1y
= 844cm™ , B TO BpeMs KaK SHEeprus nn -ypoBHei MensaeTcs 6osiee akTUBHO: TEs,, = 3426 oM’ , TE7x = 608 cM
! Bemauna nE/nl st S, ypoBHs coctamia 3761 e Ha 1A, T, - ypoHs 4689cm™ Ha 1A; s S, ypoBHS -
19033cm™ ma 1A; mnsa Ty, -3378 cM™ Ha 1A. Ha OCHOBaHMH NONy4eHHBIX JAHHBIX CJIENaH BHIBOX O Gombmeit
YYBCTBHTENLHOCTH K Aedopmammn >C-N< CBA3M TN - YpOBHEH MONEKy.bi aKPHOHA, O YeM CBHJETENbCTBYET
BEIMYMHA HAKJIOHA KPUBBIX K ocH abcumcc. Ha puc.3 mpencraBneHa 3aBHCHMOCTb DHEPTHH 3JI€KTPOHHBIX
COCTOSHMI MONEKYJIBl akpuaoHa oT WiuHBl >C=0 cBa3M, noiyyenHas merogamu PM3 u AMI1. Arammsupys
KpHBBIE, NOJy4EHHbIC Ha OCHOBAHWM JAHHBIX MeTosa PM3, cieayer BeienuTh TpH 00IAaCTH, B COOTBETCTBHH C
TOYKAMH HHBEPCHH:

I:1,35-1,41 A ( nonoxenue ypoBHe# COOTBETCTBYET COCTOSHHIO MOJIEKYJIBI B ra30Boi (haze ).

II:1,31-1,35 A ( Monekyna akpuIOHa B H-YIJIEBOJOPOAAX ).
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I : 1,18 - 1,31 A ( nmonoxeHue ypoBHEH COOTBETCTBYET MOJIEKYJIe aKpHIIOHa B IOJSAPHOM
pactsopurene) [11].
Meromsi AM1 ® PM3 ajekBaTHO OTpaXalOT I3KCHNEPHMEHTaIbHbIE JaHHbIC 06 u3MeHeHuH

OTHOCHTEJIBHOIO IMOJIOXKCHHA ypomen JHEPrud MOJICKYJIbI AKpHAOHA B PpasjIMMHBIX Cpelax, HO HMHBEPCHA

YPOBHEH NPOMCXOUT NP Pa3TH4HbIX JyiuHax >C=0 cBs3M.
Kaxk cnexyer u3 pucyHka 3 ¢ yBenuueHneM JummHbl >C=0 dparmenTa HaGmonaeTcs CHIWKEHHE SHEpruu

ypoBHe#. B HcClielyeMOM TeOMEeTpHYECKOM MHTEpBajie MEsqy =8887cM", TEsrx =766cM”, ME70x=9000 cm’ X
TEree =1432 cv™'. Bemaumsa nE/nl coctamwia: Ans Sy, yposs 39852 cM™ Ha 1A, st Tyy ypoBas 40359 cm™ Ha
1A, s S, ypoBus 3435 cm” Ha 1A, s Ty, yposusa 6421 cm™ ma 1A. Bemmaunst nE/nl nomydenHsie MeTonOM

AM1 coctaBwmi: WA S, - 2067 cm” Ha 1A,

y > —a—S§ B Tax - 8349 M, Spx - 33403 e, Ty - 34098
E-10°, eni - = cM” Ha 1A. PacueTsi, BHINONHEHHbIE 0GOMMH
e s e . 5. METOJaMM, TIO3BOJIMJIM CHENaTh BHIBOA O
[ o o, ) R B3aUMOCBA3H reoMetpun >C=0 ¢parmenTta u
L ) \ TM TM SHEpPruH N7- YPOBHEH MOJEKYbI akpuaoHa. C

s + S *

* nx nz yBenuueHneM  mmHel  >C=0  cBa3m
28 \ NPOMCXONMT  3aKOHOMEDHOE  CHIDKEHHE

. e ®, SHEprHu o’ ypOBHei MOJIEKYJIbL.
26 v CrepoBartensHo, B 3aBHCHMOCTH  OT
CTPYKTYPHBIX ¢daxropos Habmopaercs

TI0C/IeA0BATENIBHOE CHW)XCHHE 4acTOThI
3anpelICHHBIX H HE3HAYUTEIIbHOC yBEIIMYCHHE

24 |

T e e |
»
*

2l - + 9aCTOThI PasPELICHHBIX MEPEXONOB ¢ nm wu
i TN - YPOBHEH, T.e. B obnactu lc—o 1,292A n
3 1,334A (meron PM3) u leo 1,17 1 1,244 A
20 (meton AM1) MPOMCXOQUT MHBEPCHS YPOBHEH
' pasnuyHOM  OpOMTANbHOM  NPHPOABI M
18F o——° b MYJIbTHIUIETHOCTH. DTO HAXOJHTCSA B TOJTHOM
L \ COOTBETCTBHH C TNONOXKEHHAMH CIIEKTPAIbHO-
el x—x——x‘\o JIOMHHEC-IICHTHOM CHCTeMaTHKU MOJIEKYIL.
X
14 Uty it i o 1A SR PN SR e " 10-0’ A BouiBoabl.
15 0I5 130N 135 120145 KBaHTOBO-XMMMYECKH YCTaHOBJIEHA
Puc. 3. 3aBUCHMOCTB SHEPrUM YPOBHEH HU3MINX 3IEKTPOHHO- B3aUMOCBA3b  HEPIHH m - ypoBHeif
BO30YIKICHHBIX COCTOSHUI MOJIEKYJIbI AKPHUAOHA OT JUIMHBI KHCIIOPOA- M a30TCONEPHKAIIMX MOJEKYN C

>C=0 cassm -eron PM3 (1), AM1 (2) P g P (G

XpoMoOpHBIX  (pparMeHTax,  KoTOpas

MOXET MEHATBCA MO/ BAMSHUEM Pa3/IMYHBIX BHEIIHUX (haKTOPOB.
Takam o6Gpasom,  pa3paloTaH TEOPETHYECKHH METOJ W3Y4eHHs 3aBHCHMOCTH CIEKTPAlbHO-
JIOMAHECLEHTHBIX CBOWCTB MOJIEKYJ OT HM3MEHEHHs IeOMETPHH XPOMOQOpPHBIX (ParMEeHTOB MONEKYsi,
ONpEe/eNAIOLIEeH OTHOCHTENBHOE MOJIO)KEHHE YPOBHE! SHEPriuy pa3iMYHON OpOUTATLHON U CIMHOBOM IPHPO/IbL.
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VIIK 621.3.682.5 MOJIEKYIAPHA BIO®DI3UKA

PEECTPAILIISI BIOMOJIEKYJI MAJIMX PO3MIPIB METO/IOM
INOBEPXHEBOTI'O INIASMOHHOI'O PE3OHAHCY

B.I.‘Iere.m,l, C.O.Ili.neuucm‘iz, O.B.IMirenska’

1) Incrutyt isukn Hanisnposinnukis Hauionansnoi Akanemii Hayk, 252650 Kuis-28, np.Hayku, 45

2) luctutyt monekynspHoi Gionorii Ta renerukn Hauionansnoi Akanemii Hayxk, 252143, Kuis, nip.3a6onotHoro, 150.
Hanitiuna no penakuii: 24 rpyms 1998 poky
TMokasaHa MOXIHMBICTh BHKOPHCTaHHA NOBEPXHEBOrO MasMoHHOro pesonancy (TIMIP) wis peectpauii opraHigHmx
MOJIEKYJT 3 MAJIOI0 MOJIEKYJIPHOIO Macolo (%200 naneToH) Ha npuknani repGiunnis arpasuny Ta MmerpuGysuny. ITITP-
peectpauis BkasaHMX repOiunaiB GasyeThcs Ha BHKOPHCTaHHI pocnunHOro Ginky D1, skuift € npupomuum
peuentopom ans repGiumais, mwo inriGipylors npouec  Giocuuresy. UyTamBicTh, WO AOCATHYTa ANS JBOX
3arnporoHOBaHUX BUMipIoBabHUX cxeM, carae 100 ur/ma ta 0.1 mr/ma, Bianosiano. OnucyioThes 0co6AMBOCTI
METOJMKHM T2 TEXHOJIONI], O M0B’A3aHi 3 PEECTPALEI0 OPraHiuHUX MONEKY 3 MAJIOI0 MOJIEKY/IAPHOIO Macolo Ta
Bukopucranusm IITP.

KJIIOYOBI CJIOBA: repGiumau, noBepXHEBHit n1a3MOHHUI pe3oHaHc, GioceHcop.

B ocranui poxu wmeron IIIIP 3arBepauBCcs SK OAMH 3 OCHOBHHMX METOMIB MNpPH  JAOCTIUKEHHI
Giomonekynspuux B3aemonii [1]. Cepen nepeBar mBOro MeTODy € BHCOKA YYTJIMBICTH, MOXHBICTb
CIIOCTEPEXKEHHSA 38 KIHETHKOIO 6ioNoriYHmMX peaxuii B peabHOMY BHMIpi Yacy Ta B MPUPOJHOMY U MOJIEKY]
cepenoBHIi, MOXHBICTh 0GilTHCa Ge3 monepeaHbOI MONEKYJIAPHOI MiTkH. B Toif ke uac iCHyIOTH neski
0OMEXeHHA Ul METOMy, MOB’A3aHi 3 po3MipaMu JIOCHIKYBaHHX 00’ekTiB. Tak, CrOCTepeXeHHs MONEKyN 3
Macolo MeRIOoKo Hixk 200 1aIbTOH € MPAKTHYHO HEMOXJIHBAM 3 BUKOPHCTaHHAM 3BHYANHHOI CXEMH peecTpallir.

Jlna BHpimeHHs i€l npobieMH MH MPONMOHYEMO IBa MiAXOAH, AKi 0a3yl0ThCA HAa HAABHIlM MOXIHBOCTI
cneurdivHOro 3B’A3Ky MK MOJIEKYNOI 3 MAIOI0 MOJEKY/IAPHOI MAacolo, L0 PEECTPYETHCH, Ta BEIHKOK
Monekysoro. Lli mizxomu imocTpyroThCa Ha npuKiani peecTpanii repGilKaiB 32 IONOMOroI0 POCIMHHOIO Gilky
D1, sikuif 1e Ha3uBaIOTh repOilya-38’A3yI0unM GLIKOM, OIepXKaHHM 3 XJIOPOIUIaCTOBHX MeMOpaH. Mexaniam Jif
repGiumny GasyeTscs Ha 3aMilICHHI HUM [UIACTOXiHOHY, SKMH € BTODHHHMM aKLENTOPOM ENEKTPOHIB B
peakuiifinomy ueHTpi ¢orocuctemu II, mo nNpu3BOIMTE N0 3YNHHKH MNEPEMIlleHHS ENEKTPOHIB Mk
(oTocucTeMaMH 3 MOCIIAYIOUMM NPHITHHEHHAM XHTTENIIBHOCTI pocnuuy [2]. Monekynspsa maca Guismocti
repbiumniB konuBaeTbct B Mexax 190-250 manbToH, mo pobuTh iX peectpawiio 3 BHKOpHCTaHHaM [P
npobnemathyHolo. B mepuwriif Meroamui Monekyna repGiummy, aTpasuH, npoHHkae B map OGinky DI,
ancop6oBaHOTO Ha MOBEPXHi 30JI0Ta i 3aMilllye MIACTOXiHOH, MOJIEKYJIspHa Maca sikoro 750 nansToH. Peakuis
3aMillleHHs 3MiHIOE MieNeKTPHYHI XapaKTEPHCTHKH MOJEKYJIAPHOrO KOMIUIEKCY, IO PEECTPYETHCS MPHIIAAOM.
3Mmimenns KyTta miasMoHHoro pesonancy (ITTTP-curuan) npu LsoMy MpONOpLioOHabHe KOHUEHTpalii repGitumy
B po3uuHi. JIpyry METONMKY MOXHO Ha3BaTH KOHKYPEHTHOIO, TYT MOJIEKYJIa repOilliay 3 MAIOI0 MOJIEKYJISPHOIO
Macolo (B HALIOMY BHMAjAKy lie MeTpaby3uH) 3aKpilUTIOEThCA HA YYTJIMBil NOBEpPXHi CeHcopa i KOHKYpYye 3
BIILHOIO MOJIEKYJIOK0 MeTpaly3uHy 3a 3B’A3yBaHHs 3 Ginkom D18 po3uui. JUna noninieHHs yMOB B3aeMozii 3
6inkom, repGilma 3aKpirUIOBaBCS HA OBEPXHi 3 BUKOPHCTAHHAM MOJIEKYIIPHOTO JIAHLIOXKKA, AKUH CKIaaaBcs i3
CIMHAZLATH aTOMIB ByIJiello. 3 METOI0 NpPHCKOPEHHA peakilii 3B’A3yBaHH:A, IUIACTOXiHOH 3 Ginky D1 Gys
excrparoBaumif. [Tin yac peectpauii posuun Ginky D1 inkyGyBaBcs 3 pi3HHMH KOHUEHTpaLisMHu MeTpaby3uHy.
IIITP-curHan npy Uil METOAML| € 3BOPOTHIM 10 KOHUEHTpaLii BUTbHOro repGiluay B po3umHi.

TEOPETHYHI ACIEKTH

ITosepxnesuii rutazamon (ITIT) sBase co60I0 XBAMIO ryCTHHH 3apA/y, XBHIbOBHH BEKTOp AKOI HANpaBJeHHH
B3JIOBX [PAHMLI PO3MOALTY MK METAIOM YH HAMiBNPOBIIHHKOM Ta CEPeJIOBHLLEM, a AMILTITYla HANPYKEHOCTI
noJis eKCTOHEHWIHO 3aTyXae NMpH BiljaneHHi Bin rpanuui posaimy. ITonibna xuwns moxe Gytu 36ymkena
30KpeMa, Ha 30BHIlIHIH MOBEPXHi TOHKOI TUIIBKM METaTy 3 JOCTATHHO BENHKOK) HEraTHBHOIO TA HEBENHMKOIO
YABHOIO YaCTHHAMHM KomruiekcHoi  mienextpuyHoi  ynkuii[3]. Jna 36ymkenns I  3Buvaiino
BHKOPHCTOBYIOTBCA TOHKi IUIIBKH 30710Ta Ta cpibna. PiBHAHHA Aucniepcii Js MOBEPXHEBOrO IUIa3MOHY, IO
PO3MOBCIO/DKYETBCA B3MOBX TOHKOI IUIIBKM MeETaly 3 KOMIUIEKCHOIO MieNeKTpHYHOI ¢yHKuieo &(®) Ta
CEpelOBHILEM 3 JieNeKTPHYHOIO (QyHKUi€I0 €, Mae Burnsaz [3]:

o | & (@)e,

Ve -
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e Ky - XBAbOBHI BEKTOP IUIa3MOHY, C- IBHIKICTb, ®- 9acToTa cBiTia. [ToBepXHeBHif mIa3MoH He Moxe GyTu
30y/DKeHul NPAMHM TaJalOYHM CBITJIOM 3 CEPEelOBHILA 3 MEHIIOK TYCTHHOIO, B CHIY TOTO, IO BEJIMYHMHA

@ :
XBHJIbOBOTO BeKTOpa id PoToHa kp = — /s_ € HenocratHi. Jlns 36uu>meum BEJIMYHHH XBHJIOBOTO BEKTOpa

Nazaiouoro CBiTIa (BHKOHAHHA 3aKOHY 36epe)xemul KOMIIOHEHTH XBHJIBOBOTO BEKTOpA, MapaiebHOi rpaHuli
po3nojifly) BHKOPHCTOBYIOTH meron [TMBB (nopymene NOBHE BHYTpilmHEe BixbutTs). Haliuactime
BHKODHCTOBYETbCA CXeMa ekcriepuMeHTy B reomerpii Kperumauwa [4] (Puc.l), nmpu skili miiBka meramy
po3mimieHa Ge3nocepeHbO Ha MPH3Mi 3 BHCOKHM KOe(iliEHTOM 3anoMieHH: _\,;;,‘/;; abo Ha cruAHiH

IUTACTHHLI, IO Ma€ ONTHYHHI KOHTAKT 3 MPH3MOIO 3aB/AKH pimuHi. B Metoxi IITIBB cBiTio najae Ha rpadAuio
pO3MOALNTY MK CEpelOBHINAMH TpH KyTaX, mo Ginbme kputuuHoro O,. Ilpu usoMy cmoctepiraeTscs nopHe
BHYTpiluHE BinbuTTA cBiTia R—>1. OnHak, YacTvHa CBiTNA BCE-TaKH MPOHMKAE HA 30BHILIHIO CTOPOHY MPHU3MM
(3aTyxatoua XBunA) i 36y/vkye B MeTaiti nasmoH. Ipu UbOMy MIiBKA BHKOPHCTOBYIOTH Taki, 1100 MOTiK eHeprii
NOCATaB rpaHMLI Po3noAiNy MeTan-cepenosuule. Bianosinxo xo Teopii, [P BuHukae B BUnaaxy, komu Ky = Kqn,
11O IOCATAETHCA 3MIHOIO KyTiB Nafinus B intepsani Mix 6,< 6 < 90° i peectpyeTses, Ak MiHiMyMm B rpadiky
inTeHcuBHOCTI BiaGHTOrO p-nonspusoBaHoro ceitna R (6) (mani-xpusa IIIMP, Puc. 2, kpusa 1). Minimymy
{HTEHCHBHOCTI BiAMOBiJa€ pe30HAHCHUM KYT Oy, AKHIE MOXKeE OyTH BU3HAYEHH 3 PIBHAHHS:

| & (m)s

6, (2
i e :
B AKOMYy MH BHKODHCTOBYEMO TUIBKH pealbHy 4YacTHHY KOMIUIEKCHOI JieneKTpu4HOi  (yHKuii
@) = ¢'(w) + £"(w) . 3Buualino, noBepXHeBHil IIAMOH He MOXe icHyBaTH Ge3 3aTyXaHHs B MiBLI MeTany i

€ (@) # 0, ane B GinbwocTi BHNAAKIB le'(w) >> (). Posuiulem& Ha MOBEPXHi MeTaly AieJIeKTPHIHOro
TMOKPHTTA, HANPHMKNAA, Yy BHMIALi ancopboBaHuX GioMONeKysl, BHKIMKAE 3DOCTAHHA BEIHYHHH BEKTOpa
NOBEPXHEBOTO IUIA3MOHY: k;m = k:’m +A knn

BinnosinHo 10 piBHAHHA (2) Ue BHKIHYE 3MIMICHHA MOJOXeHHA MiHiMyMmy kpuBoi ITIP (Puc.2, kpuBa 2).
Po3paxoByioun 3mimenns d0 3 BAKOpHCTaHHAM popMyst DpeHeNs, CTaE MOKIHBUM OLIHHTH ONTHYHY TOBIIMHY
wapy Giomonexkyn. Jlns po3paxyHKy eQeKTHBHOrO Koe(ili€HTa 3aNOMICHHA N MOJNEKYISPHOrO wapy
HEoOXi/IHO 3pOGMTH MiZCYMOBYBaHHA MNONAPH3YEMOCTEl CKIafaloYuX HOro 4acTHH 3rillHO piBHsHHSA JlopeHTu-
Jlopenua [3]. 240 L

on

ep = _ Mo =1 Sy 3
n,2¢ +27 Moy +2i W2 ©)

I€ Dyon - KOCQIUIEHT 3aNOMICHHSA MOJEKYJ, N~ KOE(DiUi€HT 3alOMNEHHA CepelOBHINA, B SKOMY MONEKYNH
3HaXo/AThCA, V- (paKTOp 3aNOBHEHHS, IO BU3HAYAETHCA (POPMOIO MOTIEKY!I.

MiniManbHa BeNMYMHA 3MillleHHA NOJOXeHHA MiHiMymy IIIIP-kpuBOi OOMEXYEThCS MOMIHBOCTAMH
peecTpyrouoro o6NaaHanHs i B GUILIOCTI BUNA/KiB 3HAXOAHTCA Gmusbko 0.005°. Bixmosinso 1o pisHsHEs (3),
edexTuBHAi KOe(ILEHT 3aIOMIEHHS IWIUIHO 3aNakOBaHOro MOHomapy Giomonekyn chepuunoi dopmu B
BOJHOMY CEpENIOBHIL Ney = 1.36, i € MOXITHBAM PO3paxyBaTH ONTHYHY TOBIUMHY LIapy, WO BHKIHKAE Take
smimenns. Ii enmuuna we nepesHiLye 0.05 HM i 3aN€XHTh Bill WIIBHOCTI NaKyBaHHA. 3HAIOYH MOJEKYIAPHY
Bary BiANOBIAHOI MoONeKyad i BBaXaloun ii GopMy CHEpHIHOIO, JIETKO PO3PaxyBaTH TOBIIMHY MOHOMIApY
Giomonexyn, wo peectpyroThes. Tak, s repGinmais Bona Gyne B mexax 0.8-1 um. PospaxyHky nokasyioTs, 1mo
copOlliA TAKOro MOHOWIApY BHKIMYE 3MillleHHA TONOXeHHs MiHiMymy ITIIP-kpuBoi menme Hix 0.05°, mo
3HaxoauTcs Gnu3bko HIDKHBOI Mexi yymmsocti [MITP-metomy. IMpote, npu peecTpauii Manux KoHUeHTpauii
ITBHICTS MaKyBaHHA GioMonexkyn B copOuilHOMY miapi, i , BiANOBINHO, BeNMUMHA 3MILUEHHS MONOKEHHS

1 :

fl Il -4
o e “ *® 8 90

de
Puc.2. Binburrs nnisku 3omora (1) i Tiel % naiBku
NiC/Is HAHECEHHs Ha Hei wapy aienektpuka (2) B
reomerpii [TNBO Kperumana.

Puc.1. Cxema 36y/DkCHHS TIOBEPXHEBOTO ILIA3MOHY
3a jgonomMoroio npusmu B reomerpii Kperumana
(Kperuman-kondirypauis).
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MiHiMyMy 3MeHIIYIOTbCA. 3 Apyroro GOKy, B 3B’3Ky 3
npobnemMoi0 peecTpailii MOJNEKYN MaiuX Ppo3Mipis
BHHHKAa€ TIMTAaHHA, TIOB’S3aHE 3 CEJIEKTHBHICTIO
BHMIpiB i HeoOXiaHiCTIO oYHMmIeHHs po3uuHiB. [ami
€KCTIEPUMEHTIB  MiATBEP/KYIOTh, MmO  MpsAMa
peecTpallia ManuX KOHUEHTpauiii Giomonekyn 3
MOJIEKYNAPHOIO Macolo MeHume 500  1ansToH,
3BAXAIOYH Ha MNpPHUCYTHICTh ApeH(OBHX SBHIL, €
npoGneMaTHYHOI.

[HmuM  nusxom s 3a6esmedeHHs  Takoi
peecTpauii € METONMKH, B SKHX BHKOPHCTOBYIOTHCS
pisHi  QopmMH  crneumpiuHHX  B3aemoZii  Mix
GioMonekynaMu 3 Malol Ta BEJIMKOIO MOJICKYISPHUMH MacaMH. IITTP-MOHITOPUHT TaKWX B3aEMOJiH B
pealbHOMY PeXHMi uacy Aac 'MOXIMBICTh JUIA CIOCTEPEXEHHS KIiHETHKH 3MiHM ONTHYHOI TOBIIMHU
GiOMOJIEKYIAPHOTO KOMIUIEKCY i, AK Pe3yJIbTaT, PeeCTpyBATH MPUCYTHICTH MOJIEKYJI MAJIUX PO3MIpIB .

Poronion Jlmep
Puc.3. Cxema ITITP-npHcTpoIO Ta MOZAES 1APOBOT CTYKTYpH.

MATEPIAJIM TA METOAH
Buninenns 6inky D1 npoBoamiocs B BianosiaHocTi 3 MeTonom [5] 3 ropoxy (Pisum sativum L.).
IITIP-Bumipn

Bumipyn npoBoamiuck Ha KoM lorepusoBaHoMy [ITP-npuctpoi 3 KpetumaHn-koH}irypauiero ceHCOpHOro
ontiyHoro 6noky (Puc.3). BukopucroByBanuch reniif - HEOHOBWH Jiasep 3 MOTyXHicTio 2 MBT 3 p-
NONApU3aliel0 BUNPOMIHIOBAHHSA, CKISHA Mikponpusma (n=1.51), mporoyHa kioBera (OPrckio, Kiibue 3
CHJIIKOHOBOT rymMH HiameTpoMm 8 MM i 1 MM BHCOTOK) Ta peectpyiounii dotoxion. 3MiHHa MikpornpusMma Ta
peectpylouniit doronion posmimeni Ha cronmky, mo obepraerscs (0.01° posmineHa 3maTHiCTH MO KyTY).
Mikponpusma sBise coGOI0 CKOMIUIEKTOBaHYy CEHCOPHY CTPYKTYpy (CKJIo, Wiap 3070Ta, Wiap TiOJiB), WIO
HO3BOJIMJIO MPOBOJAMTH BHMiDIOBAaHHA 3 GiNbll BHCOKOIO TOYHICTIO B MOPIBHAHHI 3 BHMipaMHM Ha 3MiHHHX
CKIISIHHMX IUIaCTHHKAX, I¢ HeOOXiIHO BUKOPHCTOBYBATH iMepCiitHy piZMHy U1 OTPHMAHHS ONTHYHOTO KOHTAKTY 3
npusmoto. Illap 30m0ta ToBIMHOW 45 HM GyB Hammwienuil (Tepmiuwe mammnenns, 10” Ila) Ha nosepxHio
MIKpONPH3MH 3 OIHOYACHHM HAIM/IEHHAM MMiWapy XpoMy TOBIIMHOK ~3HM Ul moJjinumieHns aaresii. [Tix vac
BUMIpIOBaHb MoNOXeHHA MiHiMymy ITIIP-kpuBoi peecTpyBaioch B BHIISAAI  ceHcorpamu. Bci Bumipw
NPOBOAMIIMCE NMPH KiMHATHIM TeMIepaTypi.

Peectpauis repGinnais 3 BHKOPHCTAHHAM peakuil 3aMilleHHs NIACTOXIHOHY

Binok D1 6yB po3unHenuii B pocparHomy GydeprHomy posuuni (PBS) ( pH=7.4, 25 MM KH,PO,, 25 MM
NaCl) i po36aBnennit 10 koHueHTpauii 5 MI'/ma. IIpo6a po3unHy 6inky (100 MKI) BBOXHIACH B BUMIDIOBANBHY
kioBety Ha 30 xBwiuH. ITicns npomuBku KioBeTH GydepHMM po3YMHOM Ha mMpoTs3i npubausHo 30 XBHIHH
peecTpyBaBcA peasbHUi apeiid) MiAroToBNEHOT 10 OCHOBHOTO eTamy BUMipioBaHb cucteMy. Ilicns crabinisauii B
KIOBETY BBOAMIACh NMpoba po3uMHYy aTpasMHy BH3HAYEHO! KOHUEHTpaLii i peecTpyBanach KiHETHKa peaxuii
3aMillleHHs IUIacTOXiHOHYy repGiummom. I1o6 Bu3HauMTHCA, 4H JilficHO mpouec 3amilleHHs BinGyscs,
aHanoriyHuii ekcnepumeHT OyB mpoeneHuit 3 Giikom DI, 3 sKOro momepenHs0 3a JOTOMOrolO rekcany Gy
eKCTparoBaHuif niacToXiHoH. I xou Ginok 36epiraB Npu HbOMY 3[aTHICTH JI0 3B’A3yBaHHA 3 repOiumMaOM, peakuis
3aMillleHHA B JAHOMY BHIIagKy He crioctepiranacs (Puc.4). Ilo uiik cxemi 6yB npoBeneHwHil pall eKCIIEPUMEHTIB
o JUIS BA3HAYESHHA Ta ONTHMI3allil Yy TIMBOCTI CEHCOpa.

Peectpanis rep6iunais 3 BHKOPHCTAHHAM
A "KOHKYpPEHTHOro"” MeTony
Xnoporutacropuit  Gitok D1 Gy ounmenuit Bin
| IIACTOXIHOHY 32 JOTIOMOroI0 rekcaHy. EkcrparoBanmit
|1 PBS - Liiuk Sy mhy PR H0 TakuM uMHOM Ginok  6yB posuMHennit B 25 MM
o Gypepromy posummi (25 MM NaCl, pH 74) i
pos6aBnennii mo konueHtpauii 5 MI/mn. Jlami Ha
2 NOBEPXHIO 30Ji0Ta copOyBaBcs LMCTEIH (3 pPO3YHMHY
IM[/Mn Ha nporssi 2-x roauH). Sk Bimomo, Micue
38'A3yBaHHA 3ansrac rmboko BcepeauHi Ginky D1 Ha
BiACTaHi Bii NOBepxHi Mojexkynd, mo nopiBHioe 10
! e Hac, cex aToMam nyrnemo[6] 3 MeToi0 3MEHIUHTH npocmponi
Puc4. Cencorpauu mis,“'"y;‘:’("l'; APASHHY 3 oGmexeHHs Ta MIIBHIMTH QEKTHBHICTh B3a€MOI,
OYHILCHHM B TUIACTOXIHO! UIKOM Ta 3aMILLCHHA
TIACTOXIHOHY B Heo'lumcnz{iy 6inky D1°(2). m:‘iy;::“iy: m::ﬁ:::{;:‘ me}f:kl::oremy -

PBS

Sur/mnD1* PBS | wr/mx arpasuny PBS H,0
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Pic.5. 3MileHHs KyTa IIa3MOHHOIO PpE30HAHCY TMpH Puc.6. 3mimeHHs KyTa TIUIa3MOHHOTO —pPE30HAHCYy B
aacop6uii Ha mosepxHio 30mota BCA i DI 3 po3unHiB  3ajekHOCTi Bil KOHUEHTpauii atpasuHy. |-peakuis
PI3HUX KOHLEHTpALiH. samimieHHs B GydepHomy poszumni 3 pH=7.4, 2- pH=5.2, 3-
pH=2.2.
MOJIEKY/TH TeKCaMeTH/IeHiaMily, AKka € 3B'A3YI0UMM JIaHIoXKKOM. CrioyaTKy MikpompH3Ma 3 IIapoM 30J10Ta,
TIOKPHTOrO LMCTEIHOM, Ha MpoTs3i 2-X roaud o6pobnsnacs B 0.1% po3unHi rmoTapanbieriny, mcis wsoro
BinMuBaiach B OydepHoMy po3umHi i 3aHypioBanack B 1% po3uuH rexcumMeTnneHaiaminy Ha 2 roaunn. IlotiMm
MiKpompH3Ma 3HOBY BinMuBanack B OydepHOMY pO34MHi i 3aHypioBanach B pPO34YHH MeTpHOY3HHY
KoHUeHTpaniero IMI'/mn Ha 2 romunm. Ilicns mporo nmpo6a, mo MicTHTE cymim excTparoBaHoro Ginky DI
KOHUEHTpauielo IMI'/mMa 3 MeTpuOy3UHOM B Pi3HHX KOHLEHTPAIUiAX BBOJWIACH B KIOBETY i MPOBOJMBCS 3aIHC
CEHCOrpamH.
PE3YJIbTATH i OBGTOBOPEHHSI
Peakuis 3amimienns

Buacninox rpanmuHo Mamux mns Mertoxy IIITP 3nayeHh MoneKy/nspHOI MacH aTpasMHy peaxilis
crneurivHOro 3B'A3yBaHHA MiX ekcTparoBanuM Oinkom DI i repGiumzom, sk i O4iKyBanoch, MpakTHYHO He
criocrepiranacs (puc 4.1.), Tomy B nofanbiioMy Mu Gynemo o6roBopiOBaTH TiIbKM peakuilo 3amimenns. Ha
LbOMY K€ MAIOHKY HaBelieHa ceHcorpamma (puc. 4.2), mO MOKa3lye KiHETHKY peakuii 3aMillleHHS Mik
aTpa3MHOM Ta HeekcTparoBaHuM Oinkom DI, e ABHO MOMITHMI BIIKIMK Ha BBENEHHA MpoGH 3 repGimMaOM.
HageneHi ceHcorpamMu nokasyioTh KiHETHKY peakuiif ana mapy 6inky, mo yTBopuBcs npu cop6uii 3 pozunny D1
KOHIEHTpauieo 5 MI'/mn, sxa Gyna Bu3HaueHa micns paay ekcrniepumenTiB. [Ipu AaHiil kOHUEHTpauii ToBIIMHA
copbuiiHoro mapy, mo yTtBopioBascsi, Oyna ouinena Hamu B 8.5-9.5 mm [7](Buxomsum 3 koeiuienty
sanomienns Oinky Ne;=1.36), mo 3HaYHO TmepeBHiNye TOBUIMHY MoHomapy. CnpaBai, MOpiBHABHI
€KCIEPUMEHTH, NPOBEJIeHi /UIA BOX THMIB GinkiB-rizpopobHoro pocaurHoro D1 Tta amdidinsHoro Bososoro
cHpoBaTkoBoro ansGyminy (BCA) nemOHCTpYiOTh 3Ha4Hy BiIMiHHICTb B TOBIWMHI COpOLiiHOro mOKpHTTH,
OTPHMAHOTO 3 PO3YMHIB BHCOKOI KoHUeHTpauwii (zo 30 mI/mn) (puc. 5). BpaxoBywuu CriBBiIHOLICHHS
MOJIEKY/IApHUX Mac aBoX Oinkis- 69 kxJ{a s BCA i 39 x/la mna D1, a Takox Binomuii pakT BincyTHocTi s
BCA copbuii wa moHomap [8], MOXHa CTBepIKYBAaTH, IIO IS POCITHHHOrO OUIKY BiJ3HAYAETHCS
HEBINIOPA/KOBaHA IOJIMONEKyNAPHA cOpOLs, AKa MPHBOMHTL NO YTBOPEHHA HA TMOBEPXHi 30/10TAa MOPHCTOL
CTPYKTYpH TOBLIMHOIO B JeKibka MOHOmapis. Lle miATBep/KYIOTh NaHi, OTPMMAHI 3a JONMOMOTOK0 CHIOBOTO
atomHoro Mikpockony (CAM) (Puc.7-8). CnpomoxHicTs yTBOpIoBaTH mnpu copbuii MynsTHIApH €
TMPHHLHIIOBOIO 0COGMHMBICTIO pocaunHOro Ginky D1 i MoACHIOETHCS, Ha HAII NOTMIAN, BUCOKOK riapodobHicTio

Puc.7. CM 300paxkeHHs cop6OBAHOTO HA TOBEPXHi Puc.8. CAM 306paxenns cop6oBaHOro Ha moBepxHi
3on10ta 6inky D1. Cop6uis 3 posunsy 10 Mr/mi. 3onora BCA. Cop6uis 3 posunny 10 Mr/mn.
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#0ro 30BHIlHIX CTPYKTYP (EKCTIEPUMEHTH MOKa3alH 3Ha4HO ocnabneny copbuito D1 Ha rimpodinbHe 3010T0).
s ocobnuBicTh A03BOJNSE OTPHMYBATH MOPHCTI WIApH THIY MCEBIOMATPHKCIB, KOTPi PO3LIMDIOIOTH 30HY
B3aemozii Mix peakrantamu. Hami pesynstaté mo ¢popMyBaHHIO wwapy 6ifKky NokasyioTh NpsMy 3alexHiCTb
YYTIHBOCTI CEHCOpa BiA MapameTpiB cop6uil (koHuenTpanii 6inky, pH Ta ioHHOT cini posuuny). Tinbku yMOBH,
cripusTInBi A0 (opMyBaHHA wapy GinKy 3 BHCOKOIO NOPHCTICTIO JO3BOJAIOTH OTPHMATH NOCTATHBO BHCOKY
qyrinBicTs. Ha puc. 6 nasenena 3anexuicts [IITP-Binryky cencopa Bin koHueHTpauii atpasuny y gocdarHomy
Gydepromy posumni pH=7.4 monsprictio 25 MM/ma. B nianasoni xoHuenTpauiii atpasuny 10° - 10° MI/mn
3MilleHHs n0M0)KeHH s MiHiMyMy TTITP-kpusoi nocsrano 200-1000 KyTOBHX CekyHA, ke 3MEHUIyBasoch 10 40
KYTOBHX CEKyHJ NpH KOHUeHTpauii arpasuy 100 mI'/mi. YymamsicTs ninsuutyeTscs npu copbuii Ginky Ha
TOBEPXHIO 3 Oy(epHOro po3unHy 3 3Ha4eHHAMH pH=5.2-2.2 (npu upoMy 3MileHHs NoMoXeHHs MiniMymy TTITP-
curdany 36imburyetses 10 110-170 kyToBMX ceKyHI i KOHUeHTpauii atpasuy 100 uI'/mu). Moxna
NpPUMYCTUTH, IO YacTKOBa IEHaTypalis MoJeKya Oinky NoJimiiye DOCTYn MOJNeKys aTpasHHy A0 MiCIb
3B’A3yBaHHs B pe3y/bTaTi KOH(OpMaLiifHUX 3MiH B MOJeKyiax GilKy.
; KonkypenTHuii meTon
Cencorpamu, HaBezieHi Ha puc.10, nokasyiots KiHetuky ITTIP-curHamy Mpy B3a€MOZii OBEPXHEBHX MapiB
| pes 3 merpubysunom. IToyatkoBi 3minm ITITP-curHany,
IO CTIOCTEPiraloThes, MPOMOpWiliHi KOHUEHTpaLii
repbimuny B cymimi 3 GinkoMm. OpHak, micis
NPOMUBKH CHCTEMH Oy(epHHM pO34MHOM Oimbmumii
IMP-giaryk  cmocrepiraetbcs aus  npobu 3
MiHIMaJIbHOIO KOHLEHTpALi€l0  MeTpuby3uHy B
cymimi. Ile NOACHIOETBCS THM, WO BiNbHMIA
meTpuby3nH B cymimi 3 D1 npurhiuye 3miGHicts
Oinky no B3aemomii 3 3aKpilUIeHUM Ha MOBEpXHi
CEHCopy METpHOY3HHOM. BinnogizHo,
makcumanbHuii [ITTP-curHan cmocrepiraetscs B
0 2000 Lo, 4000 6000 8000 IBOMY BHMANKy NpPH MiHIMaNbHiM KOHUEHTpauii
: rep6inuay B npo6i. ExcnepuMenTu nmokasanu, 1io B
TIOPiBHAHHI 3 NMPAMHMU BHMIpaMi KOHKYPEHTHHH
MeTOx mifBuiye dyTiuBicTs IITIP-BUMipIOBaHbE 10
0.1 mxI"/mn, ane nporpae KoMy B 3py4HOCTi Ta HEOOXiIHOCTI MONEPENHBOT i ATOTOBKHA MOBEPXHI CEHCOPa.

g
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Puc. 10. Cencorpamu, mo OTpUMaHi NMpH "KOHKYypeHTHOMY”
METOZi peecTpaltii MOJIeKyJl 3 MaJiol0 MOJIEKY/ISIPHOIO Macolo.

BUCHOBKH

OrpumaHi pe3yJbTaTH TOKa3yloTh MHPOKi MoxuBocTi Metomy IMMP B nocnimkeHHi MDKMONEKYISPHHX
B3aemoiii Mix Giomonekynamu, po3mip AkuX BapitoeTbest Bix 200 no 32000 JMansron. Mexa peecrpauii mis
MOJIEKYJ1 Majioro po3mipy BuzHauena B 100 MxI/mn mis npamux BuMipis Ta 0.1 MxI'/MJI U1 KOHKYPEHTHOTO
MeToxy. BUKOPHCTaHHA HOBHMX TEXHOJIOTiH 3 MOmepeHbOI0 KOHLEHTpALiclo repGilMaiB J03BOJISE MiABHILATH
qyruBicTs B 1000 pasis i pobute MoxuBuM Bukopuctanus ITTTP-mMeToxy s peectpanii repGinuais B MATHIN
Bozli. [TpuBenieHa TexHOMOriA MOjXe OyTH BUKOPHCTaHa /UIs peecTpaii GioNoriTHuX peakuiill 32 y4acTio MOJIEKY.I
MaluX Po3MipiB SK B (YHIAMEHTANIBHUX TaK i B NPUKIAZHHX AOCHIKEHHAX B MENMUMHI, €KoJorii Ta
GioTexHounorii.
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MeTo/IoM IUIa3MEHHO-AECOPOLIMOHHOM MACC-CIIEKTPOMETPHH ¢ MOHM3almMel ockoikamu jenenus Cf252 (T17IMC)
MCCIIE/IOBAHO B3aMMOJICHCTBHM CTEPOMIHBIX ITTHKO3H/10B MoHo3ua Heoturorenmta (MH), Buosuia HeoTHroreHuHa
(BH) u Tleryrmosuza J1 (T1)1) ¢ nyieosunamu Ado, Guo, Cyd, Urd, Thd. WsyueHo Takxke B3aMMOJICHCTBUE T€HHHOB
HEOTUI'OTeHMHA M TMTOIeHMHA C TeMM XKe HyKIeosuaamu. YcraHopieHo, yro BH u I1J] cnocoGHEI 06pa3oBriBaTh
HEKOBaJIEHTHOCBsI3aHHbIe accomatsl ¢ Urd, a BH Takxe ¢ Cyd.

KJIXOYEBBIE CJIOBA: crepoMjHBle ITIMKO3M/BI, IEHHMHBI, HYKICO3MJBI, IUIa3MEHHO-JIeCOPOIMOHHAS Macc-
CIIEKTPOMETPHS, HEKOBAICHTHOCBS3AHHBIE ACCOIMATHI

Creponansie rmmko3umsl (CI') ABImOTCA (DH3HONOTHYECKH AKTHBHBIMH BEUIECTBAME DACTHTE/BHOTO
npoucxokacHuA. B obmem cayusae  momekyma CI' cocromr u3 “crepommHOro sapa” (ariMKOHA) H
NPHCOCIMHCHHOH K HEMY YTJICBOAHOH ICIH. KOTOPas MOKET BKIHOYATh B ce0d OT 1 10 7 MOHOCAXAPHIHBIX
monomepos. Cormacko crpyktype armmkoa CI moapasgensior Ha NPOM3BOAHBIC CIMPOCTAHOBOTO H
(ypocrasosoro pazos [1]. U3sectro, uro CI' mMoryT mposBmaTs MemOpasotponsyio [1], dysraummmyio [2,3],
NPOTHBOBOCIATHTE/ILHYIO 4], anTHOKCHAARTHYIO [1] M Apyrue Brasr axruBrocTH. [lns CT XapakTtepeH Takxke
BBIDAKCHHBIH THIOXOJIECTEPHHEMHYCCKHH 3((eKT, Y10 mo3BOMMA0 co3aate HAa Oasze CI', BBIICICHHBIX M3
Dioscorea caucasica Lipsky u Dioscorea nipronica Makino, a Taxke u3 Tribulus terrestis L., JekapcTseHHsIe
Npenaparsl, NPUMEHAEMbIE U MPO(HIAKTHKE H JICYCHHA PAHHHX CTaJWi arepockieposa [5-7). Kpome aroro
JICKaPCTBCHHBIC TNpPENApaThl, BKMOYaomme B CBOM cocraB CI, mMHMPOKO HCNOMB3YIOTCH TNPH JICYCHHH
KapauoJiorayecknx 3abonesanmii |7,8]. He mocneHIo poms B HHTEPECE, MPOAB/IAEMOM HCCICAOBATEAMH K
JAHHBIM COCJHHCHHAM, HIPACT BO3MOXKHOCTE NMpHUMEHATh CI' B KA4eCTBE WCXOAHBIX HIH IPOMEKYTOMHBIX
PEAarcHTOB /Ul CHHTE3a TOPMOHAJIBHAIX MPENAPATOB HIIH MX NPOH3BOAHBIX , 4 TAKKE MPOABICHAE TOPMOHAILHOM
akTuBHOCTH HaTHBHBIME CI' [1,9-11] . B 4acTHOCTH, NOJMyueHBl JAHHBIE MO NPUMEHHEHHMIO NpENApara
TpubecTana, ocHOBOH KoToporo aBsmorcsa CI' 3 Tribulus terrestis L., B kauecTse adpoau3uitHoro cpeacTsa s
myxamH [12]. B nocnessme roas 0cofoe BHHMAHHE NMPHBICKAET TAKXKE MPOTHBOOMYXO0JeBas akTHBHOCTS CI.
Pagom aBTOpOB OTMEHaeTCA BBICOKASA HHTHOMpyom@as cnocobHocTs CI' B OTHOIEHHH NpPOTH(EPHPYIONIHX
KIeTouHbIX cHCTeM [1,9,13,14], oTmedaercsa TakkKe, YI0 AAHHYH) AKTHBHOCTH NpOsSBIOT TOMbKO CT,
coaepkame B OJMrocaxapuaHod memm Oonmee 2 3BeHneB [13]. Micxoas W3 BBIIECKA3aHHOTO BHAHO, HYTO
uHopmamma 0 peaximoHHOM cnocobHocTH CI' MO OTHOMEHMIO K OHONOTHYECKH BAKHBIM MOJIEKYJIaM
OpeACTaB/IAET HHTEPEC 1A CO3AATENCH HOBBIX (PapMALCBTHUYECKHX MPENapaToB, B YACTHOCTH, 1A OOBACHEHHA
HJTH NIPE/IBH/ICHAS HEXKETATeMbHbIX MOO0YHBIX (P QeKToB.

Macc-CrieKTpoMeTpHA, O0COOCHHO MATKOHOHH3ALMOHHBIC METOABI, JABHO M BechMa I((eKTHBHO
HCTIONB3YETCA /1A ONPEACICHHA, NOATBEPKACHAA HIH YTOYHCHHA XHMHYECKOH CTpykTyphl CI' B HCCe10BaRHH
s3aumozeicTeua CI' ¢ pasnmainbivMu GroMonexyaamu [15-20). Pesynbrarsl, noay4dennsie u3 Macc-crnextpos CI
TO3BO/MIOT CYIECTBEHHO PACIIHPHTH 00eM MH(OPMAIMH O JAHHOM IPYINE BEMECTB, 00 WX PEAKIHMOHHOH
COCOOHOCTH B CMECAX C PA3IHYHBIMHE OHOMOJNEKYIaMH. B  JHTEpAaTypHBIX HCTOYHHKAX BBICKA3BIBACTCA
npemonoxenne 0 cnocobrocts CI' mpoHHKaTh B KICTKY [2]. B kauecTBe 00BexTa HCCHCIOBAHHSA MBI B3N
(yBKIHOHATBHO HaHOONCE 3HAYMMEBIC J/ICMEHTH HH()OPMALHOHHBIX, TPAHCHOPTHBIX H PHOOCOMAJBHBIX
HYKJICHHOBBIX KHCJIOT - HyKIeo3uasl.  Jlannas pabora ABIsSETCA MPOJO/DKEHHEM HCC/ICIOBAHMIE 10 H3Y4CHHIO
METOJAAMH MATKOHOHM3ALMOHHOH MAacC-CIICKTPOMETPHH NPOLECCOB B3AMMOJACHCTBHA (DApMAKOJIOrHYCCKHX
NPEnapaToB ¢ Pa3MHYHBIMH OHOMONCKyIamHM, NMpoBOIMMBIX B jgaboparopum Guodmsuku MII® HAHY mox
pyxosozactsom J1.®. Cyxoayba [21].
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MATEPHAJIbI U METO/bI

JAas w3yuenus B3ammozgeicteus CI' ¢ HyKICO3HAAMH HAMH GBUTM HCIIONB30BAHBI npeacrasarem I
OYHINCHHBIA npenapar MoHo3uaa eoturoreuuna (MH), Bro3naa HeoTurorenuna (BH), BbiaEnCHHBIC U3 CEMAH
TOMATOB, 4 TAKKC HX ATTMKOH HCOTHIONCHHH, MOJMYYCHHBIH H3 TOTO XC HCTOYHMKA, M OYMUICHHBIH Tpemapar
Ierynnoszuaa 11 (TIJI) , IKCTPAarupOBAHHbIA H3 CEMSH NETYHHH H CTO ATTHKOH THTOTCHHH, TAKXKE BBIICICHHBIH
H3 CeMAH NeTyHHH; H Hykieosuasl: Ado, Cyd, Guo, Thd, Urd mapks x/4 npoussoacTsa Serva.
Mosekyra MH u BH Brmouaer B cebs CTepOMIHYIO (ar;IHKOHOBYIO) YaCTh, NPEACTABACHHY0) '€HHHOM pAaa
CIMPOCTAHA HCOTHIOTCHHHOM (258-5a-spirostan-3b-ol), u yr;IeBOAHYIO 4acTh, COCTOSIIYIO M3 TaiaKTo3sl y MH
H rajakTo3sl H rmoko3sl y BH.

YrIeBOAHbI KOMNOHEHT NPHCOSMHACTCS K arTMKOHY mo Mecty 3-OH cBa3m [1,10]. Crpykrypa BH
n300paxeHa Ha puc. 1.

\Gal—O—Glc

Puc. 1. Xummdeckas cTpykTypa MoJeKyIbl Brosujia HeoTUroreHUHA.

IIJ] Tamwke COCTOMT M3 CTCPOMIHON COCTABISIOIUCH, MNPEACTABICHHOH ArIMKOHOM THTOICHHHOM,
XHMHYCCKAA CTPYKTypa KOTOPOr0O HACHTHYHA HCOTHIOTGHHHY 33 HCKIIOYCHHEM JIONOJHHTCIBHOM
THAPOKCHIPYIINBI B MOJOXKCHHH 2, M YIJICBOAHOTO (hparMeHTa, COTOAMICr0 M3 FajlakTO3bl H IUIFOKO3BL TakuM
obpasom, I1/] Takke aBuseTcsa OHO3HAOM CHHPOCTAHOBOrO paaa kak u BH [1,10].

Hccnenopanue mpoOBOAMIM MyTEM NPHIOTOBACHHS MOJACIBHBIX CMCCEH TIJIMKO3HAA WIH ArJMKOHA C
ONpeaCACHHBIM HYKJICO3HAOM, B MOJAPHOM COOTHOmCHMH 1:1. JlaHHY:0 CMEChb 3aTéM pacTBOPAIH B
JMCTHJUTMPOBAHHOM BOJE C KOHLEHTPAUMEH 1MI/MiI B Cllyyae CMECH MIMKO3MJA C HYKJICO3HJIOM MM B BOJHO-
GyranonsHOM pactsope (1:1 mo 06seMy) ¢ TO# JKe KOHUCHTPALHMEH, €CJTH 3TO CMECh ATTHKOHA C HYKJICO3H/IOM.

Jlasiee MPHIOTOBICHHBIH PACTBOP HAHOCHIM HA TMO30M0YCHHBIH NMPOOOHECYmui THCK B KommyecTse 10-20
MKJI. H DPOCYIIMBAIH B CTPye TEIUIONO BO3AyXa TakuM 00pa3oM, 4ToOBI HA AHCKE 00pa3oBaJCA CyXOH OCA/IOK.
AHaJTH3 MPOBOJMIIA C NOMOIIBIO BPEMANPOIETHONO MACC-CIIGKTPOMETPA C HOHM3aWHeH ockomkamu aesenus Cf-
252 MCBX, paspaboransoro ans Omoxummyeckux mccaeaoBanmii u m3roronéHoro AO SELMI, Cymsi,
VYkpauna, npu yCKopsomeM Hanpsxenud +15kV u -15kV. Paspemenue no MaccaM COCTaBIAIO 0K0a0 250 Ha
ypoBre 0,1 BbicOTHI muKa [22,23].

PE3YJbTATAI U OBCYX/JEHHE
TlepBorayansHO ObuTH MOMy4eHs! Macc-criekTpsl MH, BH 1 T1J], a Taxske HEOTHrOrCHHHA M FMTOIrCHHHA, C
HEABI0 H3YYCHHA MyTeH (PparMEHTAMH MOJICKY.I IIHKO3H/I0B H HX arTMKOHOB, a TAKKE /I MPOBEPKH HCTOTHI
npenapaToB. OCHOBHBIC Pe3y/IbTAThI PEACTABICHHER! B Tabmane 1.
Tabmaua 1. OCHOBHBIE MHKH IUIA3MEHHO-ICCOPOIHOHHBIX MACC-CIIEKTPOB CTCPOMIHAIX IIHKO3HAO0B H N'CHHHOB.
TlorpemHoCTs H3MEPESHHA M/Z cocTaBiaseT £ 1 a. e.
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Creponansie rmuko3uas (M)
No m/7 ik COOTBETCTRYVIOMW#H HOH
1. | MOHO3HA HEOTHIOTCHHHA 577 M +H]" .
599 [M + NaJ* l
601 [M + Na+2HJ
: 400 [ (Agl-OHy+HJ'
416 {Agl]
2. | Buo3ua HEOTHUrOreHMHa 742 M +H]"
765 [M + Na + 2Hj"
781 M + K+ 2H]"
1505 [2 M + Na+2H]'
: 400 [ (Agl-OH)+H]'
3. | Herynuosux /I A 758 [M+HJ
781 [M + Na+H]"
1553 [2M +K]'
434 [ Agl+2H]*
416 [ (Agl-OH)+ H]'
398 | Agl-20H]'
Crepowanbie renns (Agl)
1. | Heorurorexus 416 [Agl]
400 [ (Agl-OHyHH]'
2. | I'urorenun 434 [Agl +2H]
416 [ (Agl-OH)+H]"
398 [ Agl-20H]"

B macc-cnextpax MH u BH eMHCTBEeHHBIME THKAMH B 00JIACTH MOIEKYIAPHOM MAacChl IIMKO3ua0B (M, =
576, M= 740) GbuTH MHKH, COOTBETCTBYIONIHE KBA3HMOICKYIApHOMY HOHY (KMH) IIMKO3HAOB C IPOTOHOM H
HOHAMHM HAaTpuA MM Kanua. Ilocnennue oOnazaroT OONbINCH HHTCHCHBHOCTBIO, 4Y€M IHK, OTBEYAFOMIMil
MmonekyspHo# Macce MH u BH, ocoberro max KMU ¢ HOHOM HaTpHA.

B macc-CnekTpax 0TMEHaeTCs TaKkKe MPHCYTCTBHE HHTCHCHBHBIX ITHKOB B 00IACTH MOJICKYJISIPHOM MAcChl
arJMKOHA H €ro ()parMeHTa, NMOCHCHHN COOTBETCTBYET HOHY CO ClEAyromeH crpykrypoit: [(Agl-OH)+H]'.
Hpyriumu crosamm, B npouecce (pparmerTamus Moseky/isi CIT MPOMCXOZMT PasphiB MO MECTY MPHCOSIHHEHHA
YIJICBOAHOH YacTH K CTCPOHAHOMY AAPY C OTPHIBOM OT ArJIMKOHA THAPOKCOTPYNObI H MOCHCAYHOLIHM
NPOTOHHPOBAaHHEM 00pa30BaHHOrO uoHA. [loxoOHBI Mexawwsm (parmentammuu Monxekyms: CI sBasercs
THNHYHBIM H ONHCaH paHee B jmreparype [19-20,24]. B pgamnom caykae macc-cuektpel MH u BH
NOATBEPKIAOT PAHEE NMOMYYCHHBIC JAHHbIC U1 OA00HBIX 10 cTpykType CI' pacTHTEBHOrO MPOMCXOMKICHHS. B
cniextpe BH Takike mpHCyTCTBYeT C1abblit 0 HHTCHCHBHOCTH IHK B 00JIACTH MACC, OTBEYAIOMEX 00Pa30BAHHI
accomuara 3 ABYX MONEKya1 ramkosuaa (m/z=1505). Macc-CneKTp HEOTHIOTeHHHA NPOACMOHCTPHPOBAI
HAJIHYHE HHTCHCHBHBIX NHKOB B 00NACTH MOJICKY/IAPHOM Macchl HeoTwroremmHa (M= 416) u B 00mactu ero
¢parmenta [(Agl-OH)+H]". Ilpu aramuse macc-cniektpos 1] (M= 757) u rurorenusa (M,=432) MBI IPHILTH K
BBIBOAY, YTO A HHX XapaKTepeH TaKkoH e myTh (DparMEHTAIMH MOJNEKYJbl IMIAKO3WJA H ArJHKOHA H
CIeI0BATENBHO 00Pa30BaHKA IHKOB B TOH ke 0OmacTu macc, 4yro u i MH u BH, oaHako B JaHHBIX Macc-
CHEKTpax MPHCYTCTBYET AOMOIHHTE/IbHBIM MHK B 001aCTH MacC ()parMEHTOB arIMKOHA, COOTBETCTBYIOIIMH HOHY
C AByMS OTINCIUICHHBIMH IMApOKCHTpyrmamu [(Agl-20H)]", 4T0 CBA3aHO NO-BHXHMOMY C HATHYHEM B
MOJIEKyJIe THTOI¢HHHA ABYX ruapokcurpymm. I1J1 Taxoxe ckioner obpasossBate KMW ¢ HOHaMH HaTtpua H
Kami H makH B oOmactm macc mamEbiXx KMM Takke ABImOTCH 60/ee MHTCHCHBHBIMH HEM IIHK,
COOTBETCTBYIOIMH MONeKyapHO# Macce I1]. B macc-cnekrpe I1]] Takke €cTh AOCTATOYHO MHTCHCHBHBIH ITHK B
obnacTH macc, OTBeHAOmMX OOpAa3OBAHHIO JHMEpAa M3 ABYX MOJICKYJ AQHHOrO ramko3naa (m/z= 1553),
KOTOpBIH 60JIee HHTCHCHBEH YeM B Macc-criekTpe BH.

B nieoM Macc-CIeKTphI INIMKO3HAOB H FEHHHOB XapAKTEPH3YIOTCA HEOOMBIIHM KOIHYECTBOM YBEPCHHO
HACHTH(HIMPYEMBIX MHKOB H HA3KAM YPOBHEM XHMHYECKOIO IIyMa.

B Macc-CrieKTpax HyK/ICO3WJOB MPHCYTCTBOBANH HHTCHCHBHBIC IHKH B 00JACTH MONCKYJIAPHOH MACChl
COOTBETCTBYIOIIEIO HYK/JICO3HJA, a TAKKE OYCHb HMHTCHCHBHBIC INHKH B 00JACTH MOJCKYJAPHOH MacCl
a30THCTOro OCHOBaHHSA. [TPOCIEKHBANIOCH TAKKE HATIMYMC HE MEHEE MHTCHCHBHBIX k0B KM Hyk1eo3naos i
A30THCTBIX OCHOBAHHM C HOHAMH HATPHA WIH KaJIHA.
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Caeayer Taxe oT™eTHTS, YTO /11 Macc-cnekTpa wucToro Cyd XapakTepHO HATHYHE MHKA, OTBEYAIOLIEND
00pa3oBaHMI0 HOHA AMMEPHOro romoaccoumara. [1000HOE ABICHHE HE MPOSBAAIOCH HH B OJHOM M3 MAcc-
CIIEKTPOB OCTAJILHBIX HYKJICO3HOB.

B macc-cnextpax cmecer MH ¢ puOOHYK/I€03HAAMH MbI OOHAPYXHIM HATHYHC HHTCHCHBHBIX IHKOB

XaPAKTCPHBIX Ul HHAMBHYAIbHBIX KOMIIOHCHTOB CMECEii.
AHanH?3 JAHHBIX MACC-CIEKTPOB cMeceli BH M HyK/1€03H10B NO3BOMAI TAKKe OOHAPYKHTH B HHX NPHCYTCTBHS
HHTCHCHBHBIX ITHKOB TEX JKC THIIOB, YTO H B MACC-CIIEKTPaX WHIMBHIyaJbHbIX KOMIOHCHTOB cmecel. Kpome
3TOr0 B PAAe MAcC-CHEKTPOB ObLTH OOHAPYKCHBI MHKH, OTBEYAIOIHE ETEPOKIACTEpPHBIM accommatam BH ¢
ONpPCACNCHHBIM HyKICo3uaoM no tuny [BH-+aykneosna]. Ilpm 3170M B COCTAB JAHHOIO TETEPOKIACTCPHOrO
accoumMara, Hapaay C MOJICKY/IOH IIHKO3HAA H HYKJCO3HAA BXOAWI TAKKE HOH HATPHA MM Kamus. Pe3yasTarsi
AHA/H3a MACC-CIEKTPOB MoaeHbHBIX cMecelt CIT ¢ puOOHYKICO3HAAMH MPEACTABICHBI B Tab e 2.

Tabmuua 2. BzaumozeicTeue CTCPOHIHBIX [NTHKO3H/IOB H ICHHHOB C PHOOHYKJICO3HIAMH MO JAHHBIM
TUTa3MEHHO-1eCOPOLIHOHHOM MacC-CIIeKTpOMeTpHH. B Tabimune npeacTaBieHs! (JOpMyITbl HEKOBAIEHTHBIX
aCCOLMATOB, B TOM CITy4ae, CCIIM MOJIEKY.Ibl B3aHMOACHCTBYIOT, H MPOYEPK, EC/IH HE B3aUMOACHCTBYIOT.
TlorpemmocTs w3Meperns m/z cocTagaser =3 ae .

No | Creponnssie Hyxneosumst (M,)
I muKO3HIBI
M) Ado Cyd Guo Urd
Hor | m/z Hon m/z | Uon | m/z Hon m/z
1.1 Buosma - | - 1 MetMoNal | 1009 | - | - | [MiAMRHKT | 1026
Heoruroresnsa M +M+K]™ | 1025
4 Mowso3uzg - - - - - - - -
HCOTHIOICHHHA
3. | llerynmosua J1 - - - - - - | IMEMHK]T | 1042
Ne| Tenmnbt (M)
1. | Heormrorenun - - - - - - - -
2 I'urorennH - - - - - - - =

HanGonbmell MHTEHCHBHOCTBIO TAKHE IHKH reTepoaccoumaTos obnazaior B macc-cnekrpe BH ¢ Urd u
Cyd, 410 He OCTaBIIIET COMHEHMM BO B3aHMOJCHCTBHM IJIHKO3HAA C JAHHBIMH HYKICO3HAaMM. Macc-Crexrp
mozensHOM cmecn BH ¢ Cyd mpeacrasnen Ha puc. 2 . Macc-cniektp mozensHol cmecH BH ¢ Urd npeacrasien
Ha puc. 3. Tlak rerepoacconmaTa NpHCYTCTBYET Takke B Macc-ciektpe BH ¢ Ado, HO €ro HHTEHCHBHOCTB 04CHB
am3ka. B mace-cnextpax Thd ¢ BH # Guo ¢ BH 0TCYTCTBYIOT MUKH reTepoacconHaToB, BO BCAKOM Ciy4ae, HX
HEBO3MOKHO OOHAPYKHTh NPH BH3yaJbHOM aHAIH3e Macc-criekTpa. Ilocneanee mo3BoaseT NPEANOIOKHTS, TO
caiirom npucoemurernsa CI' k HyKIC03HAy ABISETCA HE prO03a, 2 HMCHHO a30THCTOE OCHOBAHHE.

Tlpu asamu3e Macc-CIEKTPOB MOACAbHBIX cmecei T1]] ¢ TeMu Ke HyKJICO3HIAMH Mbl 0OHADYKHITH 'ram!fe
HAJIMYHC WHTCHCHBHBLIX MHKOB TCX K€ THIIOB, YTO M B MACC-CIICKTPAX HMHIMBHIyaJIbHBIX KOMIIOHCHTOB CMCCCH.
OTHOCHTE/IBHO HKOB, COOTBETCTBYIOLIHX OOPa30BAHHMIO IETEPOKIACTEpHOro accoumara I1Jl ¢ ompeaeneHHbIM
HyKI€0360M 10 THNY |T1/] + HyK1€03HA), MOKHO CKa3aTh, YTO B JAHHOM CIy4ac Mbl OOHAPY/KH/IH TAKHE IHKH
TOBKO B Macc-cniekTpe cmecu [1)] ¢ Urd.
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counts

244 BHo2H/ HEOTHI Or eHHHA + Cyd

8004

267

600

] 283 765
488

300

Puc. 2. Macc-clieKTp MOJIC/IbHOM CMECH CTEPOMJTHOTO I7MKo3u/ia buosujia neoturorenuta u Cyd. Pacmmposka ko
npejcrasiaena B TaGmaue 1 u TaGmuue 2.

counts

400 DBHosHA HeoTHroreHMHa + Urd

268

765
742

285

200 400 600 800 1000 1200 m/z 1400

Puc. 3. Macc-crieKTp MOZE/IBHOM CMECH CTEPOMIHOTO IMKo3uza buosnaa Heorurorenusa u Urd. Pacmmdposka Imkos
npejcrasiieHa B Tabmune 1 u TaGmane 2.
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I/lsyqelme B3aMMOJICHCTBHS CTCPOM/IHBIX I'TTHKO3HJIOB C HYKJICO3UIAMH. ..

Tlpu 3TOM B ZaHOM MACC-CTIEKTpPE MHK B 00JACTH reTepOKIACTEPHOTO ACOLMATA IIMKO3HAA H HYKJICO34a
Obu1 BeIpOKeH Oonec WHTCHCHBHO, weM B Macc-cnektpe BH ¢ Tem xe Hykieosmaom. B cocras
rerepoxiacteproro accommara [17] i Urd Bxoann Takxke HOH Kaamsa. Macc-cniekrp mozaemsnoi cmecu 171 ¢ Urd
NMPEACTaBICH HA puC. 4.

counts
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Puc. 4. Macc-ciiekTp MOZEIIBbHOM cMecH cTepouiHoro rimkosuza Tlerynmosuya /| u Urd. PacmdpoBka rmkos
npejcrasnena B Tabmane 1 u TaGmune 2.

B macc-cnexkTpax MoaenbHBIX cMmece aanHOro riamko3uaa ¢ Ado, Cyd, Guo, Thd maxku B o6aactu macc
00pa3oBaHHA TrETEPOKIACTEPHBIX ACCOUMATOB HE ObUIM OOHAPYKCHBI HIHM JKC HMEIH OYEHb HH3KYHO
HHTCHCHBHOCTD.

Taxkam obpasom, uccnenoBanue MoAembHbIX cMeceit CI' ¢ HyKJICO3HZAMH YKA3bIBACT HA BO3MOXKHOCTb
B3aMMO/ICACTBHA [NTHKO3HAOB C HYKJICO3HAAMH ITyTéM 00pa30oBaHHusA HEKOBAJICHTHOCBA3AHHOIO reTepOoaCcCONMATa.
Kak noxa3an anamu3 nony4eHHsIX Macc-criektpoB MH He BCTynaer BO B3aHMOJCHCTBHE C HYK/ICO3HAAMHE, KOTZAA
kak BH u T1Jl cnocobrbI Ha 00pa3oBaHHE HEKOBAJICHTHOCBA3AHHBIX ICTEPOACCOMATOB, NMPH 3TOM Hamboiee
NPEANOYTHTEIbHBIM HYKICO3uaA0M Juia B3amMozekcTeusa sBasercad Urd, a i BH rmawke m Cyd. [pyramu
CNIOBAMH, TAHHBIC ITMKO3H/IbI MPOAB/LIOT OOIBIIEE CPOACTBO K HYK/ICO3HAAM IMHPAMHIHHOBOTO PAJA.
ITockOMBKY MOJICKyJIA TIHKO3HAA COCTOHMT, KAK YK€ YKa3bIBaIOCh, H3 CTEPOMIHOH M YIJICBOXHOW 4HacTeH, TO
BIIOJTHE LICJICCO00Pa3HBIM ABJIACTCA TAKKE HCCICAOBAHHE MOACTBHBIX CMECEH Ar/THKOHOB IVIMKO3HJOB C TEMH K€
HYKJICO3MJAMHM Ha MNpPeIMET NpPOBEPKH BO3MOKHOCTH OOpAa30BaHMA TIETCPOKIACTEPHBIX ACCOIMATOB C
onpeneneHHsIME Hykaeosugamu. C ITOH menbi0 MbI HCCIEIOBANH MOJCTbHBIC CMECH HCOTHIOICHHHA H
THTOTCHHHA C TEMH 7K€ HyKJICO3HAAMH COOTBCTCTBCHHO,

B noayueHHBIX MAacC-CIEKTPAX MbI OOHAPYKHIM HATHYHC HHTCHCHBHBIX ITHKOB, OTHOCAINHXCA K
HHIMBHAYAbHBIM KOMIOHEHTAM CMECH, HO MHKOB, JaX€ OYEHb HW3KOH MHTCHCHBHOCTH, KOTOpBIC OBl
COOTBETCTBOBANH 00pPA30BAHHMIO FETEPOKIACTEPHBIX ACCOLHATOB AIIMKOHOB C HYKJICO3HJAMH, 3TH CIEKTPhI HE
npoAeMOHCTpHpOBaNH. O4eBHIHO, YTO FeHMHSBI, Kak ¥ MH, He BCTymaM BO B3aHMOZCHCTBHE C HYKJICO3HAAMH B
JAHHBIX MOZACNBHBIX CMecAX. ITomy4eHHBIH pPe3yabTaT XOpOMIO KOPPCTHPYET C JIHTCPATYPHBIMH JAHHBIMH O
6on1ee HH3KOH XHMHYECKOM AKTHBHOCTH 'eHHHOB H MOHO3HJIOB 110 CPABHEHHIO C INIMKO3HIAMH C Pa3BETBICHHOH
OJMTO3HAHON uensio [9-11,13].
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MOJIEKY/IAPHA BIOPI3UKA
MU3YYEHUE PEIKUX TAYTOMEPOB 6-TUOT'YAHUHA

1O.B. Py6un
Dusuko-mexHu4eckuti uHcmumym nuskux memnepamyp um. 5. 1. Bepxuna HAH Vikpaunwi, 310164 Xapwkos, np. Jlenuna,
47.
CraTes noctynuna 28 susaps 1999 r.

C nomompio  3kcrnepuMeHTAIBHBIX (Y®-abcopOuMOHHAS M JIOMHHECHIEHTHASl CIEKTPOCKONHUS) H
Teopernyeckoro (Merox CNDO/S) MeTomoB NpOBEACHO H3YYEHME PEIKHX TAYyTOMEPOB 6-THOryaHMHA.
IIpoBesieHHbIE HCCIENOBAHHUS IOKa3ajg, 4YTO cHeKTpbl Y@ mnomiomenus M moMuHecueHuuu N7H-
TayToMepa THOHHOW (GopMeI6SG CMeleHb! B JUTMHHOBOIHOBYIO 061acTh OTHOCHTENLHO criekTpoB N9H-
TayTomepa. IIpeutoxkeHa MocIe0BaTEILHOCTh  JIEKTPOHHO-BO30Y K IeHHbIX cocTostHui N7H TayTomepa.
ITpoBeneHHbIE UCCIIEIOBAHMS TaKIKe IMoKasany, 4to cnektp Y@ nornomenus SH-rayromepa 6SG pommken
OBITh CMEIIEH B KOPOTKOBOJIHOBYIO 00/1aCTh OTHOCHTEIIBHO CIIEKTPOB THOHHBIX (JOPM.

KJIIOYEBBIE CJIOBA: Y® criekTpOoCKONHUs, KBAHTOBO-XMMHYECKHE PACYEThl, 6-THOryaHHH, TAyTOMEPHSI.

6-tuoryanus (6SG), KOTOpBI SBJISETCA CEPOCOMEPIKAIIUM aHAIIOTOM I'yaHHHA, IaBHO IPHUMEHAETCS
Kak MPOTUBOOIYX0JeBbIil npenapar [1]. 3BectHo, uTo 6-THOryaHuH Brimouaercs B JIHK [2]. Monekynspabie
MEXaHU3Mbl €r0 JeHCTBHS CBA3bIBAIOT, B YACTHOCTH, ¢ 00pa30BAHMEM MHOTOYMCIEHHBIX METaboIHYecKHX
OII0KOB, a TAKXKe C HAPYILIEHHeM CiapiMBaHus B KoMiuteMenTapHeix napax JIHK nocie merwmmposanus 6SG B
cocrase JIHK [2,3]. U3BectHa naGMIIbHOCTh MOJIEKYIAPHOU CTPYKTYph! 6SG: B ra3oBoi ase OH CyLIECTBYeT
8 Buse SH-Tayromepa [4], 8 kpucramie - B Bune N7H-tayromepa [5], B JIHK u Boge - B Bume N9H-rayromepa
[6]. Tayromepus 6-THOryanuHa Gbuia MPeAMETOM H3y4YeHHs B psje TeopeTHueckux pabor [7,8]. Panee namu
OBITO MOKA3AHO CYLIECTBOBAHHUE JABYX TAyTOMePOB 6SG B 9TaHOILHBIX pacTBOpax [6].

Llenbio maHHO#M pabOTHI SBISETCS MOXPOOHOE TEOPETHYECKOE M SKCIEPUMEHTAIBHOE H3y4YeHue
CNEKTPOCKOMMYECKHX CBOUCTB PEAKUX TayToMepoB 6-troryanuna - N7H u SH - Tayromepos.

MATEPUAJIBI 1 METO/IbI

B pa6ore usyuamu npenapathl 6-tnoryanusa ( 6SG ), 6-tmoryanosuna ( 6SGR ) u 10-meTui-6-
tnoryanosuna (10Me6SGR), cuurtesnpoBanbie B MHcTuTyTe Opranuyeckoro cunresa JlatBunm. 6SGR
mozmemmposanr N9H  tuomHbii Tayromep 6SG , a 10Me6SGR wmonmemuposan SH- tayromep 6SG.
VceneoBany 3TaHONMbHbIE PACTBOPH! 6-THOTYaHHWHA U 6-THoryaHosuHa ¢ pH 6. Mccnenopanne 10Me6SGR
NpOBOIMIIM B BOAHBIX pacTBopax B auanasone pH 1 - 7. KonuenTpauus uccreayembix BewecTs Obuia 10-4 M.
B juanasone pH 1-7 6buUto mpoBeeHo cnekTpodoroMerpuyeckoe TurpoBanue 10Me6SGR, meroamka
KoToporo omnucana B -pab6ore [9]. CriekTpsl Y@ MOITOUIEHNA CHUMAIH, a CNEKTPOYOTOMETPHYECKOE
THTPOBaHHME TPOBOMMIM Ha criekTpodoromerpe Specord. Cnextp Y® nornmomenus N7H-tayromepa Obur
nomyuen BbluMTaHMeM criektpa 6SGR, mopermuposasuiero N9H-rayTomep, W3 cnekTpa 6-THOryaHuHa C
YUETOM CIBHMIa CHEKTpa 6-THOryaHO3MHA B [UIMHHOBOJIHOBYIO 00MacTh Ha 2 HM, KaK 3TO HMEET MEeCTO Ui
ryaHuHa ¥ 4-THOypalLWIa MpH npucoenuHenuu pu6ossl [9,10]. Crextpsl moMuHecueHuuu 6SG cHUManM Ha
ycraHoBKe, onucaHHo#l panee [10], npu Temmneparype 770K u npu Bo36yxaenun A=365 uM, T.e. B obnactu
JUIMHHOBOJIHOBOTO IUTeda B cmekrpe noryomenus 6SG. Bomee mnoapo6HO 3aBHCHMOCTb  CIEKTPOB
momuHecteHuuH 6SG OT JUTHMHBI BOJHBI BO36YyXIamomero csera nokasana B pabote [6]. C momousio
nonyamnupuueckoro meroga CNDO/S Gbul MpoBEIeH pacyeT CUI OCUMILIATOPOB M IHEPTHid 3JIEKTPOHHO-
B036YXK/IEHHBIX COCTOAHMII Tpex TayToMepoB 6-THoryannHa W 10Me6SGR, a Taxke 3apsjioB Ha aTOMax u
TOPS/KOB CBs3€l B OCHOBHOM U BO30Y)KIEHHBIX COCTOSHHSIX.

PE3VJIBTATBI 1 OBCYKJIEHUE

IIpoBe/eHHbIE paHee HAMM MCCIENOBAHHS CreKTpoB Y mnoriomexus u momuHecueHuun 65G u
6SGR mokaszam [6,12], 4T0, XOTS B BOJHBIX pacTBOpax crexTphl mornomenus 6SG u 6SGR nogoGHbl Apyr
APYTY, CHEKTPbI MOTJIOIEHHS ¥ JEOMUHECLIEHIIMM HX 3TAHONBHBIX PACTBOPOB UMEIOT HEKOTOPBIE Pa3JIH4Hs.
B 4acTHOCTH, B CHeKTpe mornomenus 6SG MMeeTcs JIMHHOBOIHOBOE IIedo, oTcyTcTBylomee y 6SGR.
Ha6/moaoTes TaKKke pa3iiyns aCHMMETPHH ¥ TOJYIIHPHH nepBbix nooc Y® normomenus 65G u 6SGR
(cnextp 6SG yumpen no cpaBHenuio co crnektpom 6SGR). Crextpsl momusecuenuun 6SG u 6SGR raioke
OTIHYAIOTCS TTO HOPME CIIEKTPOB H KOJIMYECTBY MAKCUMYMOB. TeOpeTHUeCK it aHANU3 3TUX Pa3/Iuyuii
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Pucynox 1. Cnexrpsi YO nornomenus (1) u pocdopecuerinu (2) N7H-rayromepa. Beepxy cnepa- nokanusaius Bo3OyxaeHus,
crpaBa- Auarpamma Bo30yKIeHHbIX cocTosHuit N7H-Tayromepa .

nokasan [6], uro HaGmojaemsle pasmmuusi B cnektpax 6SG u 6SGR B 3TaHone 00YCNOBIEHE! NPUCYTCTBHEM B
3TaHONBHEIX pacTBopax 6SG aByx Tayromepos: N7H u N9H-trayromepos. Hamu Takke 65110 noxasaHo, 4to B
nosspHbIX pactBoputessix 6SG u 6SGR cymecTByIOT B THOHHBIX opmax [6]. _

[Ipeacrasisier unrepec Gonee noaApoOGHOE HCCIENOBAHUE IMEKTPOHHBIX CIEKTPoB  Tayromepos 6SG. Ha
puc.] nokxasaHpl crnekTpsl Y@ NOMIOWEHHS H docpopecuenun N7H Tayromepa. B T1abn. 1 npexcrasiensl
pesyJIbTaThl pacueTa 3JIeKTPOHHO-BO3GYXICHHEIX COCTOSHMI pa3/MYHBIX TayToMepoB 6SG B comocTaBieHHH ¢
3KCIepUMEHTAIFHEIMH JaHHBIMA ¥ MaHHBIMEA s NOH-tayTomepa [ 6 ].

Kak ciie/tyeT 13 TEOpeTHECKUX PacYeTOB M pe3yJIbTaToB SKCnepuMeHTa (Tabm.1), cnektp Y@ norsoueHus
N7H-tayromMepa CMeIieH B JUIMHHOBOJNHOBYIO 00nacTs oTHocuTeNnsHO crektpa N9H-tayromepa. Crextp
¢ochopecuenuun N7H-rayTomepa ((ryopeceHIHs B €ro CIIEKTpax JIOMHHECUEHIMH OTCYTCTBYET) TAKXKe CMelleH
B JUIMHHOBOJIHOBYIO 00J1acTh OTHOCHTENBHO cnektpa docopecuenmun NOH taytomepa [6], uto cornacyercs ¢
pacueTom Hepruit TTm* COCTOSHHIT 3THX TayToMepoB (Tabu. 1). AHanms 3nekTpoHHOH cTpykTypsl N7H-TayTomepa
B OCHOBHOM M HIDKHHX BO30Y>KIEHHBIX COCTOAHMAX (MOPSAKOB CBSA3EH, 3apA/I0B Ha aTOMAX) MO3BOJIAET 3AKIIIO4HTS,
910 BO30Y)KJE€HHWE B CHMHIJIETHBIX M TPHIUIETHBIX COCTOSHHAX T7* THNa, a TAKKE B COCTOSHMAX NT* THNA
JIoKanmu30BaHo Ha (parmente C=S. AHanu3 3/1€MEHTOB 3JICKTPOHHON CTPYKTYpHl Taloke IMO3BONAET CHeNaTh
3aKIIOYEHHe, YTO MHTEHCHBHas monoca Y@ pormomeHus B ob6macty 354 HM  gBIAeTCA  TOJIOCOH
BHYTPUMOJIEKYJIAPHOTO NIepeHoca 3apsja (monocoit I-a Tuma no kiaccuduxaman Kama [13] ).

Pacuer 3Hepruil 31eKTPOHHO-BO3OYXAEHHBIX cocrosHuit N7H-tayromepa nokassiaer (Tabm. 1), uto
HIDKHUM [0 3HEPTUY CHHITIETHBIM COCTOSTHHEM JOJDKHO OBITh COCTOSHHME N7* THMA, Kak M s N9H-taytomepa, s
KOTOPOTO CyIIECTBOBAHHE NT* COCTOSHHA GBUIO MOKA3aHO TEOPETHYECKH H 0OHAPYXEHO IKcnepuMeHTansHo [12]. O
HAIMYMM HIDKHETO I10 SHEPrMM CHHIJIETHOTO COCTOSHHSA NM* THNA CBUAETENBLCTBYET TAKXKE OTCYTCTBHE
(iryopecueHuyy B cnekTpe momuHectenmn N7H-Tayromepa, 4T0

Ta6miua 1. Paccauranssie (Paccu.) u 3xkcniepuMeHTanbHble (OKCIL) 3HEprum uemMmsGmem cocrosuuii (E) u
cuits ocuwuiaTopos (f) pasnuarsx TayroMepHsIX Gopm 6SG.

B (Tzm)

E (S ftn*) £ E nn*
Dopma Paccu. (38) OKcn.(3B,HM) Paccu.(38) Paccu. (3B)  Okcn.(3B,HM)
N9H 3.81 3.65 (341) 0.49 3.15 2.87 2.71 (457)
N7H 3.76 3.51 (354) 0.49 3.25 2.80 2.59 (478)
10Me6SGR 4.04 3.98 (311) 0.23 4.96 3.53 s
SH 4.76 e 0.28 4.83 3.67 s
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W3yuenne peIKuX TayTOMEPOB 6-THOTYaHUHA
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Pucynox 2.Cnextper YO TOTJIOILEHYS: N7H-tayromepa 6SG (1); HeiitpanbHoit dopmsl (2) u kaTioHa (3) 10Me6SGR.

cornacyercs ¢ npaswioM Kama [13]. 3moxeHHbIH Bblle aHAJIM3 THIIOB 3JIEKTPOHHBIX MIEPEXOI0B B MOJIEKYIIe
N7H-tayromepa Mo3BOJISIET MPEIOKUTH MOCIEAOBATENIBHOCTh BO30YXK/ICHHBIX COCTOSHUN 3TOH MOJIEKYJIbI:
SY, Trre *(1-a), Tnn*, Snx, S (1-a)(puc 1).

Kaxk 6b110 ckazano Beine, 10Me6SGR siBisiercs mozmenbio SH-Tayromepa 6SG. DxcnepuMeHTanbHO
9TOT TAYyTOMEP B MNOJSPHBIX PACTBOPHTENSX He OOHApYKUBAaeTcs. VI3ydeHHe 3IIeKTPOHHO-BO30Y)KIEHHBIX
cocrosuuii 10Me6SGR  npexcrasisier uHTepec, T.K. oH obpasyercs B JHK npu MmerunupoBanuu 6-
THOTyaHHHa [3].

Ha puc. 2 npeacrasiieHsl CriekTpbl Y® norionenus HeUTpaabHoi 1 kaTnoHHo# hopm 10Me6SGR.
10 Me6SGR He criocoben obpasoBbiBaTh aHuOH B MHTepBane pH 1 - 12. Kak BHIHO HA pHCYHKe, NpH
nepexoje OT HeMTpaabHOU (opMbl K kaTHOHHOW cmektp Y® nornomenus 10Me6SGR cmemaercs B
JUIMHHOBOJIHOBYIO 06J1aCTh, 4TO XapaKTEPHO /ISl KATHOHOB 6-THOryaHHHa U ryanuHa [9,12].

CpaBHeHHe TOI0XEHNsS MAaKCHMyMOB CIEKTPOB (PHUC.2) MOKa3bIBAaeT, 4TO criekTp Y@ noriomenus
10Me6SGR  cmenieH B KOPOTKOBOJIHOBYIO 06JIacTh CNEKTPAa OTHOCHTENBHO CrekTpa Y@ morioueHus
THOHHBIX popMm 6-troryanuna (N7H u N9H-TayTromMepoB), 4TO COTIIACYETCs C pe3yabTaTaMH TEOPETHYCCKHX
pacueros, npuBeneHHbIX B Tabm. 1. Cuna ocumuisropa Y® normomenus 10Me6SGR Huxke, 4eM y THOHHBIX
tayroMepoB. M3 Tabn. 1 ciexyer, yto nm* cocrosiHue 10Me6SGR pacnonoxeHo Bblile, YeM CHHITIETHOE
COCTOSIHHE 7+ THma. TakuMm oOpa3oM pacyeT M IKCIEPUMEHTAIbHBIE HCCIEJOBAHMSA IMOKa3bIBAIOT , 4TO
crieKTpanbHble XapakTepucTuku SH-TayTomepa HOIDKHBI ObITh CMeEIIEHBI B KOPOTKOBOJHOBYIO obnacth
OTHOCHTEILHO THOHHBIX GopM.
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oTHOCHTENbHO crekTpoB N9H-tayromepa. ITocnenoBaTebHOCT —3IEKTPOHHO-BO30YK/IEHHBIX COCTOSAHHI
N7H tayromepa umeer Bux; S, Tanx (I-a), Tnn*, Snmx, Snn*(1-a)
ITpoBe/ieHHbIE MCCIIEOBAHMA MOKa3auM, 4To cektp Y® nornomenus SH-tayromepa 65SG nomken
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INTERACTION OF HEMOGLOBIN AND CYTOCHROME C WITH MODEL
MEMBRANES : CHARACTERIZATION OF ELECTROSTATIC EFFECTS
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The interaction of hemoglobin and cytochrome C with negatively charged phospholipid vesicles composed of
.phosphatidylcholine and diphosphatidylglycerol has been studied. Thermodynamic description of the binding
process has been performed in terms of two-dimensional lattice models of large ligand adsorption to surface,
being modified to distinguish the electrostatic contribution to the binding energy. The electrostatic and
nonelectrostatic components of the association constant have been found to exhibit nonmonotonous dependence
on the surface charge of lipid bilayer, with the minimum being observed at ca. 20-40 mol % of
diphosphatidylglycerol. The results obtained provide arguments in favour of decreasing the contribution of
electrostatic effects to the total binding energy upon the increase of the degree of surface occupancy by the
protein.

KEY WORDS: hemoglobin, cytochrome C, liposomes, protein - lipid complexes, adsorption models

Model systems containing water soluble proteins and phospholipid vesicles are presently extensively used
in elucidating general principles and specific mechanisms underlying association of peripheral membrane
proteins with the lipid bilayer [1,2]. Initial step of the protein binding to lipids is thought to be a formation of
electrostatic contacts between positively charged amino acid residues and deprotonated phosphate or carboxyl
groups of lipid molecules [3]. Despite the apparent simplicity of electrostatic protein - lipid interactions, the
factors, governing this process and its possible consequences are not yet fully understood. In considering
electrostatic binding of the protein to lipid bilayer one should take into account peculiar properties of the protein -
lipid systems, stemming, particularly, from the large size of ligand, effect of area exclusion, nonlocalized
character of the adsorption [4-6]. One of the attempts to develop theoretical background for estimation of
electrostatic contribution to the binding isotherm has been made by Heimburg & Marsch [7], using the formalism
of double iayer theory in combination with the two-dimensional Van der Waals gas equation. However, such
approach, ignoring specific features of protein - lipid systems, was demonstrated to appreciably underestimate
the effect of area exclusion [6]. In this respect it seems reasonable to employ the statements of double layer
theory in obtaining the expression for binding isotherm within the ﬁnmework of formalism, being more
appropriate for thermodynamic description of protein - lipid interactions. Such formalism is provided, in
particular, by two-dimensional lattice models of large ligand adsorption to surface, proposed by Stankowski [4,5].

In the present study an attempt has been made to employ these models for characterization of electrostatic
component of hemoglobin (Hb) and cytochrome C (cyt ¢ ) binding to negatively charged liposomes, composed
of phosphatidylcholine (PC) and diphosphatidylglycerol (DPG).

MATERIALS AND METHODS

Egg yolk PC and beef heart DPG were purchased from Bakpreparat (Kharkov, Ukraine). Both
phospholipids gave single spots by thin layer chromatography in the solvent system chloroform:methanol:acetic
acid:water, 25:15:4:2, v/v). Horse hemoglobin was obtained from “Reanal” (Hungary). Beef heart cytochrome C
was purchased from Reachim (Russia). Unilamellar phospholipid vesicles were prepared by the method of
" ethanol injection. 1 ml of the ethanol lipid solution containing appropriate amounts of PC and DPG was injected
into 13 ml of 10 mM Tris-HCI buffer, pH 7.4 under continuous stirring. Ethanol was then removed by dialysis.
Phospholipid concentration was determined according to the procedure of Bartlett [8]. Protein concentrations

were found using extinction coefficients E47=5.66-10° M~ cm™ for Hb and E4=1.05-10° M™'em* for cyt C.

RESULTS AND DISCUSSION
The first step of the study was aimed at obtaining binding isotherms, characterizing the formation of
protein-lipid complexes. Association of the proteins with liposomes was examined by monitoring the changes
of Hb and cyt ¢ absorbance in Soret band maximum (at 407 nm). According to approach, developed in the
previous works [9,10], it was assumed that lipid - induced absorbance decrease (A4dyy) is proportional to the
concentration of bound protein (B", mol/l):

M,y = aB” ®
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Coefficient of proportionality (@) was estimated for each of the protein - lipid systems being studied using the
method of double reciprocal plots, described in more detail previously [10]. Shown in Fig. 1 are typical curves of
Hb and cyt ¢ binding to phospholipid vesicles, differing in DPG content. The sets of such curves, obtained for 5 -
8 concentrations of each liposome type over a range of ionic strengths, were subsequently analyzed in order to
derive binding parameters - association constant (X)) and the number of lipid molecules per molecule of bound
protein (n) at saturation.
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Fig, 1. The isotherms of hemoglobin (A) and cytochrome C (B) binding to liposomes, composed of PC and DPG. DPG
content, mol %: A: 1-5,2-11,3-25,4-43,5-67,B: 1-11,2-25,3-43,4-67, 5 - 100. Lipid concentration, mM: A:
1-1.7,2-153-12,4-06,5-05B:1-1.5,2-123-06,4-0.5 5-0.2. Temperature - 16° C. Protein
concentration is given in pM.

To characterize the contribution of electrostatic effects in the formation of protein - lipid complexes the
following approach has been used. The total change of electrostatic free energy upon binding of B protein
molecules to the surface can be represented as [7]:

AG,(B) = G4(B) - G4(0)~ BG] ©)
where g (B) and G} (o) are the electrostatic free energies of a surface with B protein molecules bound and
without any ligands bound, respectively, G ' is the electrostatic fre¢ energy of a protein in solution. Given the
neutralization of the surface charge upon the protein adsorption and taking into account that the charge of DPG
is -2e, the surface charge density is given by:

2¢f e —€Z,yB" | L
vy g f DPG eff (3)
7. |
where e is the elementary charge, Z,is the protein effective charge, L is lipid concentration (in mol/l), £, is the
mean area per lipid molecule, defined as:

Jo = FecSec + foroS pro @
where fre, fopg are the mole fractions of PC and DPG in the lipid bilayer, Spc, Spre are thc.e mean areas of PC
(0.65 nm®) and DPG (1.2 nm?). Within the framework of double-layer theory the electrostatic free energy of the
surface is given by:

s AOO'
G5(B) = 2A2B e oroni— BZy )kBTln(— 7 ) ©)

A, = \/(8000¢ £, N k,T)" ©
where B, is the number of bound protein molecules at saturation, &z is Boltzmann constant, T - temperature,
N - Avogadro’s number, &, is dielectric permittivity of free space, & is dielectric constant of aqueous phase.

The electrostatic free energy of the protein in solution can be written as [11]:

OGP L L B @)
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where £ =47 €, , k is the reciprocal Debye length, r, is the protein radius, ¢ is the monovalent ion

congcentration in mol/l. Approximating eq. (7) by logarithmic expression one obtains:
ZZ e )
G = :: —(1-05ln(kr, ) = &, 17,7 A, (1- 05n(h, ) ©)

]

A, =¢® l4ark,T (10)
From the egs. (2) - (9) it follows that:

BZ, A, A
AGAB):kJ{?(ZBm fmn—BZq,)h{k—mj—ZBZ‘f h(EJ—BAzzji(uaﬂr(ﬁ)] a1
A=Aelf, ;A =ci(kr) 12)

The incremental change of electrostatic free energy upon the protein binding is given by:

50 faod e ek o
—tis k,,r[zz,,m(l g ) LB+ Az |10t T | a3

Eq. (13) can be used for estimation of the total electrostatic free energy, characterizing the initial protein binding,
occuring in the absence of marked charge neutralization. By considering the case when degree of surface
coverage § = B/ B, . =nB/L =nr;( B, = L/n)tends to zero, one obtains the following expression
for “initial’ binding constant (K,):

AG, (6> 0) F R b g
K=k & (—“-————J =2 K:("LJ (—’) exp{2Z . + A, Z2, (14)
p\ kBT \/E \/c—‘ P( eff 2 ﬂ')
where X; is the intrinsic binding constant, being independent of electrostatic effects. Ultimately, the expression
for binding constant is given by [ 7]:
Z,.6 Y 8o r\'
Eon Ko(l— —"-—) = Ko(l— i—] (15)
2f ppn 2f oro 5
By introducing X, into the binding isotherms of Stankowski [4,5], for linear ligand one obtains:
Ty =225 e n-1
- K;,(l_ o7 ] ( r )(1 a ).)nr) o
7 . N 1-nr 1-nr
and for disc-like ligand
=1 chr onl r anr
F=K;'1- ex (1n
2F o 1-nr 1-or

where Fis the concentration of free protein, & is the parameter of excluded area (& =3), » = 24/3n / z. The
aforementioned approach has been employed to derive effective protein charge, nonelectrostatic (X), initial
electrostatic (K,) terms of the binding constant and binding stoichiometry (). Given that B = Ady/a and using
egs (16), (17) for determination of 7, one can calculate the value of the total protein concentration (P,= B + F)
for a certain set of parameters n, K, K,, Z, The values of these parameters, providing the best fit of
experimental data were found by minimizing a function:

i piye (®)
LMoy
where P° and p¢ are calculated and determined experimentally concentrations of the protein, m is the
number of experimental points. The radius of ¢yt ¢ molecule was taken to be 1.5 nm [12]. Taking into account
that Hb is dissociated into dimers in the concentration range being used, the r, value was assumed to be 2.2 nm

[13]. Presented in Table 1 are the binding parameters characterizing Hb and cyt ¢ association with liposomes of
various composition. The results obtained for Hb are indicative of nonmonotonous dependence of initial
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Table 1. Binding parameters characterizing the complexes of hemoglobin and cytochrome C with liposomes

DPG c;mtem, 5 11 25 43 67 100
mol %
A, 2.02 193 1.74 1.55 1.35 1.14
Hemoglobin
Linear Band
K, M! 92+19 188+41 122429 112427 274+68 15204211
Zg 1.140.09 1.09+0.08 1.10.1 1.08+0.1 1.1+0.07 1.140.08
o M* 6.4+1.4 12403 6.1+1.3 42409 78+1.8 30+0.8
x10? x10° x10° x10? x10? x10°
n 3.6+07 | 24405 59+1.3 22+4.1 3.9+0.9 15+3.8
1o Disc-like ligand
K, M’ 99+19 196+48 126429 111423 392+92 1510204
Zey 1.09+0.1 1.09+0.07 1.09+0.08 1.08+0.09 1.09+0.1 1.10.1
K, M! 6.8+1.5 1.240.3 6.2+1.3 42+1.1 1.140.25 2.940.6
x10% x10° x10? x10? x10° %10°
n 11+2.4 15+3.1 11+2.7 78+18 11£2.3 34+8.4
Cytochrome C
Linearﬂ@and
K M1 51+11 11424 240.5 104+24 31576
Zy 3.24+0.7 3.44+0.8 3.49+0.8 3.31+0.7 3.3440.9
K, M’ 9.9+2.2 1.4+0.3 1.240.2 2.1+0.4 2.1+0.5
x10° x10° x10? x10° x10°
n 2.2+0.4 2.540.5 2.24+0.5 3.4+0.8 11.6+2.6
Disc-like ligand
K, M1 53+12 14432 2.4+0.6 148+34 311473
Zy 3.39+0.9 3.37+0.7 3.4840.7 3.35+0.7 3.35+0.8
K, M’ 1.3+0.3 1.7+0.4 1.540.3 3.1+0.7 21405
x10* x10° x10° x10° x10°
n 20+5.2 15433 11+2.7 13+3.2 21+4

&

‘electrostatic’ binding constant (K,) on the surface charge of model membranes - K, increases with increasing
DPG content from 5 to 11 mol %, and from 43 to 100 mol %, while at ca. 20 - 40 mol % of DPG minimum XK,
values are observed. The intrinsic binding constant exhibits similar behaviour - some decrease of K;; value occurs
in the range of DPG contents 11 - 43 mol %. The character of X, and K; changes in the case of cyt ¢ resemles
that observed for Hb - at 43 mol % of DPG these parameters attain minimum values, whereas increasing DPG
content to 67 -100 mol % leads to a drastic increase of nonelectrostatic contribution to binding constant, the
effect being especially pronounced for cyt ¢ (Table 1). The enhancement of hydrophobic protein - lipid
interactions may be mediated by a number of factors including, in particular, the unfolding of protein molecule,
that is known to be induced by negatively charged phospholipids [14,15] and structural reorganization of the lipid
phase, accompanied by the formation of nonbilayer structures and the protein penetration into aqueous
cylinders spanning the bilayer. The data available in the literature suggest high probability of the appearance of
nonbilayer structures in the systems, containing DPG and cyt ¢ [16], while for Hb such information is still
lacking. Another question noteworthy concerns the observation that effective charge of eyt ¢ (ea+3.2-+3.4)is
appreciably lower then its net charge, being ca.+ 9. This finding is consistent with that, reported by other authors
[3,7] and is explained by several possible reasons: i) repulsion between the molecules of bound protein, ii) finite
size of the protein as compared to Debye length and iii) ion condensation at the charged lipid - water interface [7].
It seems of importanoe to emphasize that association constant (eq. (15)) does not remain unchanged, but
decreases with increasing the amount of bound protein because of neutralization of the surface charge. As
illustrated in Fig. 2, showing the dependencies of the actual association constant on the degree of protein binding
to liposomes, the alterations in the bmdmg conditions in a course of the protein adsorption are especially
pronounced for lipid bilayers, possessing relatively low surface charge.
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Fig. 2. The plots of actual binding constant () to initial binding constant (K, ratio vs. degree of the protein binding to
the lipid bilayer. The curves were calculated from eq. (15) using Z,5 and n values presented in Table 1. DPG content,
mol %: A:1-5,2-11,3-25,4-43,5-67,6-100;B:1-11,2-253-43,4-67,5-100.

CONCLUSIONS

The present study suggests that in analyzing thermodynamic aspects of the protein association with lipid
bilayer it is important not only to take into account peculiar statistical properties of lipid - protein systems, but
also to consider electrostatic and nonelectrostatic components of the total binding energy. The results obtained
for model systems, containing Hb or ¢yt ¢ and negatively charged liposomes indicate that both electrostatic and
nonelectrostatic terms of association constant exhibit strong nonmonotonous dependence on the surface charge
of lipid bilayer. The contribution of electrostatic effects into the total binding energy decreases with increasing
the fraction of bound protein, thus providing additional possibilities for modulating the character of protein -
lipid interactions.
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B3AE€EMOAIA TEMOIVIOBIHY I UTOXPOMY C 3 MOAEJbHUMH MEMBPAHAMM : BKJIAJ|
EJIEKTPOCTATUWYHUX EQEKTIB

I'opGenxo I'.IL
Xapriecoruit depoicaenuii ynicepcumem, na. Ceobodu 4, Xapris, 310077

JocmipKyBami B3aEMOJ{I0 TeMOrTOGiHy Ta IHTOXpOoMY C 3 HEraTHBHO 3apsXeHHMA (GOCHOMMTHIMA BeIHKYIAMH,
chopmopanmmu i3 QocharrmXominy i midochaTHUNTINEPHEY. AHAN3 eKCTIEPHMEHTANSHAX ASHAX IPOBEJEHO B
PaMKaX JBOMIDHIX PENITKOBHX MoJeneff ancopCilii BeNHKAX JNiraHAiB HA MOBEPXHi, MOAH(DIKOBAHAX 3 METO0 OLIHKH
eNEeKTPOCTATHYHOIO BKNAJy B EHEPril0 3B’S3yBaHHA. DBHSBIEHA HEMOHOTOHHA 3aNeXKHICTh eNeKTPOCTATHYHOI Ta
HeeNmeKTPOCTaTHYHOI KOMIIOHEHT KOHCTaHTH 3B’3YBAHHA Biji MOBEPXHEBOrO 3apsAfy mmimporo Gimapy. OTpHMani
pwymmmnmnpomnmmnmwmmpomme@mnmpmonmmnpnapom
KOHIeHTpamii copSoBanoro Gilka.

KJIFOYOBI CJIOBA: remornoGin, maroxpoM C, TMOCOMH, GLIKOBO-MIITiHI KOMITIEKCH, MOZEN agcopOi
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MATEMATHYECKAS MOAEJIb THUHAMHKH ATPETAIIAY TPOMBOIINTOB.
ONPEAEJEHHUE 3ABHCAMOCTH KHHETHYECKHX TAPAMETPOB OT
TEMITEPATYPHI

C.B. I'aram, B.IL. Bepecr, M.A. BopoGeiiumx
Xaporosckuii 20cydapcmeennoiii ynusepcumem, nn. Ceoboowt, 4, 310077
TTocrymana B pepaximo 28 oxTs6ps 1998 roza

TlpesicTanieHa MaTeMaTHYEcKas MOJIEID, ONUCHIBAIONAS JMHAMUKY arperaiy TPOMGOIIATOB in Vitro B yCIOBHSX
ACHCTBHSA C/BUTOBBIX CHII B IT0TOKe. [ToMTyueH0 aHATHTUYECKOE BHIPAKEHHE, CBS3BIBAIONIEE BETUUHHY H3MEHEHIS
ONTHHECKO! IVIOTHOCTH KIETOYHON CYCIICH3MM ¢ pasMepaMy o0pasylomMXcsl arperaToB. PacCUMTaHBI BETMUMHB!
KHHETHYECKMX KOHCTAHT CKOPOCTEH CBSIbIBAHMS KJIETOK C arperaToM M OTCOSJUHEHMS OT HEro IS PavIAuHBIX
TEMIIEpaTyp M 3HAYCHWA SHEPIMM aKTHBAIMK STHX IporeccoB. OOCyxmaeTcs MeXaHH3M 3aBHCMMOCTH AJ[D-
MH/TyLIAPOBAHHOH arperalay TpoMOOIMTOB OT TEMIEPaTyphL.

KJIIOYEBBIE CJIOBA: TpoMGOLMTHI, arperauys, MEXaHW3MbI, CIBHTOBHIE [OTOKH, MATEMATHYCKHAE MOJEIH,
KMHETHYCCKHE KOHCTAHTHI, CBETONPOIYCKaHUE, TEMIIEPATypa, SHEPris aKTUBAIM

HecmoTps Ha OOWTHME JKCICDHMEHTANBHBIX DE3yNBTATOB MHOIHE CTOPOHB MEXAHH3MA ATPEraiHH
TPOMOOIMTOB OCTAIOTCA He BhIACHEHHBIME [1]. HanGonee pacnpocTpaHeHHBIME METOJAME H3yHCHHA (yHKIHH
TpOMOOLMTOB  ABIAOTCA  onTHYeCkHe [2]. IIpeANpHEATH MONBITKM  KOJMHYECTBCHHOTO  ONMMCAHMA
SKCICPHMCHTAIBHBIX KHHCTHYCCKHX KPHBBIX arperaund TPoMOOIMTOB, MOJYHEHHBIX ONTHYCCKHMHE [3, 4], u
KOHAYKTOMETPHIECKEME [5, 6] Meromamm. JIOCTATOMHO ACTANBHO PACCMOTPEHBI MATEMATHYECKHE MOACTH
CHOHTAHHOW o0parmmodt ® HeoOpaTHMON arperamme TPOMOOLMTOB B CHBHIOBOM TOTOKE pAa3THYHOM
HHTCHCHBHOCTH [7-9], onmpeencHsl onTHMAaNbHBIC YCIOBHA 00pa3zosanus arperaros [10]. Oxuako B maTepaType
OPaKTHYECKH OTCYTCTBYKOT MOZICIH, ONMCHIBAIOIME JWHAMHKY O0OpasoBaHMA H pacmaja arperatos
TpoMOOIHTOB, BBIIHIBACMBIX (PH3HONOTHYECKAME MHIYKTODAMH, H HE BBCICHBI (PH3HMECKH OOOCHOBAHHBIC
KAHCTHYCCKHE NAPaMeTphl 3THX mpomeccoB. OTCYICTBYIOT TAKKE H MATEMATHYECKHE  BBHIPAKCHHS
KOIMYCCTBCHHOTO COOTHOLICHHS MEXIy M3MCHCHHEM ONTHYECKOH IUIOTHOCTH CYCHCH3HH KIETOK B IPOLECE
arperauEM B pasmepamm obpasyronpuxcs arperatoB [11]. B nammo¥ pa6ore MpeanioXKEHBI MATEMATHYECKAL
MOZICIb arperamu TPOMOOLMTOB, PACCMATPHBAOMAN OOPA30BAHHE arperara Kak pesynsTar 3((exTHBHBIX
YOPYTHX CTONKHOBCHMH 4aCTHI mapoobpa3noi GopMsl B aHAMHTHYECKAA (POPMYIIa, CBA3BIBAIOMAS H3MCHEHHES
ONTHYECKOH IUIOTHOCTH C Pa3MEpaMK arperatoB. Mojemb TPHMEREHA AUIS ONPEACNCHHS 3aBHCHMOCTH
KHHCTHYECKHX NAPAMETPOB arperanuy TpOMGOIHTOB OT TEMIIEPATyPBI.

MATEMATHYECKAA MOJXEJb

PaccMOTpHM JMHAMMKY HHAYOHPOBAHHOrO MpOLEcCa OOpa3oBAaHHMA arperaTtoB TPOMOOLMTOB in Vifro.
Byaem cumTaTh, 9TO HATHBHBIC TPOMOOIWMTEI HEAKTMBHBI M HE CIIOCOOHBI O0BCHHHATHECA B arperatsl ITocne
B3AMMOJICHCTBHSA C BEMIECTBOM-HHAYKTOPOM KICTKH NIEPEXOAAT B aKTHBHPOBAHHOE COCTOSIHUE, HA MOBEPXHOCTH
MemOpan TPOMGOIHTOB OSKCIOHHPYIOTCA PEUEHTOpHl Ans (HOPHHOTEHA, H OHH CTAHOBSTCA CIOCOOHBIMH
COSAMHATECA JPYT C APYrOM NpPH COMMKCHHMH, NOCPEACTBOM (PHOPHHOTCHOBBIX MOCTHKOB MEXIY KICTOYHBIMH
memOpanamu [1]. CrOpOCTP aKTMBALME H KONWYECTBO AKTHBHPOBAHHBIX TPOMOOLWTOB ONpeENACTCA
KOHUEHTpanmell ¥ BUAOM MHAYKTOpAa. B 00meM BHAe MponecC akTHBAUWK TPOMOOIMTOB MOXKHO NpPEACTaBHTH
CIEAYIOMEH CXEMOMH:

P+I—5 3R, +F—faypst K ,pinect L | )

BRap P pees KOHICHTPAUMH (KONAYECTBO) HATHBHBIX, AKTHBHPOBAHHBIX H HHAKTHBHPOBAHHBIX
TpoMGOIHETOB, Co0TBETCTBEHHO; I, F, Ry — KOHUEHTpAH: MOIEKYI HHAYKTOpa, (HOpHHOreHa M MeMOpaHHBIX
penenTopoB A1 (puOpuEOreHa; k; — KORCTAHTHI CKOPOCTEH PACCMATPHBAEMBIX PEaKIMi (B3aHMOACHCTBHI).

371ech MBI IPEATIONATaEM, YTO CKOPOCTH 0OPAaTHBIX PEAKI|i MHOTO MEHBIE MPAMBIX. EC/IA KORNCHTPAIHA
HEAYKTOp2 H (prOpuHOreHa — Bemuky, a ki<<k, u ky<<kg, 4T0 COOTBETCTBYET OOBIMHBIM YCIOBHAM HAOMONCHUS
arperanu  TpoMOONMTOB in  Vilr0 H COOTHONICHHIO MEXIYy BEIMYHHAMEM XaPakTCPHBIX BPCMCH
PACCMATPHBACMBIX PEAKUMH, TO, NPH AOCTHXKCHMH OBICTPHIMH JMHAMHYCCKAMH NEPCMCHHBIMH P,LRyF
CTAHOHAPHBIX COCTOAHMM, MOXHO cumrath P*~P m P™x0. Torma, paccmarpusas mpoumecc 00pasoBaHms
arperatoB  TPOMOOIMTOB HA KJICTOYHOM YPOBHE, MOKHO NpPHHATH, YTO B HAYAJbHBIA MOMCHT BPCMCHH
NPAKTHYCCKH BCE TPOMOOMHTHI (TIOCHE B3aMMOACHCTBHA ¢ HEAYKTOPOM) OyIyT aKTHBHPOBAHHEI P*=Py), a
KOMMYECTBO HHAKTHBHPOBAHHBIX KIETOK P™*'=0, :

B Havane mponecca oTAeabHbIC TpoMOomHTEl OyAyT COSAMHATECA MEKAY co00i. OnHako mo Mepe pocra
arperaTos, B YCIOBHAX MPHUHYAATE/LHOTO NEPEMEITHUBAHKA B SKCIICPEMEHTE in Vilro, BEPOATHOCTh O0BEIHHCHAA
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OTHOCHTC/IBHO KPYNHBIX Aarperaros Mexay cCo0oH CTAHOBHTCA HAMHOrO MEHBING, HY€M BEPOATHOCT
NPHCOSTHHCHHA OTACIBHOrO TPOMOOIMTA K arperary, BCJACACTBHE ACHCTBHA GONBIIMX CABHNOBBIX CHII B OTOKE.
B Takom ciyyae, 3a ECKIIOYCHHEM HAYaNbHOH CTAQHH NMPOLECCA, POCT arperaToB MOKET PACCMATPHBATHCA KaK
pe3y/bTaT NOCHEJOBATENLHOTO NPHCOCAMHCHHS K HEM OTACTBHBIX TpomGomuroB. Torza cxema mpomecca
arperanuu OyaeT HMETh BUJ
Pact + paE K, 5 poser k, ; Pact k, ; Pmact. @
JlinaMHKa arperanpH TPOMOOIATOB, COOTBETCTBCHHO cxeme (2), OyAeT OMHCHIBATHECA CICAYIOMEH
CHCTEMOMH ypaBHECHHH:

ager
d—Pdt—=klePaw mka PP )
act
—dlc)lt =2k, P*“'P*¥ +k,P® —k,P™, @
dpinact i
il o ®

rae k; m k; - KOHCTaHTHI CKOpoOCTel 00pasoBaHMA H pacmafa arperaTos, COOTBETCTBCHHO, k3 - KOHCTAaHTA
CKOPOCTH HHAKTHBALHH TPOMOOIHUTOB.

KonnenTpamau (k0aH4eCTBa) TPOMOOUHMTOB, HAXONANMXCA B PA3IMMHBIX COCTOAHMAX, CBA3AHBI MEXKIY
€060 OUECBHAHBIM AITeOPAHICCKHM BHIPAKCHHEM

P*! = P, — P& — pint ©)

~ Onnaxo cucreMa ypasHeHuH (3) — (5) MOXKET ONMCHIBATE TONBLKO OOPATHMYHO Arperalyio, T. K. npu t—o
P™* Gyzer crpemutsea K Po. B criyuae HeoOpaTuMol arperaln, BHI3BIBACMOMN BRICOKEMH KOHIICHTDALHAME
HHIYKTOpA, KOIZId MOJICKYJI TMOCIEXHEr0 MHOrO GOMNBINE, YeM COOTBETCTBYIONIIMX PEHENTOPOB HA MeMOpaHax
TpoMOOIHTOB, OyZ€M CYMTAaTh BO3MOXKHON MHOTOKDATHYX0 AKTHBALMIO KJCTOK. YWUHMTHIBAfL, YTO CKOPOCTH
AKTHBAIMA 3HAYHTEIBHO GOMbIue, YeM CKOPOCTH OGPA3OBAHHSA KIETOYHBIX ATPEraToB, MOXHO OXHAATh, TO
HHAKTHBHPOBAHHBIX TPoMGOmuToB Gyzer mano ® mpuEats P™“=0, Toraa B cucreme ypasmemmii (3) — (5)
OCTaHYTCS TONBKO JBA NEPBHIX YPABHCHHUA.

Tockombky axTwBawuas TPOMOOHMTOB 3aBHCHT OT Xapaktepa mepememmBanus ¥ Au(dysma monexyn
HHIYKTOpa, A00aBIAEMOr0 B CPEAy, TO B HAYaJe BOSHHKAIOT HEKHE "LEHTPBI arperamuu’, KOTOPHIE 3aTeM
CTaHOBATCA SAPaMH 00pa3yIOMMXCA arperaTos, Hamwmmﬁmamnpogeowpacnp&memmeamemonno
pasmepam Oyaer J0oCTaTouHO mHpOKEM. IT0 Mepe YKPYNHCHHA arperaToB, yYHTHIBAs 0OPATHYXO 3aBHCHMOCT
BEPOATHOCTH OOBEIMHCHHA YaCTHII OT MX Pa3MEpoB B CABHIOBOM NOTOKE, OYeBHAHO, Oymer Bce Gomsme
npeobnanaTe Mponecc NPHCOSTMHEHS MEIKHX JacTHI K KpynmubiM. C Apyroi CTOpOHBI HeGONBIIME arperaTsl
GyayT nmerde pacmajaTeCs HA OTJACIBHBIC KICTKH, KOTOpHIC NMPCHMYMECTBEHHO OyAyT NMPHCOSIMHATHCA K YXKE
HMCIOMEMCA KpymHeIM arperatam. CnenoBaTenbHO, CO BPEMEHEM pacmpeielieHHe arperatoB N0 pasmepam
Oyner cyxaTsCA H NPH JOCTHKCHWH CTALHOHAPHOTO COCTOSHHA MOXKHO OKHJATH, YTO B CyCUICH3MM CTaHYT

KpyIHBIC arperatsl Omaskax pasmepos. IToaromy B nampreimem OyneMm pacCMaTpHBATh CHCTEMY
COCTOAINYIO M3 OTACHBHBIX AKTHBHEIX TPOMOOILMTOB H arperaTos.

TIpeanonaras Nponecc yCTAHOBICHHA CBA3CH MEXKIY KICTKAaMH oOparHMblM, GyZieM CYMTATh TEIEpb, YTO
OT arperara MOTyT OTCOCAHHATECA TONBKO T¢ TPOMOOHTSI, KOTOPhIC HAXOAATCA BA €ro0 NOBEPXHOCTH. B Taxom
Ciay4ae CKOpOCTh Ae3arperanus OyAeT mpaMo MPONOPHHOHANBHA KOMHYECTBY TPOMOOIHMTOB B NOBEPXHOCTHOM
cnoe arperara. Toraa THHEAMHKY arperamys MOXKHO ONHCATh CHCTEMOH ypaBHCHHM

dpassr
T=k1PMA—k2P:|§fg’ @)
act

rae A - KOIMYECTBO arperaros, a Pﬁ - KOMHYECTBO TPOMOOLMTOB B IIOBEPXHOCTHOM CJIOE arpPErarTos.
Be3 yuera HHAKTHBHPOBAHHBIX KJICTOK COOTHOMICHHE MEMKIY YHCIOM TPOMOOIHTOB (6) MPHHHMACT BHX
P* =P, - P ©)

H3BecTHO, ur0 MeMOpamHsie pemenTopsl i (uOpHHOreHa pPAacMONOXKCHBI PABHOMEPHO IO BCCH
NIOBEPXHOCTH TpoMOOIHTa, 2 JOPMa AKTHBHPOBAHHKIX KJICTOK Oma3ka k mapy [12, 13]. TNosromy, npr ycnosun




73

MaremaTuyeckas MOJENb AHHAMHUKH arperauyy TPOMOOLHTOS. .

PABHOBEPOATHOTO COCAUHCHHA TPOMOOIHMTOR MOGBIMA YYACTKAME NOBEPXHOCTH ¥ JCHCTBHAS CABHTOBBIX CHI B
BA3KOH Cpejie, OYEBHANO, 4TO U (opma oGpasyrommxcs arperaros Gyaer mapoobpassol. Y aKTHBHDPOBAHHBIX
TPOMGOIMTOB NOC/E YCTAHOBJNCHHA CBf3eH MEXAy KICTKAMH B Aarperare NPOMCXOAHT pacciabieHme
IHTOCKENETa, COMKEHAE MOBEPXHOCTEH M YIIOTHEHHE KIETOK B arperare [14, 15].Toraa MOXHO CumTaTh
00beM arperara MpHOTH3HTETBHO PABHEIM CyMME 00BEMOB, BXOAIIMX B HETO TPOMOOIMTOB H BHIPA3HTH €r0
pasMep 4epe3 H3BECTHBIH CPEAHEM pauyC TpoMOOmHETa, MpeAToNaras, 4ro 06beM TpOMOOIATA PAKTHYCCKH HE
MCHSCTCS IPH H3MEHCHHH ero dopmsl [16], T.e.

1/3
R *RyN", (10)

1€ Rager ¥ Ry - pazmuyce: arperara i TpoMG0IMTa, COOTBETCTBEHHO, N - KOIMMECTBO KIETOK B arperare.
Jlns arperaToB, pasMepsl KOTOPBIX CYIIECTBCHHO GONBINE, YEM OTACHBHBIX TPOMOOLHTOB, KONHHECTBO
KICTOK B TIOBEPXHOCTHOM CJI0C MOKHO ONPE/C/IHTH H3 NPHMEPHOTO COOTHOMCHHS

N[ L . an
OTKyAa, ¢ yderom (10), g oxHOrO arperara noxy4uM
P3¥ o 4N?, (12)

Byzem cuuTaTh, YTO B MPONECCE arPeramy KOJIMYECTBO arperaToB OCTAETCA MOCTOSHHBIM, 3 H3MEHSIOTCS
TONBKO HX Pa3sMephl H COOTHOIEHHE YHC/IA OTACABHBIX TPOMOOIHTOB | KIETOK B arperarax, T.6. A=const, a

P (t) = AN(t). (13)

Toraa ypaBHeHWE AN CKOPOCTH H3MEHEHHS KOJMYECTBA TPOMOOLMTOB HAXOMMNHMXCA B arperarax,
noxacrasa B (7) Boipakenns (12) u (13), MOKHO 3ammcaTs B BHIC

d(AN)
(dt =k,P*A-k,4N??A (14)

Bxonsmmae B ypaerenus (14) xoHcramTel ckopocredt k; m k; Gyayr 3aBmceTs OT MUHBI CBOOOXHOIO
npobera 4acTHIl MEKy BCTPCYAMH, KOTOpas, B CBOK Ouepexs GyAeT OmpeaesaThCs KOHUCHTPAMHEH JacTHI H
uX pasmepamu. B nponecce arperamam 06a 3ti napaMerpa GyxyT H3MEHATHCA, a 3HAYMT ky — OyayT (yHkmasvu
BPEMCHH.

PaccMoTphM npomecc arperamum Kak pesyisTar 3((EKTHBHBIX YNPYTHX CTOJNKHOBEHHH 4aCTHI|
mapoobpasHoit (hopmer. Toraa ckopocTs 06pasoBanus arperatos GyAeT MPONOPIHOHANBHA YACTOTE YHPYTHX
CTONKHOBCHHH, KOTOpas 3aBHCHT OT Y(PPEKTHBHOIO CeyeHHs paccesHms. B Ciyuae CTONKHOBCHWI OTACTBHBIX
TpPoMOOILATOB C arperaTaMu €ro Benuyumea OyaeT Qynkupeli BpeMenu

opa(t)= n(R"’ i R“““(t)Jz . (15)

2

IMpeneOperas BO3MOXHOCTHE) OOBCAMHEHHMS arperaros NPH CTONKHOBEHHAX APYr C ApyroM, Oyxem,
OJHAKO, YYHMTHIBATH BO3MOXKHOCTh MX YACTHYHOrO PaspylICHHsS HIM OTPHIBA OTJACABHBIX TPOMOOIHTOB C
nosepxaocTH [7]. Toraa ckopocTs MpONECca Ae3arperalys, BHI3BAHHOM YIPYTHMHE CTONKHOBCHHAMH arperaTos,
Gyner nponopuHoHaTbHA HX H)(EKTHBEOMY CSUCHHIO paccesHus. JIJin arperaros PaBHBIX Pa3MEpPOB

oaa (t)=1R2, (t). (16)
TTpuvem, 4TO KONMHYECTBO arperaToB B MPOLECCE Arperaiy He H3MEHACTCA co BpeMeHneM. Toraa, cumTasd,

YTO CTAMOHAPHOE COCTOSHME JOCTHraeTCA (B Cyuae OOMBIIMX KOHIEHTPANHH HHIYKTOPA), KOTAa MPAKTHYCCKH
BCC TPOMOOIMTEI HAXOAATCA B ArPeraTax, YHCHIO MOCIEIHAX MOKHO ONPE/ICTAT KAK
A=P,/N,_,. =const, a”n

T/A€ Npax —“MAKCHMANHHO BO3MOXKHOC KOJTHYCCTBO TPOMOOIHATOB B OHOM CPEIHECTATHCTHYCCKOM arperare.

Toraa, cunTas, 4TO B KK MOMEHT BPEMECHH B CHCTEMC BCC arperarhl HMCIOT OZIHHAKOBBIC PasMEpBl,
ypaeaenue (14) npeobpasyercs k BHAY

dN 2/3 2

IlycTe KOHCTAHTA CKOPOCTH PaspylICHAs arperatoB B pesy/ibTare CTOJKHOBCHME k; Gyzer passa mo
semAvEEE KOHCTaHTe Ko, Torma, moacrasnas B ypasuerme (18) coorsercryrommue Bripaxenns u3 (9) u (15) —
(17) ¢ yuerom (10), mocne npocTsiX npeobpa3oBaHmit OKOHYATEILHO MOMYTHM:



74

C.B. I'atam, B.IT. Bepect, M. A. BopoGeirauk

2
dN nR N P
=k — 2P 1+ N F  1-—— |-k,N?*| 4+ 7R, =2 | (9
dt 4 N e
Ypasuenne (19) onuchiBacT AMHAMHKY M3MCHCHHSA KONHYECTBA TPOMOGOWHTOB B CPETHECTATHCTHYECKOM
arperare, koropas GyAeT 3aBHCETh OT ABYX KHHCTHYCCKHX KOHCTAHT ki ® k;, ompeaensommx CKOpOCTH
NPHCOCTHHCHAA TPOMOOLMTOB K arperary u OTCOCAMHEHHS OT HETO.

ONPEJAEJEHVE KHHETHYECKHMX APAMETPOB ATPETAIIAA TPOMBOIITOB

Arperanmio  TpoMGOIMTOB in Vitro OGBIMHO PETHCTPHPYIOT ONTHYECKHMH Meromamu [17]. Ommako
HHTCPNPETANMSA TAKHX PE3yabTaTOB HEONHO3HAYHA M3-32 OTCYTCTBHS CTPOTHMX AHAJMTHYECKMX 3aBHCHMOCTCH
MY U3MEPAEMBIMA ONTHYECKHMH IAPaMETPaMH | COCTABOM HCCHIEAYEMON AUCTIEPCHOH CHCTEME!.

H3BecTHO, Yr0 1A pa3’OaBNCHHBIX KIIETOYHBIX B3BECEH 3aBHCHMOCTH ONTHYCCKOM IUIOTHOCTH H
CBETONPONYCKAHAA OT KOHUCHTPALMM KIETOK NOMMMHAIOTCA 3aKoHaM Bopa m Byrepa-Jlambepra-Bapa [18].
[IprMEHMMOCTD 3THX 3aKOHOB 1A CYCTICH3HMH TPOMOOLATOB B ILIA3ME MOATBEPKAAETC IKCICPAMEHTATBHEIMA
JHMHCHHBIMA 3aBHCHMOCTAMH ONTHYECKOH IUIOTHOCTH OT KOHUEHTpamuH TpomGomuros B obnact 8-10° - 9-10°
knerox/Mm’ [19]. Ommaxo B Clyda¢ KJIETOYHBIX B3BECEH WIMEHCHHE CBETOMPONYCKAHWA OyZeT B OCHOBHOM
onpeAensaThea GOMBION paccemBaromeli CNOCOGHOCTHIO MOBEPXHOCTEH KIETOK, T.€. MYTHOCTBIO CPEIBL
TToaroMy HCHONB3yeMas OOBIMHO B OHONOTHYECKOM 3JKCHEPHMEHTE BEIMYMHA “ONTHYECKOH IIOTHOCTH,
onpeensieMas N0 W3MECHCHHMIO CBETONPONYCKAHHA KICTOYHOM CYCICH3HMH, €CTh TONBKO HEKHH OIKBHBANCHT
ONTHYECKOH IIOTHOCTH CPEXE!, JNHIIL NOCTONBKY, HOCKONBKY COOTBETCTBYET 3aBHCHMOCTH, BHIPAMAEMOM
3axoHOM Bapa

I

D= lgTo =kCl, 20)

rae Ip u I - HHTEHCHBHOCTH NAaJAIOMEro M NPOMIEANIEr0 CBETA, COOTBETCTBEHHO, D — onTHuecKas mwioTHOCT, C
— KOHICHTpAUKMA OQHOPOAHBIX YaCTHIl B Cpexe, | — mmmHa omrmueckoro myru (Tommmsa ofpasma), k —
KO3(HIHEEHT MPONOPUHOHANBHOCTH, 3ABHCAIIMN OT XapaKTepa PACCCHBAHMSA CBETA B3BCIICHHBIMH YACTHIAMH
(KIETKAMH) H ONTHYECCKAX CBOUCTB CPE/BL.

Ilpu arperamua TPOMOOIHTOB KOMHYECTBO KICTOK B 00pasue OCTAETCA MOCTOSHHEIM, HO M3MEHAIOTCA CO
BPEMEHEM Pa3sMEpPBl H YHCJIO B3BCLICHHBIX B CPEAC YacTHIL. PacmpocTpaHss ajIuTHBHOCTH 3aKOHAa Byrepa-
JlamGepra-b3pa Ha NpPHCYTCTBYIOMME B CYCUCH3HH TPOMGOUMTOB B IJA3ME NpPH ATPETANMH YACTHIIBL
ONTHYECKYIO IIOTHOCTh TAKOH CHCTEMBI MOXKHO ONPEACIHTH BEIPAKCHHEM

act
D(t) =Dgn +VuSyP (h+ N O (t)Al, @1
ra¢ Doy — ONTHYECKAd MIOTHOCTH AMCTICPrHPYIOMEH Cpeapl (MMasMbl KpoBH), S, H S.y — d(dexTusHBEe
CEYCHMS PACCCHBAHMA TPOMOOIATOB H ATPETaTOB; Vpi H Ve — KOIPOHIMERTH, XaPAKTEPA3YIONME ONTHYECKAE

CBOWCTBA PACCEHBAONIHAX YACTHII (KJIETOK H arperaTos) B CYCIICH3HH.
B HavanbHbIi MOMEHT BPEMEHH ONTHYECKAS IUIOTHOCTh CYCNEH3HH TPOMOOmHTOB GyJeT OnmpenensTses

BBIDOKCHACM
DO = de +VPISP,P01 § (22)
Toraa W3MEHCHHE ONTHYECKOH IUIOTHOCTH CYCHICH3MM B NpOLECCE arperamud OyaeT ONHCHIBATECA
YPaBHCHHEM

bhe s act
AD =D, —D(t)—vp,Sp,l(Po o VierSunlA. @)
Hcnoms3ys s 3QQeKTHBHBIX CeueHMi PACCEAHHA CBETA Sy BHIPAXKEHHS BHAA (16) B NPHBMMAL, YTO Vp=Vogy™=V,
¢ y4erom Beipaxxenui (9), (10), (13) a1 (17) OKOHUATEILHO TOMYYHM:
N L~ NZ/ 3
AD = vaR 3IPy| ——— |. (24)
N
max
B crammoRapHOM COCTOSHHH (IpH HeoOpaTHMO# arperaiuu) Bce TPOMOOIHTHI HAXOAATCA B arperarax H
ecnu mocneaEHe OyAyT PaBHBIX PasMEpOB, TO CTANMOHAPHOE 3HAYCHHE ONTHYCCKOM WIOTHOCTH CYCICH3HH
OyzaeT onpeaenaTsCa BHPAKECHHEM :
D=D,, +ViRINZZA. 25)
Torza MaKCHMAJIbHOE H3MEHECHAE ONTHYECKO#H IIIOTHOCTH JaHHOTOo 00pasua ¢ yuerom (17) Gyzer

AD,,,. =D, -D =vaR3IP, (1 -N_23 ) 26)
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W3 ypasresms (26), MOMKHO NONYYATH BBHIPAKCHHC A MAKCHMANBHOTO KOJNHYECTBA TpoMOOIUTOB B
OJHOM arperare
-3
P

2
vaR 1P,

Koa¢drument nponopuuoRansHOCTH v, XapaKTepH3yIONMmi ONTHYECKHE CBOKCTBA CHCTEMBI, MOMKET OBITh
JICTKO  OMPEJICNICH N0 3KCICPHMCHTANBHON HHEHHOM 3aBMCHMOCTH ONTHYECKOM IJIOTHOCTH CYCHCH3HH
TPOMOOIHTOB OT WX KOHUCHTpauwmm [19]. Torza, 3HAs HAYANBHYI0 KOHICHTPALMIO TpoMbouuToB P, u
IKCTICPHMEHTANBHO ONPEACTHB AD;,, MOKHO NO BHIPAKCHHIO (27) BEMHCIHTH KOTHYECTBO TPOMOOIHTOB B
CPEAHECTATHCTHYECKOM arperaTe B CTAMOHAPHOM COCTOAHHAH.

OKCTICPHMEHTATBHBIC KPHBBIC H3MCHCHHA ONTHYECKOH IUIOTHOCTH CYCTICH3HH TPOMGOLHTOB OT BPEMEHH
arperaHy MOryT OBITh ONHCAHBI CUCTEMON ypaBHEHHit (19), (24). TTpH H3BECTHBIX BEMHYMHAX TAPAMETPOB V, 1,
Rpi, Po B Niax MOXHO HAHTH ONTHMANBHEIC 3HAYCHHA KMHCTHYECKHX KOHCTAaET ki u k; /ms KOHKperHOH
IKCHCPHMCHTAIBHO NMOTY4YEHHOH 3aBHCHMOCTH.

B nannoit paGore cucrema ypasuennit (19), (24) pemanachk ¢ HCIIONB30BAHAEM YHCICHHOIO METOXA Pynre-
Kyrra. OnTHMH3am0s BETHIHE KHHETHYCCKHX KOHCTART Ki, k; M0 3KCIEPHMERTATLHEIM JAHHBIM, NPHBEACHHBIM
Ha DHC.1,IpOBOANACH METOAOM MPAMOrO MOWCKA. BriGupamucs ase ofnacTe omraMansHOro orsera (+ 0,01
OTH. €A, AD OTHOCHTENBHO 3KCIICPHMCHTANBHBIX 3HAYCHHM) HA HAYANBHOM YYACTKE KPHBOM Arperaims UiA
KOHCTaHTBl k; W HA KOHE4HOM yuacTke — mna k. TlyreM NpHMEHERWS aiTOpPHTMAa YCKOPEHHOTO CIIyCKa,
NIOOYEPENHO Ui ONHOM M BTOPOH 06nacTelf ONTHMM3AUME, HAXOJWIM ONTHMATHHBIC 3HAYCHHS KAHETHUYCCKAX
KOHCTAHT NpH NONaJaHHH OXHOBPEMEHHO B 00e 006macTu oTseTa.

N @n

max

PE3YJILTATHI H OBCYXJIEHHE

llpeacraBnensas BHONE MAaTEMATHUECKas MOJEMb ObUIa WCHONB30BAHA [N H3YYCHHS Xapakrepa
3aBHCHMOCTH arperaius TpoMOOILWTOB in vifro OT TeMuepatypsi 00pasua. 3MEHEHHE ONTHYECKOM IUIOTHOCTH
CycneH3uH TPOMOOMTOB YENOBEKA B IUIA3ME ONPEACSIIAIA [0 METOAUKE U C TIOMONIBIO ATMAPATyPhI OMHCAHHOM
B [20]. Hi3mepenns mpoBoammu B obmacTa Temmeparyp 4 — 40°C, ¢ TousocTsio permcrpammm + 0,1°C. B
Ka4€CTBE HHAYKTOPA arperaun uCnoms3o0sans pactsop AJI® ("Reanal”, Benrprsa) BhICOKOH koHmEHTpaumH (20
MKI/MIT), BHI3BIBAIOMEH MAKCHMATLHYIO YCTOMYHMBYIO HeoOpaTaMyzo arperamuio [21].

Hcmiomms3ys SKCIICPHMEHTAIBHO NOMy4eHEbIE BemuuHsl AD,,,, B v=0,165, no dopmyme (27) paccamraHs:
3HAYCHHA CPSAHET0 MAKCHMANBHOTO KOJMMYECTBA TPOMOOLMTOB B arperate Ny, Ui PasiAvHBIX TEMIEpPATyp
(puc.2). BuTH NPHEATE! CEAYIOMEE 3HAYEHHA MapaMeTpos: 1=3,0 MM, Ry=1,2-10° mm, Py=2,5-10° mm™. Kax
BHIHO M3 PHC.2 33BHCHMOCTB Np,x OT TEMIIEPaTypHl HMEET SKCTPEMAJBHBIA XapAKTED C MAKCHMYMOM OKOJO
18°C. Mambie BemmuuHBl Ny, 0pu HM3KEX Temmeparypax (zo 12°C), BepoATHO, CBS3aHBI C TEM, 49TO
ofpasyrommecs B Hayale MPOLECCAa Arperaiuu KPyIHbIC arperaThl — PHIXJIBIC M JIETKO paspymarorcs [16].
Cumkenne Ny NPH TOBBINCHAW Temmeparypsl Beume 24°C, BEPOSTHO, CBA3AHO C AKTHBHPOBAHHEM
AC3arperaiy NpH 3THX TEMNEPATypax, a TAKKE ¢ OTMCHYeHHBIM B [20, 22] ¢daxrom npeobnasanus B 3TOH
06nacTH TeMmepaTyp HeOGOMbIIKX ArperaToB, yCneBmMAX 06pa30BaTsCA Mpa GONBIIAX CKOPOCTAX AKTHBALMH.

ITlo axcmepmeHTambEbIM  KpuBBIM  AJIO-HHIYIMPOBAHHON arperamud  TPoMOOLMTOB — 4EIOBEKa,
NOMYYCHHBIM ONTHYECKHM METOAOM (PHC.1), ONTHMM3MPOBAHEI BCIMYHHBI KHHCTHYECKHX NapMETPOB
o0pasoBaHWA W pacmaza arperaroB mo ypasmenuro (19). Kak BumHO ®3 pHC.3,4 TECOPETHUECKHE KPHBBIC
JOCTATOYHO XOPOIIO COIMIACYIOTCA C 3KCIEPAMCHTAJBHBIMH. 3aBHCHMOCTH KOHCTAaHT cKopocted k; m k; or
TEMIIEPATypPhl HOCAT IKCTPEMAbHEIA Xapakep. MakcuManbHoe 3Ha4eHne k; coorsercTeyer npuMepHo 20°C, k;
- 18°C (cM. puc. 5,6). Hamaume MakCHMyMOB HA TEMIICPATyPHBIX 3aBHCHMOCTAX KOHCTaHT CKOPOCTEH,
CBH/ICTELCTBYET O CYIIECTBOBAHHH KaK MHHMMYM JBYX ()akTOpOB, ONPEAC/IONMX Xapakrep mpounecca. Ilpu
NOBBIMCHAN TeMneparypbt A0 13-15°C orromenwe xoHCTAHT K /K; 3HAYMTEIEHO YMEHBIIACTCA H MPAKTHYCCKH
HE M3MCHACTCA NpH JANbHCHIIEM YBENWYCHHH TeMmeparypsl. [lo-BEAAMOMY, NpH TEMOEPAarypax BhIIG
KOMHATHBIX IIPONECC 0OMeHa TPOMOOIHTOB, HAXOAAMUXCA B CBOOOHOM COCTOSHMH M B arperarax, CTaHOBHTCH
cramuoHapHsIM. B paGore [23] momyyeHO 3HAYCHWE KOHCTAHTHI CKOPOCTH HEoOpaTHMOM arperamuu
1pomGommTos 0,012 ¢’. Ommako, aBTOp PaccMATPHBAN KHHETHKY (JOPMHDOBAHMA arperata Kak PEaKIHiO
BTOPOTO HOPAZKA H OCHOBBIBAJICA HA MOAC/H 00pasoBanus arperata CMOIyXOBCKOTO.

3aBHCHMOCTH BEJHYMH KOHCTAHT K; H k; OT TeMuepaTyphl B appeHHYCOBBIX KOOPAHHATAX HMEIOT H3TOMBI
npr Temneparype okomno 20°C (puc. 5,6). 3naucnus eneprum axrusamuH (E) nponeccos 06pa3oBaHuA H pacnasa
arperaToB, PACCHHTAHHBIC 1A ITHX JAHHBIX NPHBEICHBI B HIDKCCICAyIonIeH Tabmung.

Temmeparypa OHeprus axTHBayH, KJDK/MOTL
06pazoBanne pacnan
4-20C 187,99 434,72
20-40C -118,88 348,18 (18-24°C)




76
C.B. I'aram, B.IT. Bepect, M.A. BopoGeiiunk

e
o——o
120}
100+
H
m-
60}
n_
20F \'
e of * e =
0 100 200 300 400 500 7 g O R T e T
t°C
Puc. 1. Kuneruseckue xpusbie AJ[O-vHxypoBaHHo% Puc.2. 3aBUCHMOCTD MAKCHMAILHOTO KOIMYECTBA
arperaryu TPOMOOITMTOB YeTOBEKa, IOy eHHbIE TIPH TPOMOOIMTOB B arperate 0T TeMIIEPaTyphl
PasHBIX TeMIlepaTypax (3Ha4eHUs yKa3aHs! Ha rpapuke)
05~ AD, oTH. ea. 02 - AD, oTH. eg.
L @
0,4-— r o ® ®
0.3 01
02
-
Y 00 -
00
BRIV L I Ml AP G o !
0 100 200 300 400 500 0 100 200
tc t,c
Puc.3. Teopetrieckas KpuBasi arperalyy TPOMOOLHTOB, Puc.4. Teoperudeckas KpuBas arperaiyy TpOMOOIMTOB K

(paccunTaHHAas 110 YPaBHEHHMIO 19) U SKCTIEpHMEHTATHHEIC SKCIICPUMEHTATHHBIE TOYKHM 18 TeMnieparypsl 31,5°C.
TOYKH M 15 Temmepartypst 19°C.

Asropsi [10] moxasamm, uwro ans 00pasoBaHMA YCTOHYMBOINO arperara M3 JByX TPOMOOLMTOB,
HAXOAIIHXCA B CABHTOBOM motoke 10 ¢, 40CTaTouHO OHOM CBI3H MEXKIY KICTKAMH NOCPEACTBOM MOJICKYJIBI
(ubpunorena. Ecma yuects, Wm0 CBOOOZHAS OSHEPrHA CBA3BIBAHHA (PUOpHMHOreHa C TPOMGOLHETAPHBIM
penenropom 33,6 x/Di/mMoms [24], TO MOXKHO CHHTaTh, YTO OOpa30BaHHE yCTOHYMBOM CBA3H TpoMOOLHTA C
arperaToM ecTh Pe3yNBTAT HECKOMBKAX CTONKHOBCHWH. Tax aBTophl [9] moKa3amu YTO JMINE OZHO M3 THICHYH
CTONKHOBEHHH TPOMOONMTOB B CHBHTOBOM IOTOKE GONBMION MHTCHCHBHOCTH 3aKAHYHBACTCH OO0BEIHHEHHEM
KJIETOK. MOXKHO MpeON0XKHATh, YTO B HCCICAOBAHHBIX YCIOBHAX, A 00pa3oBaHMA MPOMHON CBA3H MEIKAY
TpoMOOIETOM H arperaroM HeoOXOAMMa ONPEJCICHHAN B3AWMHAS NMPOCTPAHCTBCHHAA OPHCHTALHS YYACTKOB
MeMOpaH KICTOK NpPH HX CONPHKOCHOBEHHH. BO3MOMKHO, HIPAcT poib KONHYECTBO 3aHATHIX (PHOpHHOreHOM
peuenTopoB B 0ONACTH KOHTAKTa TPOMOOLMT-arperar, WiH yron, oOpasyembii MONeKyno# (mbpumorena c
MeMOpaHaMH CONPHKACAIOMMXCSA KIeTOK. TaxkmM 00pa3oM BO3pACTACT BKJIAJ 3HTPONHHHONO KOMIIOHEHTA B
BETHYMHY CHCPTHH AKTHBAIHH.

INonyucHnsie Hamu 3Hayenus E aBnaorcs HexumE “>(peKTHBHBIME® BEIHYMHAMH, ONPEACIACMBIMH
MHOTHMH Da3IHYHBIMH CTaZMAMH NPONECCOB OOBCIHHCHMA KICTOK B arperaTsl M pacmaja arperaros.
Orpunarensasie 3Hagenns E mpm temmeparypax Bemue 20°C CBHACTENBCTBYIOT TONBKO 00 H3MEHCHHH
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HANPABJICHHOCTH PE3yNBTHPYIOMEX MMPONECccoB. Bo3MOKHO, 4TO KOH(DOPMANHMOHHBIH MEPEXOX B MOJECKyIC
(ubpurorena npu 20°C u CTpyKTypHBIC H3MEHEHs MeMOpaH TPOMGOIHTOB B 3TOMH k¢ 06/IACTH TeMmepaTyp,
OTMCYCHHBIC HAMH panee [25, 26], HrparoT ONpPeCIMOMYI0 POs B M3MEHEHH 3HAKA W BeIHYMEH E. ABTOpH
[14, 16] BHICKA3BIBAIOT MPETONOKEHAE O TOM, YTO B OCHOBOM arperaTos ABIAETCA CETh W3 GEIKOB IHTOCKENETa,
memOpannsix penenropos IIb-1lla u BHexeTOuHOrO (uGpUHOTEHa. [T0-BHIAMMOMY, CTPYKTYDHbIC H3MCHEHS B
310 cetr npu 20°C | NPHBOAAT K HIMEHCHHIO YHEPrHH AKTHBAIMH NPOLECCA ArPEraIHA TPOMOOIHTOB.
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Puc.5. 3aBHCHMCOTH KOHCTAHTHI CKOPOCTH 00pa3oBanus Puc.6. 3aBHCHMCOTH KOHCTAHTHI CKOPOCTH paciiajia
arperara (k;) OT TeMIIEpaTyphI ¥ COOTBETCTBYIOMAL arperata (k;) OT TeMIEpaTyphl ¥ COOTBETCTBYIOMAS
apPEHNYCOBA 3aBHCHMOCTD. apPEeHHYCOBA 3aBHCUMOCTb.

AHaNmH3 NOTYYCHHEIX PE3y/IbTaTOB CBHACTEIBCTBYET O TOM, YTO 3KCTPEMAJBHBIN XapakTep 3aBHCHMOCTH
NapaMeTpoB arperama TPOMOOIHTOB YeIOBEKA OT TEMIIEPATYPhI ONPEACIACTCA CTPYKTYPHEIMH NEPECTPOHKaAMH
memOpan TpoMGOUHMTOB M KOH(OPMAIMOHHBIM HEPEXoAoM B Monekyne (ubpmmorema mpu 18-20°C. B
Pe3y/IbTaTe M3MEHACTCA SHCPIHA AKTHBAIMH NPOLIECCOB 00pa3oBaHuA | pacnaja arperaros. [1o-BuaumMomy, npa
TEMIEPATYpaxX BHINIC KOMHATHOW PaBHOBECHE B CHCTEME 00pa3oBaHHE-pACTaj arperara CIBHTACTCA B CTPOHY
pacmaza, 4T0 OTPAKACTCA B YMCHBUICHHH BETHYWHBI OTHOIICHHA KOHCTAHT CKOPOCTEH COOTBETCTBYIOMIMX
NPOLECCOB.
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BJIMSTHUE TEMITEPATYPbBI HA ITPOHHUITAEMOCTD SPUTPOITUTOB
YEJIOBEKA JIJIs1 KPUOITPOTEKTOPOB

C.X. Mexaos, B.A. Mouceen

Hucmumym npobnes xpuobuonozuu u xpuoseduyunn HAH Vipaune:, 310015, Xapvxos, ya. ITepeacnascras, 23
Toctymana 8 penaiaymo S5 sueaps 1999 r.

Meronom SIIP CIMHOBOTO 30HJA H3Y4YeHA NMPOHHIASMOCTH IPHTPONATOR YENOBEKAa IS HE3NEKTPONHTOB MPH
PAAYHLIX TeMAeparypax. Onpe/iefieHs K03dQRUHERTE MPOHHIEEMOCTH Ha (a3e pPaBHEHHS HEPABHROBECHON
TePMO)(HHAMWKH, PACCYHTAHA SHEPIHY SKTHBAUEH H BpeMd NPOHHKHOBEHAS 50% OT KONH4YECTBA BHEKIETOUHOIO
xpronporexropa. [Ipr 3roM ycramopmeno, uro mpE 0 °C xoad¢wmument mpormmaemoctn 1,2-I17, JIMCO,
STHIIEATIRKONS F IIMIEPHIS /IS SPHTPOLHTOR Yenosexa pasen (1,040,1)-10%, (1,0+0,1)10% (2,8+0,6) -10° =
(0,26+0,04)-10°° cM/MIH COOTBETCTBEHHO. Ipx yBemrenAn TeMmeparyps Ha 10 °C xoadrienT IPOHRIAEMOCTH
ysemmmsaercs B 7, 4, 1,8 1 1,8 paa coorsercrpenno. Ilpx 10 °C  HeanexTPONHTH MO BelHUHHE K03HIHENTR
NPORANEEMOCTH /Ui SPHTPOIMTOB YenoBexa ofpasyror psx 1,201 > sramenrmaxoms > JIMCO > rmmepws,
TIOCHEOBATENLHOCTS B KOTOPOM ONpe/ieigeTcH He FX JIROTPONNBIMA, AHNEKTPHYECKHMF X APYTHMH CBOHCTBAMH,
2 KOMIIIEKCOM BCEX HX (PHIHKO-XHMAYECKHX CBOHCTS.

KJIIOYEBBIE CJIOBA: 3pHTPOUMTEL YeNOBEKS, CIEKTPOCKOIHSN NMEKTPOHHOIO MApPaMATRATHOTO Pe30HaHCa,
NPOHATAEMOCTH, KPHOIPOTEKTOPE!

H3y4enmio MPOHHI@EMOCTH KIETOK AT HE3NEKTPONMHTOB H SJIEKTPONHTOB IOCBAIIEHO  J{OCTAaTOYHO
Gonpiroe YHCNo SKenepHMenTambHbix [12,17,20,21,22,23] u Teopermieckux pador [1,5,6,16,18,24], Tak kak
BBISICHEHHE MEXAHH3MOB, NENAIMX B OCHOBE pEryldlH KNETOYHOH NPOHHIBEMOCTH, HMeeT GONBINoe
3HAYCHAHE HE TONBKO JUIA OMNpEJENeHHd OfTHMANBHBIX YCIOBHH KPHOKOHCEPBHDOBAHHSA OHONOTHYECKHX
OOBEKTOB INpPH HH3KAX TEMIEPaTypax, HO H 21 GHOMOrHH B HienoM. OHAKO A0 CHX IOP OCTAIOTCH HEeSCHBIMH
MHOTHE CTOPOHEI KIIETOYHOH NPOHMI[AEMOCTH.

Hcemeioanye PORALAEMOCTH SPHTPOLMTOB YeNOBEKa JUIA HedNEKTPONHTOB BeAYTCA AaBHO [16,17,21).
Omiaxo X0 CHX FIOp HET JAaHHBIX IO CHCTEMATHYECKOMY HCCICHOBAHHIO NMPOHHIAEMOCTH IPUTPOLITOB JUis
PasHYHBIX KPHOMPOTEKTOPOB IpPH PalIHYHBIX TemmepaTypax. Tax J{xexoGc [16,17] mpoBen HecnepoBanHHe
NIPOHHIAEMOCTH 3PHTPOIMTOB YeNOBeKa H PasIHYHBIX MICKONHTAIONMX IS INHIEPHHA, STHICHIIHKONS
TEeMONHTHYECKAM MeTOAOM. IIpH 5TOM GRINO ONpeNeNeHO BpeMS IeMONH3A SPHTPOLHTOB NPH PA3HYHBIX
Temnieparypax. Opckos [21] ueeneaoBal NPOHALIAEMOCTS SPHTPOLHTOB JULS FIMIEPHHA ONTHYECKHM METOAOM B
AuanasoHe reMrneparyp 0+-37 °C 1 ycTaHOBHIL, 4TO NPH H3MEHEHHH TeMnepaTyphl Ha 10 °C  KOHCTaHTa CKOPOCTH
wamensiercs B 1,8+2 pasa. Kosdduiment nporrmaemoct jns rvmeprsa npr 0 °C ~0,23-10° cv/mmn &
~0,87-10" om/mrm mpu 20 °C (pacounransr w3 rpadmeciux Aanmbix). Credin [22,23] ONTHUECKAM METONOM
ONpEJIEIHII BpeMsi, B TedeHHe KOTOPOro MpoHHKaeT 50% OT KOmMuecTBa BHEKIIETOYHOrO Bemectsa (iyp) B
SPHTPOLMTH Yenoseka npy 10+30 °C. 3nauenma ty, mua 1,2-npomarguona (1,2-117) 20% - 101 ¢, rimmepysa -
30% - 90 ¢ (20 °C), arrnenrmmxons 20% - 65 ¢ (onpeAeneH s H3 IrpagUYeCKHX AAHHEIX TyTeM SKCTPATIONSLIVH).
Bricoxass cKOPOCTH NIPOHMKHOBEHHS IVIHIEPHHA NPH GONBIIHX ero KOHUEHTPALMAX OOBICHEHa 0GpPa3OBAHHEM
AMMEPOB TIHMICPHHA ¢ NEPEHOCYHKOM IMMneprHa [22,2324]) Masyp ¥ Mmmep ([20] nmccmexosamy
NPOHMIAEMOCTS JPHTPOLMTOB YENOBEKa I IMMIEPHHA IeMOIMTHYECKHM METONOM H OIPEeNENFIM, 4TO
xooprument npormmaemoctr (P) mpi 20 °C cocrasnser 2,5-10*  em/mrm, a npu 0 °C - 1,010 cv/nmmm. Tp
HCTIONH30BAHAH  ONTHYECKOro Metoa Jlesnt u Muexogeht [19] mnonyumm sHauerme Koagdumperra
NPOHHIAEMOCTH STHIEHITHKONA /N SPHTPOLMTOB 4enobexa 3.9-10° ew/c (2,3-107  ov/vmm) (23 °C).
Hcnomssys 5TH JaHHBe, 2  TakRe JaHHEIE IO BIHAHHIO OJIOKSTOPOB TPOHHIACMOCTH Ha
TpaHCMEeMOpaHHKIE TIOTOKH, OHH JTPHIIIH K BHIBOAY O CYIIECTBOBAHHH HE3ABHCHMBIX TPAHCITOPTHRIX CHCTEM
JJiS PacTBOPHTEIIA H PacTBOPeHHBIX Bemects. OxHako Tyn u  ComoMoH [26] Ha OCHOBaHHH COGCTBEHHBIX
HCONEOBAHANA NPHIUM K BEIBOXY, 4YTO MpPOHHIAEMOCTh MeMODaH OSDHTDOIMTOB JIS BOAB Boe  Xe
KOppeJHpyeT ¢ NPOHMIAEMOCTBIO STHUSHITMKONS ¥ MOYEBHHHI, HA OCHOBAHHH 4ero CAENANM BHIBOJ O
TIPOXOX/CHAH 9THX BEIIESCTB Yepe3 OJfHH H Te 7Ke NOpH B MemOpane. CBEHCOH ¥ coaBT. [25] MccnefoBamd
NPOHHIIAEMOCTH MEMOPAH JIH30COM H3 KIIETOK NIEWEHH KpHIC Ui 43 OpranMdecKdX BemecTs (HEesJeKTPOIHTOB)
¢ MONEKYISIpHOH Maccoi 62-1000. B0 NMOKasaHo, WTO HMEET MeCTO OTPHUATENbHAS KOPPEIDIHA MEXAY
CKOPOCTHIO TIPOHHKHOBEHHSA STHX BEIISCTBA B IM30COMBI H ¢ HX CIIOCOOHOCTHIO K OOPasOBaHHIO BOZOPONHBIX
cmeit ¢ Bozoki (wms OH-Ipymmsl CIocOGHOCTS OGPasOBHBATH BOAOPOAHHIE CBSSH CUMTANH DABHOH 2).
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SmiyeHko (2] oumraer, 4To paa cBMMBalomeH CNOCOGHOCTH, NOCTPOEHHHH CBEHCOHOM M coaBT. [25],
COOTBETCTBYET MOCTATOYHO CHAGKM BOAOPOHBIM CBASSAM HCCIEAOBAHHEIX BEIIECTB ¢ BOAOH.

IlpuBepesibe BLe JaHHKE NOKASHBAIOT, YTO OCHOBHOE BHHMAHHe B GONBIMMHCTBE PaGOT YAENAIOCH
H3YHEHHIO MEXAHH3MOB TPAHCTIOPTa BEMECTB Yepe3 MeMODAHEI, H3IMEPEHHIO TPAHCMEMOPAHHEIX TIOTOKOB H
onpezieneHnio koa(pdrumenta nporvuaenmocTH. ClEAyeT OTMETHTh, YTO JAHHHE IO HCCHEHOBAHHIO
TIDOHHIIAEMOCTH 3PHTPOLMTOB 4YenoBeka MpH 0-10 °C egmrvumml [22,23]. Oror AWanmasoH BaxeH It
KpHOOHOJIOrOB, TAX KaK JOOaBICHHE KPHOKOHCEDBEHTA, COAEPXAINEr0 KPHONPOTEKTOPH! 12-I10 w
STHIEHITIHKONb, TIPH 3THX TEMIEPaTypax K SPHTPOIATAM YelloBeka JaeT Gonee BHCOKYIO HX COXPaHHOCTS [4).
Kpome Toro, fanmmie 110 K03 HIHERTY NPOHHIAEMOCTH SPHTPOLHTOB YEIOBEKA JAXe JUIL OJHONO IIHICPHHA,
TIONyYEHHBIE PAsIHYHBEIMH HCCIIEAOBATEIAMH, OTIHYAIOTCs Gonee YeM Ha NopsaAok [20,21). Ha Takne pasiniyus B
3HAYEHHSX Koo(GHIyeHTa NPOHHIAEMOCTH IIHUEPHHA AIS SPHTPOLHTOB, TNONYMEHHHX PasITHYHBIMA
HCCIEOBATEIIAMH, YKashBany M paxee [20,24] ((3+40)-107 cM/Mum). [TpHaMHaMi TAKHX PacXOXAEHHI MOTyT
OblTh Kak OCOOEHHOCTH METORMKH TIOATOTOBKH 0oOpasua (COCTAB M HHM3KAas OCMONSPHOCTb CPENH), TaK H
HENOCTATKH METOAOB MHCCIIeOBAHMS NPOHHUAEMOCTH. M3 BBUNEH3NOXEHHOTO BHIHO, YTO HEOOXOAHMBI
JANbHEANIHE HCCNENOBAHHS NPOHHUIAEMOCTH SPHTPOLMTOB YeNoBeKa. B CBA3H ¢ THM HaMHM HCCIEZOBAaHA
MPOHHUAEMOCTD 3PHTPOLHTOB JUIA PasIMYHEIX HESNIEKTPONHTOB (KPHONMPOTEKTOPOB) TNPH  PasIHMHBIX
TEMIIEPATypax ¢ HCNONB30OBAHHEM HOBOIO MeTOZa [9], KOTOpHH NO3BONAET, B OTIHYHE OT APYIHX METOJOB,
PETHCTPHPOBATH H3MEHEHHe BHYTPHIJIETOMHOTO 06beMa .

MATEPHAJIBI H METO/IbI

OKCNEPHMEHTH IPOBEEHE! Ha 3PHTPOLMTaX AOHOPCKOA KpOBH 4enoBeka 3+4 cyTOK XpaHeHws npy 4 °C,
KOTOpDHE TEpel SKCNCPHMEHTOM OTMBIBANH 3 pasa (PH3HONOTMYECKHM PpacTBOPOM HATPHA XJIODHAA,
TIPHTOTOBJIEHHBIM Ha HaTpri-ocarHom Gydepe ¢ pH=7,4. L{eHrprdyrHpoBar¥e NMPOBOAMIH Ha JIaG0opaTOpHO#H
venTpHdyre OINH-3 npu 3000 B Teyenre 15 MHH.

Opurpomaccy o6beMOM 5 MK TNOMeINANH B KBapueBwi xanwoip xuamerpom 1,5+2 mm. Hax
SPHTPOMACCOH Ha paccTOSHHH 10+15 MM NOMeIfaMM pacTBOp, COACPRAIHA KPHONPOTEKTOp - 20%, 30HA
2,2,6,6-rerpamerin-4oxconmmneprun-1-oxcrn (TEMITOH) - 10742107 moms/n, deppoumarmn xamst - 0,10
MONB/T (PacTBOp AEPXKHTCA 32 CYET KAIMUIAPHBIX cHi). Kamwoisp noMemamd B PE3OHATOP CNEKTPOMETpa
9NEKTPOHHOTO Napamariurioro pesonanca (OI1P) "Bruker" ER-100 D (®PI). Temmeparypy B pesoHatope
MO RHUBAIIH TEMIIEPATYPHOH NprcTaBKo# ¢ TouHOCTHIO +1 °C. [Toce BEIEPXKA B TeYEHAE 5 MHMH PacTBOp
CMEIMBAIM C 3PHTPOMACCOH H mepemenmBanmy 10+15 ¢ NMpH NMOMONMM HEMAarHHTHOH NMPOBOJIOKH, KOTOPYIO
ONyCKalH B KAIMIUIAP A0 YPOBHA pacTBOpa ¢ camoro Havana. Ilocne yzaneHHs NPOBONIOKH HACTPAHBAIH
npubop (20430 ¢) H 3aANHCHIBAIH LEHTPAILHYIO KOMIIOHEeHTY (h,.) NepBO# MPOH3BOAHOH CHEKTPa JOMIIOMIEHHS
(TITICIT) 2I1P 30mma TEMITOH. IopoGHoe ormcanme METOXHIG AaHo B Hamle# padore [9).

Bce pEakTHBHL, KOTOphle HCIONB30BaHE! B pabore Opum MapkH XU mm YJA. Tlpenapathi He
COOTBETCTBYIOMHE 3THM TPEGOBAHAAM OYHINAIN NEPEKPHCTAIUIH3ALMEH HIH NEPEroHKoi. PacTBOPHI roTOBHIH
BECOBBIM METONOM.

Jins paccyera Kod(dramenTa NPOHMIAEMOCTH HCTONB30BAIH YPABHEHHE, KOTOPoe Nonyywi I'opAHeHKo
(1] na 6ase ypasHenmii HeparHOBecHOH TepMoayHamukH Kazenm 1 Karyamcxoro [18]

P=-(1-g,h ) In((h, -h)/ b))/ (g, +(1-g,)/ (1-a)ty (),

raeg, =05, a= 035 h, = h npu t =,y =S/V, hy, h- HHTEHCHBHOCTH LEHTPAILHON KOMIIOHEHTH
TIMCIT OIP 3oraa TEMITOH nipy £ = 0 ¥ NpH TEKYIIEM BPEMEHH COOTBETCTBEHHO, IUIOMAMAD NOBEPXHOCTH
spurporpra S = 109 M, a o6weM V = 63 maad’ [15]. Pesymsratl mecnesiobanuit 06paGarbIBaHCh
CTATHCTHYECKH C yueToM KoaddyimenTos CTHIONEHTa NP AOBEPHTENbHOH BeposTHOCTH 95% (P<0,05).

PE3VJILTATHI H OBCYXX/IEHUE

[lpH MPOBEHEHHH SKCTIEPHMEHTOB BBICHHIOCH, 4TO MPOLECC NMPOHHKHOBEHHS 1,2-T1 1 AMCO npu 20
°C zaBepmaercs B TeyerHe 30+40 cex, YTO He NOSBOIMIO ONPEAEIHTh CKOPOCTh MX NPOHHKHOBEHHA ITPH 9TOH
TemmepaType. KHHETHKA MPOHHKHOBEHHS PasIHYHEIX KPHONPOTEKTOPoB Ipy 10 °C B SPHTPOLHTH YeNoBeKa
npejcTaBnena Ha pue. | (Mo oxHOH KpHBOH). BHIHO, YTO KMHETHKA NPOHHKHOBEHHS KPHONPOTEKTOPOB B
SPHTPOLHTHI YelIOBEKa PEIHCTPHPYETCA AOCTATOYHO XOPOMIO.

Pe3symBTaThl paccyeToB NPEACTABIEHE B TG, |, #3 KOTOPOH BHAHO, YTO YBEIMYCHHE TEMITEPATYPRl OT 0
20 10 °C mpHBOAMT K yBeMHYeHHMIO KoaddHiperTa npormmaemocts ant 1,2-T1J, IMCO, smHiieHnHKons H
rmvmeprra B 7,4, 1,8 1 1,8 pasa coorercrberHO. ClielyeT OTMETHTD, YTO P JU1d IHIEPHAA H STHICHITIHKOILL
YBENHYHBACTCSA B OGOMX CITy4asX MOYTH B 2 pasa NPH yBeNH4eHHH TeMyieparypst ot 0 2o 10 °C. ma IMCO =
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Prc. 1. KuHeTHKR NPOHAKHOBEHHA KPHOMPOTEKTOPOB (20%) B 9PHTPOIHTE YeloBeka Npk 10 °C:
arvneRnmKons ( ¢ ), aMeTHICYMbGOKCHN (X ), 1,2-nponammmon ().

TaGimvua 1. 3aBHCHMOCTS KOS(HIMEHTa MPOHHIAEMOCTH 3PHTPOLIHTOB OT TEMIICPATYPH
H BHa KpHonportekropa (20%). I'muepra* - 30%.

0.°C. b BBC sl s 1038 2] ) WS
P-10° ov/MuH
1,2-nmponanaHon 1,0+0,1 3,118 7,3+1,9 -
IMCO 1,040,1 1,6+0,1 39413 -
OTHIICHITIMKONb 2,840,6 32410 49+0,4
T'maeprH 0,29+0,03 - 0,52+0,07 1,6+0,2
I'imieprn 0,26+0,04 - - -

1,2-11]1 ormMedaercs 3HaYHTENBHOE yBelNHYeHHe KOX(QQHIHEHTa INPOHHLACMOCTH B TOM XE JHAaNa3oHe
TEMITEPATyp N0 CPABHEHHIO ¢ MAHHRIMH JUIA IMIHLUEPHHA H STHIIEHTIHKONS: Takoe yBelHY€eHHE P, TI0-BHIHMOMY,
CBS3AHO ¢ OCOGEHHOCTSAMH CTPOEHHA 3THX KPHONPOTEKTOPOB (HANHYHE B HX CTPYKTYPEe METHIBHBIX IpYIm).
BO3MOXHO, 4YTO 3[€Ch HIpaeT POl H PacTBOPHMOCTb KPHOIMPOTEKTOPOB B JHmaax. Taxk mamu Gpul
npurorosiieH 10% pactsop newmrvna B 1,2-[1]], YTO6H H3y4HTh €ro BIHAHHE HA COXPAHHOCTH KIETOK TPH
KPHOKOHCEPBHPOBAHHH.

JlaHHEIE 1O KOHCTaHTaM CKOPOCTEH NPOHMKHOBEHHS KPHOIPOTEKTOPOB B SPHTPOLMTH (MX CpemHee
apH(METHYECKOE 3HAYEHHE) NIPH Pa3IMYHEIX TEMIepaTypax GbUIM HCIONB30BAHBI VIS Paccyera SHEPIMH
axrusaipH (E) npouecca NMPOHHKHOBEHHS. Pe3yllbTaThl TAKHX PacyeToB TpeAcTaBleHsl B TaOn. 2. M3 Tabn. 2
BHIHO, YTO H3MEHEHHE DHEPIWH AKTHBAIMH B AHarasoHe Temreparyp 0 + 10 °C Gonbine BHIPaXESHO WA
1,2-T1]] sarem g IMCO. Takue pasiuuvsd B SHEPTHH aKTHBAUMH, IO-BHAHMOMY, OGYCIIOBIICHE! TEMH Xe
NPHYHHAMH, KOTOPBIE HAMH YKa3aHbI BBIIIE, IS OOBICHEHHS PANIHYHH B KO HIHMEHTaX IPOHHI{AEMOCTH.

JlanHsBIe N0 KOIDHIHEHTY NPOHHIAEMOCTH TMHIEpHHAa NpH 0 °C GIHM3KH K JAHHBIM, KOTOPBIE TIOJy4HI
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Tabnwifa 2. 3aBHCHMOCTh SHEPIMH aKTHBALHH TPAHCIIOPTA Pa3IMYHEIX KPHOMPOTEKTOPOB
(20%) B SpHTPOLMTH OT Temmieparypsl. Inmiepui* ~ 30%.

OHeprus aKTHBAMH,  KKaJ/MOIb
0-10 °C 0-20 °C
1,2-iponangEon 26,8 .
JAMCO 18,5 -
OTHNEHIHKOb 6,2 -
I'mauepri™ 5.7 9.3

Opcxos [21] (~0,23-10° cw/muH, onpeieneH M3 rpadHueckMX JAHHBIX 3aBHCHMOCTH K OT TEMIepaTyphl,
npu V=63 miae’, S=109 vaa®). Smauerms P =1,6-10° oo mpu 20 °C  Gombime, 4eM HaHHBIE
paborsr [21] npr TOH Xe Tenmeparype (~0,87-10" oM/MHK), HO MeHBINe JHANA30HA 3HAYEHMHA P, KOTOpEU
npuBenien B pabore [24] ((3+40)-10° oM/MuH). 3HaueHHe SHEpTHHM aKTHBAIMHM 9,3 KKAI/MOJb B AHAINA3OHE
temmeparyp 0+20 °C aua rivueprHa ONMM3KH K JaHHBIMH JHTeparyphl 7,2 kxam/moms [20]. Hmeromeecs
pasinune B Koo(hdripieHTe MPOHMIAEMOCTH IO CPABHEHHIO ¢ JAHHKIMH, KOTOPhIE IDHBEEHEl B pabore [24],
CBSA38HO ¢ PAsNMYHAMH B METOAE €0 Paccyera, YTO CTAHET OYEBHJIHO NPH €ro paccyere Ha OCHOBE YPaBHEHHS
Onxa. 3nauenne P s 20% pactBopos npr 0 °C Guio: rmuepHH - 0,67-10°, 1,2-T11 - 2,6-10”, AMCO - 2,5-107,
STHISHTTHKONS - 6,9 -10” cM/MFH, ¥TO GONbie AAHHEIX, MPHBEIEHHHIX BhINE, B ~2,5 pasa. DTOT Pe3yNbTaT
CTAHOBHTCS OYEBHNHHIM, €CIH Mh CPABHHM YPABHEHHMs, KOTOPHIE IIONy4YEeHH! Ha OCHOBE HEPABHOBECHOH
TepMoamHaMuiH [1] 1 3akoHa Orxa [9) :

P=-(1-g,h,) In(h, —h)/ h,[(g, +(1-g,)/(A1-a))ty )
P=—In((h, ~ h)/ h,)pt @,

B ypasHenuu (2) caenaHn npeoGpasoBaHns ¢ yderoM Toro, ¥to k=P A/V u y = S/V. BHiHo, 410 3TH ABA
YPaBHEHHs OTIHYAIOTCH HAa KOHCTAHTY paBHYIO (1-gha)/(8.+(1-8.V(1-a)) = (1-0,5-1)/(0,5+(1-0,5)/(1-0,35) =
0394, T.e. Ko3(pOHIMEHTH NPOHMIAEMOCTH, NONYYEHHSe HA OCHOBE YDABHEHMA HEpABHOBECHOR
TEPMOHHAMIKH, MEHBINIE B 2,5 pasa YeM Te, KOTOPHIE NOMyYeH ! Ha OCHOBE 3aKoHa HpQysHH Orxa.

Jins rmvuepuna mipy 20 °C P=4,0-10° cM/MuH cOBNafgeT ¢ AQHHBIMH JHTEPATYPH (3+40)-10”° ca/vmm
[20,24], a 3HaueHHe SHepruy AKTHBALIMH 9,3 KKAI/MOMb GIIH3KO K 3HAYEHHIO 7,2 KKAJU/MOID, IOy EeHHOMY paHee
[20). Bonee BHIpaxXeHHOe H3MEHEHHe KOHCTAHTH CKOPOCTH H SHEPIHH aKTHBAIMH B JMANA3OHE TEMIEDATYp
10+20 °C (12,3 xxanw/mMomb), 4eM B AuanasoHe Temmeparyp 0+10 °C, nMO-BHAMMOMY, CBA3aHO ¢ TEM, YTO MpH
temmeparype Beune 10 °C 3aBepmiaercd NPOLECC IDIABIEHHS OCHOBHOH MaccHl JIHITHAOB SPHTPOLHMTAPHOH
MeMGpanhl [3]. KpoMe Toro, OTME4€eHo, YTO NpH NOBIIIEHHH TeMTieparyphi ¢ 10 210 20 °C nponexoxur Gonee
BHPAXEHHOE YMEHBIIEHHE BPEMEHH KOPPEIIAIHH BPAIIATeNsHOA AH(QY3HH CIIHHOBOrO 302 Kak B MeMOpare
SPHTPOLMTOB, T4K M B MX LMTOIUIA3ME, YeM B JHanasoHe Temmepatyp 0+10 °C [8,13,14]. Oro yxa3eiBaeT Ha
yMEHBIIEHHE MHKPOBSBKOCTH JIHNHAHOA MATDHIN M LMTOIUIA3MEl SPHTPOLMTOB, YTO MOINO NPHBECTH K
COOTBETCTBYIONHAM H3MEHSHHSM CKOPOCTH TIPOHHKHOBEHHS KPHOMPOTEKTOPOB. TakHM 0GpPasOM, MO HAIIHM
JAHHEIM KOO((HIHEHT NMPOHHLACMOCTH TTHMLEPHHA B AHarnasoHe Temmeparyp 10-20 °C mperepnesact Gonee
BHIPAKEHHOE yBeNFHeHHe (Gonee ueM B 3 pasa) 1O CPABHEHHIO ¢ JAHHBIMH JTHTepaTyph! (OKoIo 2 pas) [21], B T0
BpeMS KaK AaHHBIE B iHanasoHe Temneparyp 0-10 °C cornajaior.

Paccyer BpeMeHH TPOHHKHOBEHHS B SPHTPOIMTH 50% KPHOIMPOTEKTOpa OT €ro KONHYECTBA, KOTOpPOS
HAXOJHTCS BO BHEKIIETOYHOMH cpee (1), MpoBozmics To GopMyne

t,, =—0,394.In((h, — )/ h,)Py =—-0,3%9-In(1/2)/ Py 3,

rae h=h./2..

Pe3yNBTaTh paccyeToB NPEACTABNIEHH B TR0 3. M3 TaGNHIBl BHAHO, YTO 38 AOCTATOYHO MAJOS BpeMs
NPOHCXOAHMT NMPOHHKHOBeHHE 50% OT KONHYECTBa BHEKIETOYHOTO KPHOIPOTEKTOPA. Brionse MMOHATHO, ¥TO tip
OTpakaeT KOHCTAHTY CKODOCTH FPOHHKHOBEHHS KpDHONPOTEKTOPOB B OSPHTPOLMHTEL HENOBEKA. JlanHbIE,
TIONy4EHHBIE HAMH TIO ty, 15t THIEepHHa NpH 20 °C HECKONBKO MEHBIIE, YeM JAHHRC Creiina (~90 ¢) [22,23].
Jlexmsie 10 ty, s 1,2-T1J{ (~101 ¢) GMAsKH K AAHHBIM, MOy TeHHBM JIpH 0 °C, & JIgHHEIe JUId  STHICHIJHKOMA
oTIMyaloTcs TOMTH B 2 pasa. Clelyer OTMETHTH, 4TO B pabore [22,23] msy4anach MPOHHIREMOCTD
SPHTPOLHTOB MNMpH TeMreparypax 10 °C u shitue. Kpome T0ro, JaHHBIE JUIA 1,2-T1]1 Gomsure, YeM MaHHBIC JULA
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TaGmHua 3. 3aBHCHMOCTS BPEMEHH NPOHHKHOBEHHA 50% OT KOMMMECTBA BHEKIETOYHOIO KPHOMPOTEKTOpPa
(t1z) B SPHTPOLMTEI OT TEMIIEPATYPH H BHAR KpHONpoTekTopa (20%). I'minepr® - 30%.

TJB- C
0 °C 5.°C 0. °C 20 °C
1,2-niponaHgHON 95,049.5 32,0+16,6 12,94+3.8 -
JAMCO 98,3+15,0 60,7+3.9 24,848.6 -
STHIEHTTIHKOIE 34,4174 30,3+10,3 19,2415
['mmepun 328,0+146,0 - 182,04:26,0 59,3+6,0
THuepHH 361,0+50,0 - - -

rMuepHHa. TloyyeHnble pesyILTAThl He JIAI0T OCHOBAHHH JUIS BRIBOAA, YTO TPAHCTIOPT HE MEKTPOJHTOB, H B
YACTHOCTH TITHIEPHHA, BHYTPb 3PHTPOLMTOB OCYMIECTBISETCH TEPEHOCYHKAMH, a YKasHBAIOT ~ Ha
BOSMOXHOCTh TpocToft anddysnn. Bror BHBOX He cormacyercsi ¢ oOpsichennem Creftna [22,23] Bricokoi
CKOPOCTH NMPOHHKHOBEHHS IMTHUESPHHA B IPHTPOLMTH HANHYHEM NEPEHOCYHKOB. BOSMOXKHO, NMPHMHMHOA TaKoro
PacXOXAEHHS SBISETCA TO, YTO INPH BHICOKOH KOHIEHTpAIMH KPHONPOTEKTOpa IIMIEPHHA HMEET MECTO
npoctas HpdysHd, HaUTO YKA3HBAIH HCCISKOBATENM W paHee [6].

VBennuenne Kod(HUMEHTA NPOHHIAEMOCTH IIIHLEPHHA H STHICHIIMKONA HA ONMHAKOBYIO BEIHUHHY
~2 pa3a IpH YBEIHYEHHH TeMIepaTypsl Ha 10 °C ykasnBaeT Ha BO3MOXHOCTD MX TPaHCIIOPTa Yepes OJMH U TOT
e KaHall. OTOT BHIBOJ HAXOAHT CBOE MOATBEPXAECHAE H B TOM, YTO IPOHHUEEMOCTH OGOHX xpuonpomxropon
6noxnpyercs Cu* [20]. TpaHCIOPT IMHUEPHHA H STHIEHITHKONS GNOKHpoBan Taike Ni', B TO BpeMs Kax
tpancriopr IMCO u 1,2-I1]], B 5THX yCIOBHAX He GIOKHPOBANCS, YTO YKA3HBAeT Ha BOIMOXHOCTh TPAHCIOpPTa
TIOCHEHHHX ABYX KPHONPOTEKTOPOB Yepe3 APYTHe KAHANE.

TaxrM 0GpasoM, O BeJTHYHHE KO3(dHUHeHTa IPOHMIAEMOCTH NPH Temrieparype 10 °C XpHONPOTEKTOPH
ofpasyror pax: 12-II1 > srwienrmmkoms > JMCO > rIimMUepHH, TOCIEAOBATENBHOCT: B KOTOPOM HE
COTTIACYETCA ¢ PANOM IOCHEAOBATENBHOCTH, KOTOPBIH OHHM oOpasyloT no BelwywHe KXod(drupenTa
pacrpelieNieHHs B CHeTeMax XnopodopM/BoZa M ONMBKOBOE Maclo/Boa (NMOTPONHEIA PSX) H HMeEeT BHI
JAMCO > 1,2-T1]] > 5THIIEHITHKOND > IIHUEpHH [6,10]. He cornacyercs 3TOT psZ NMOCIEN0BATEIBHOCTH TAKKE H
¢ PAJOM IOCIEXOBATENFHOCTH, KOTOPHH OHH 06pasyloT JIO BeIHYHHE JHBJIEKTPHYECKOH NPOHHIAEMOCTH HX
PacTBOPOB, MMEIOMIErO BHJ, STHIEHTIHKOMb > 1,2-I171 > rmvmepan >JIMCO [7,11]. Kpome Toro, sror psag
MOCUESAOBATENBHOCTH HE CONIACYeTCA H C PAJOM HMX TNOCHEHOBaTENbHOCTH, KOTOpPHIA OHH OOpasyioT Io
KOINHYECTBY CBA38HHOH ¢ KPHONPOTEKTOPOM BOZKI, TaK KaK TOTJa CKOpPOCTh NMpoHHKHoBeHHA JIMCO pomkra
GuiTh BhIIIE, YeM Y 1,2-T1]1 # STHIIEHITHKONS, @ Y HHX OHa HaoGopoT Gombime. ITpH STOM CYHTAIH YHCIIO MOIEKYT
BOJIHI, CBSI3AHHBIX ¢ KPHOITPOTEKTOPOM, HCXOASA K3 TOro, 4To ofHa OH-rpynma cBA3RBACT 2 MOJNEKYIE! BOJBL,
KaK M B patoTe [26], Tak KaK XHMHYECKHH CHBHI BTOPOH MOIEKYIL! BOJBI, CBA3AHHOH ¢ KPHOIPOTEKTOPOM, BCE
TaKH OTIIHYAETCSL OT XHMHYECKOIO CBHIa MONIEKYIIH BOXK HaXOAMIIErocs B 3TOM PAacTBOPE, HO He CBSB3AHHOI0
¢ KPHOTPOTEKTOPOM [2]. B CBA3H ¢ BHINICH3NOXEHHHIM CIEXyeT NONAraTh, YTO CKOPOCTh IPOHHKHOBEHHS
KPHOIPOTEKTOPA ONpEJEISIETC KOMIUIEKCOM €ro (PH3HKO-XHMHYECKHX CBOHCTB. K HHM ClIefyeT OTHECTH,
KpPOMe NMEePeYHCIIEHHBIX BhIIE, €ME PasMEPRl MONEKYIL, SHEPTHIO CBS3H KPHONIPOTEKTOpAa ¢ MONEKYNIaMH BOZR,
BIIMAHHE KPHONPOTEKTOPOB Ha BA3ZKOCTH NPHMeMOPaHHOTO He NePEMENHBAEMOTO CIIOS H T.A.

BBIBO/bBI
KPHOMpPOTEKTOPH! 110 CKOPOCTH NMPOHHKHOBEHHA B SPHTPOLMTH 4elloBeKa npx 10 °C oopasy:or psan 1,211 >
STHIEHIHKOIB > JIMCO > IiHiepHH, NOCHeA0BAaTENbHOCTh B KOTOPOM ONpeeNiieTcs KOMITIEKCOM BCeX HX
(H3HKO-XHMHYECKHX CBOMCTB.
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BJIHSTHUE OCMOJISIPHOCTH CPE/Ibl HA MUKPOBSI3KOCTH
IUTOILIASMBI DPUTPOITUTOB

Mexugos C.X., Moucees B.A.
Hncmumym npobnes xpuobuonozuu u xpuosseduspmss HAH Yrpauner, 310015, Xaporos, yn. Iepescnascias, 23
Toctyrom B pefaxipmo 5 sABaps 1999 r.

Merozom TP CRHHOBOTO 30H/A HIyUeH} SARHCAMOCTS BPeMeHH KOppeNsifHn BpamarensHol uddysmm (BKB/l=
%) cnmHOBOTO 30Mga TEMIIOH B UHTONIAIME 3PHTPONHTOB OT OCMONSPROCTH BHEKNETOWHOH Cpefs #
xoruenTpaym 1, 2-nponasprona (1,2-TI1). Ilpx arom obHapyxeno, ¥T0 NPH KORNEHTPAIHN HATPHS XIOPHJA,
KanHg XNOPHAA, CAXAPO3H! H NIOKO3H BhMe 0,8 MOIL/X OTMETaeTCH OTKIOHEHHE OT MHHEHHON SABHCHMOCTH, 4TO
CBSI3EHO ¢ BHIXOZIOM H3 SPHTPOIHTOR OCHOBHOM Macckt cBOGOAHON BOME. YCTaROBNEHO HANHYHe PAZIHIN B T,
sonia TEMIIOH B mmrommasMe 3JpHTPOLMTOB B 38BHCHMOCTH OT Komuewrpamyw 1,2-I1J] rmpwm
KOHUEHTpaUMAX HaTpHs Xmopuaa Ao 0,8 Mons/n, xoropbie OGYCIOBIEHEI 3aBHCHMOCTBHIO BISKOCTH
BHYTPHKIICTOYHOIO BONHOIO PpACTBOPAa OT KOHICHTPAlH KPHOMPOTEKTOpa B CHIY HAIMYHA B
3PHTPOLATAX AOCTATOYHOTO KONHIECTBa CBOGOAHOH BOAEL.

KJIIOMEBBIE CJIOBA: 3pHTPOIMTE YENOBEES, CIEKTPOCKONNS 3MEKTPOHHOTO NAPAMATHHTHOIO DPe3CHANCE,
MHEPOBSIKOCTS I{HTONIASMEI, OCMONSPHOCTS BREKNETOUHOMN CpejiLL

BiougHHe TeMIepaTypH H KDHONPOTEKTOPOB HA COCTOSHHE LHTOIIA3MB SPHTPOIHTOB
uceneposann H panee [9,11]. OxHAKO 3PHTPOUMTH NEpex 3aMOPaXHBAHHEM HAXOAHIHCH B
(QH3HONOTrHYECKHX YCHOBHAX, & HCCHEAOBATH NPOIECCH, INPOTEKAlOMWe B  AHANA30HE
oTpuUaTenbHEX TeMmmepatyp (0+-10 °C), He yaaercs WN3-33 NEPEOXNAXACHHS CHCTEMH,
JaHHBe, TONYYeHHHE Ha  5Tale OTOrpeBa, He B NMONHOH Mepe OTPAXAIOT MPOLECCH,
NMPOTEKAlOMHAE B 3TOM JHATIA30HE TEMIEPATyp, H3-3a ABJeHHH rHCTEpe3nca.

IlpoBepeHHbie paHee HecHeAoOBaHHA [3] OXBaTHBANH JHANA30H KOHIEHTPALMHA HATPHA
xnopuza 0,15-~1,2 mons/n (KOHeYHas KOHIHEHTPAHa B Hajgocaxke). Ho H3BecTHO, 4TO Ha
3TaNnax 3aMOpaXHBAHHA KOHLUEHTPAIMA HATDHS XINOPHAR MOXET XOCTHrats 4 Moms/m M Goiee
[1]. B cBa3H ¢ 5THM HaMH HCCHEAOBAHO BIHAHHE xomxempupm PasIHYHKX BeD[ecTB Ha T,
sorna TEMIIOH B nuTonnasmMe spuTpPONMTOB.

MATEPHAJIBI H METOABI
OKCNEepHMEHTH NPOBEXSHH HAa OPHTPOIMTAX JAOHOPCKOH KpPOBH uenoBeka 3+5 CyTok
XpaHeHHs npu 4 iy 048 Ilepes SKCNEpHMEHTOM OSPHTPOIHTH OTMEIBANH 3 pasa
(H3HONOTHYECKHM pPacTBOPOM HATPHA XNOpPHAA, NPHTOTOBICHHHIM HAa 5 MMONG/N HATPHi-
tdocharnom Gydepe ¢ pH 7,2. Llenrpudyruposanu na naGoparoproit nenrpudyre Onu-3 npu
3000 of6/mMuH B Teuemnwe 15 mmMA. Jlus  monyyeHHs  HeoOGXOAHMON KOHIEHTpPALWH
HCCIEAYEMOTO BEMEeCTBA BO BHEKNETOYHOH cpefle ero pacTBOPH C  COOTBeTcTBYlomed
KOHUeHTpanmet goGasusann x apurpoMacce 1:10. Bece pacTBopm copepxann 5 MMoms/n
HatpHi-pochaTtnuii Oydep pH 7,2. Ilpn msyuennH »BuusHHe 1,2-I1]] nipeABapHTENBHO
A0oGaBNANH €ro PacTBOPH ¢ COOTBEeTCTBYMOMel KOHUEHTpauHeH X SpUTpOMacce, BHASPXHUBAIH
30 muH (mo ycraHoBNeHHA AM(PYSHOHHOTO PABHOBECHS MeXAy KIETKaMH M OKpyXalomel HX
cpenoif) [5] m uenrpudyruposann. [locme ymaneHus Hajocaixa AOGABNANH pPACTBOPH ¢
PasNHYHEIMH KOHUEHTPaUHAMH HATPHA XIOpHAA, coxepxammue 1,2-TIJ1 ¢ KOHUeHTpanHeH,
paBHOH ero KoOHmeHTpamHH B Hagocagke, 30oHx TEMIIOH (2,2,6,6-TerpamMernn-4-
okconunepuanH-loxcun) 10° moms/m ® deppounanma kamus ¢ KoHuentpanueii 0,1-0,267
Monb/n [6]. 3aTeM o6paseny B KBapUeBOM KalHINAPEe NMOMEMANH B PE3OHATOP CHEKTPOMETpa
OIP  «Bruker» ER-100 D (®PI) H 3amHCHBAJH NEPBYIO TIPOH3BOAHYIO CHeKTpa
nornomenns 3oRfa TEMIIOH, maxoxsmerocs BHYTPH KIeTOK.
Pacuer 1, sonpa TEMIIOH nposogumu no ussecTHolt meroauxe [2]

To-n = 1/v(--l) = ((hc /h-l)u2 ] I)AHa /3'6'10-9’ &t (1),
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TAE Ty, Uy - BPpEMs KOPPENALHH H YaCTOTa BpamaTenbHOH AnbdysuH CIHHOBOTO 30HAA
COOTBETCTBEHHO, PACCYHTAHHBIE ¢ HCIONB30BAHHEM uenrpansHoii (A,) H
BHCOKOWONbHOH Kommonent (h;) cmextpa DIIP 30mza B OTH. eA.; AH, - NONymMHApHAa
HEHTPaNnbHON KOMIMOHEHTH B I'c.

Mexay BKBJl chnHHOBOro 30HA2 W MHKDOBA3KOCTHIO CYHIECTBYET IpAMag
NIPONIOPUHMOHANbHAA 3aBHCHMOCTH, KOTOpas BEIpaxaercsd ypasHenueM [2]

7, =4x a’n/ 3kT ).

rxe a- >bdexTuBHEA THAPOAMHAMMYECKHH PafHyC CIHHOBOTO SOHZA,
7) - MMKPOBS3KOCTH CpEXHI.

Bee ucnonbsosamnsie mpenapaTh O6mnH Mapku XY m YJ[A. Pesymbrarh HccnexoBanmit
06paGaTHIBaNKCh CTATHCTHYSCKH TIDH AOBEPHTENbHOH BepoSTHOCTH 95% ¢ yueToMm
Ko3ppunuentor CrhiofeHTa.

PE3VJIbTATH H OBCYXJAEHHE

Ha puc. | npeacTaBneHsl AaHHHNE IO 3aBHCHMOCTH T, 30HAa TEMIIOH B murommasme
SPHTPOUMTOR OT KOHUESHTPAUMH XJOPHAA KanHa. Tak Kak T, NPAMO MNPONOPLHOHAIBHO
MHKPOBASKOCTH TO IO €r0 H3MEHEHHIO MOXHO CYAMTH O XapakTepe ee m3MeHenmsa. U3 pme. 1
BHAHO, 4T0 Xapakrep usMeHeHnss BKBJ] songa TEMIIOH nHocut muuedinnii xapaxrep no 0,80
MONb/N, a fanee OTMEUAETCA OTKIOHEHHEe OT NWHeHHoH 3aBmcHMocTH. IIpHuMHON OTKMOHEHHS
OT NHHEeHHOH 3aBHCHMOCTH, NO-BHAHMOMY, SBISETCSA MOMTH NONHAS JeTHAPATANHS KueTkH. Tak
paHee pagHOH30TONHEIM MeTonioM [10], a mosgnee u HamMu Meroxom DIIP cnimuOBOTO 30HAa [7]
GEHIO TMOKa3aHo, 4TO NPH OCMOMONAPHOCTH BHeKNeTouHo# cpean BHme 1600 Mocm
SPHTPOIMUTH TNOYTH MONHOCTBIO XETMAPATHPOBAHHE, B TO BpPEeMS KaK MHHHMANbHBIH 06BeM
Aocruraercd mpH 1150 mocm [10]. Keax Buano W3 puc. 1, aHanOrHmuHMH XapaxTep HOCHMT
3aBHCHMOCTH T. 30HAa TEMIIOH oT KoHnenrpaiun rmoxosu a0 0,80 mons/m, a npn Gonee
BHICOKHX €€ KOHHEHTPAalHAX NMPOHCXOXZHT OTKIOHEHHE OT NHHEHHO¥M 3aBHCHMOCTH, XOTS H
Jiajiee OHa HOCHT NMHEHHHH XapakTep, HO ¢ APDYTHM YrIoM HaknoHa. [IpuaHHOM OTKIOHEHHS OT
THHEHAHON 3aBHCHMOCTH, MO-BHAHMOMY, T& e, YTO M JJf KalHd XIOpPHAA - NOYTH MONHAad
ACTHAPATALHSI SPHTPOIHTOB NPH KOHIEHTPALHH IIIIOK03E BHme 0,8 Momp/m.

Cnexyer orMeruth Gonee Hu3kue 3HaueHHuA T, TEMIIOH B nuTONNAasMe 3PHTPOLUMTOB NPH
HAIHYHM BO B3BEmMBaOme# cpefe INMIOKO3B, YTO CBA3AHO ¢ NMPOHWKHOBEHHEM TNIOKO3H B
3pUTPOUHTH. O MPOHHKHOBEHHH TIIOKOSH B SPHTPONHTH CBMACTENHCTBOBANO PASPYIEHHE
SPUTPOLUHTOR NpPH NEPeBONe HX B (H3HONOrHMEecKHH pAcTBOP HATDHA XIOPHAA WOCHe
SKBHINHOPAUHH ¢ (H3MONOTHYESCKUM pAcTBOPOM, COZepXamumu 5% THMIOKO3H. Pasnuuma B
3aBHCHMOCTH T, TEMIIOH B nuronnasmMe SpHTPOLMTOB OT KOHIEHTPALHH Kalusd XAOPHAA H
TTIOKO3H CTRHOBHIMCh HEXOCTOBEPHHMH NPH HX KoHHeHTpamum 2,0 Mons/m. 310, mo-
BHAMMOMY, CBS3aHO C TeM, Y4TO NPH BHCOKHX KOHIEHTPAIMAX TIIOKO3H ONOKHpyercs
APOHHIAEMOCTS AN HEe, KaK H AN KPHOMPOTEKTOpa TCNHUEPHHA NPH NOBBIIICHHH
KOHIEHTPaIMy HaTpu4 Xnopuaa [4].

Hcecnenosanne 3asucuMocTi 7, TEMIIOH B muronnasmMe 3pHTPOLIMTOB OT KOHIECHTPAIHH
HaTPHA XJOpHMJAa H caxXapo3h IOKa3alo, YTO OHA TaKXe HOCHT NHHEHHWH XapakTep A0 HX
KoHueHTpauun 0,8 MONB/I H 3HaYeHHA 7, JOCTOBEPHO HE OTIMYANHCh OT AAHHEIX ANA KalHA
xnopupa. Tak Kak Ha STanax KPHOKOHCEPBHPOBAHHSA KINETKH OKAa3HBAIOTCH B PHNEPTOHHYECKOM
PACTBOPE 3NEKTPONUTA B NPHCYTCTRHH KPHOTIPOTEKTOPA, TO HAMH HCCIe{OBAHA 3aBHCHMOCTS 7,
sonta TEMIIOH B nuTONmasMe OSpHTPONHTOB OT KOHUEHTPAllWH HATPHA XIOpHAa B
NPUCYTCTBMHM PAa3sNHYHHIX KOHNeHTpauui 1,2-111.

B TaGn. 1 mpexcTaBieHH XaHHHE YO 3aBHCHAMOCTH 7, 30Hga TEMIIOH B nuronmasme
SPHTPOLHTOB OT KOHLEHTPAIWH HATPHA XJIOPDHAA B NMPHCYTCTBHH DASIHYHHX KOHIEHTpauHH
1,2-T17{. U3 Tabn. 1 BHAHO, YTO NIPH KOHIEHTPALHH HATpHS Xxmopuxa 0,40 mMons/n (3aMeHEH Ha
bepponuanuy xamus 0,267 mMonw/n) 3Hauewns 1, 3oHza TEMIIOH B nurommasMe
SPHTPONMTOB ANA KoHueHrpanuit 1,2-I1]] 25 u 35% AOCTOBEPHO OTHHYAIOTCA OT AAHHEIX RANA 5
H 15%. Hmewrcs TakXe JAOCTOBEPHNE pasnuyug Mexay 7, TEMIIOH B murommasme
SPHTPOUHTOB NPH KoHueHTpamuax 1,2-TIJ1 25 u 35%. IIpuuymnoH TaKHX OTHH4YHH, IO-
BHANMOMY, SBISETCS YBeIHYeHNHEe MHKPOBI3KOCTH BHYTPHKIETOYHOTO PacTBOPa IIPH BRICOKHX
xoHuenTpauuax 1,2-11]] B cHNy BIASHHA KPHOMPOTEKTOPAa HAa €ro BA3KOCTh. OTOT BHBOA
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Prc. 1. 3aBHCHMOCTS BpeMEHH KOPPEeNAlUHH Bpamarensro# guddysuu (t.)
H MONYLIHPUHB HeHTPanbHOH KoMnoHenTH (AH,) CIIHHOBOrO 30HAA
TEMIIOH B umrommasMe SpHTPONHTOB OT KOHUEHTPALAN:

@ - xanug XIOPHAA,
B - rmoKo3H.

Ta6nuna 4.1.2. 3asHcHMoOcTh T, 30HZa TEMIIOH B uuTOnnasme spuTpoONHTOB
OT KoHUueHTpauuit HaTpus xnopuza u 1,2-I1/]. Konuenrpauns deppounanuaa
xanug 0,267 mons/n, a sonxa TEMITOH 10°* Mons/n.

1,2-11A, % (mMomns/m)
NaCI 5(0,66) | 15(1,97) | 25(3,29) | 35(4,6)
MONB/I 10", ¢’
0,40 5,8+0,4 5,5+0,5 6,7+0,4 9,0+0,7
0,80 11,640,3 15,1+0,5 13,740,3 -
1,20 12,410,8 13,0+0,9 13,3+0,7 -
2,4 16,7+1,3 17,540,6 15,3+1,2 -

cormacyercs ¢ JaHHHIMH nHTeparypu [8] o BnHARHER BHICOKHX KOHI[eHT pauHi

KPHONPOTEKTOPOB Ha CBOHCTBA BOAH.

TIp¥ KOHUEHTPAIHA HATPHI XHopHAa 1,20 MONS/I H BHIIE OTCYTCTBYIOT PA3IHYHI MEXAY
3HaYeHUAMH T, 30HZa TEMIIOH B uuTOonnasmMe SpHTPOLMTOB NPH BCEX KOHIUEHTPANHIX
1,2-11J1. Taxo#i xapakrep H3MeHeHHH t, 3oHZa TEMIIOH B uuronnasmMe SpHTPOUHTOB MOXHO
OGBACHATE TEM, YTO NPH KOHNEHTPALHAX HATPHA Xuopuaa 1,20 MONB/I H BHINE H3
SPHTPOLHTOB BHIINNA OCHOBHAS Macca ¢BOGOAHON BOAN H BA3KOCTH IHTONNA3MEI B OCHOBHOM
3aBHCHT OT KOHIEHTPAilHH TIeMOrmoOHHAa. OTH pe3yNbTaTH COMIAcyIOTCH ¢ JaHHHMH
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38BHCHMOCTH JErHAPATAUHH SPHTPOIHTOB OT OCMOMONSPHOCTH PacTBOPOB HATPHSA XIOPHAA,
Tax NpH KOHNEHTPANHH HAaTPHA XnopHAa Bhme 0,8 Moms/n (1600 MOCM) SDHTPONHTH MOYTH
NOTHOCTHIO XeruAaparHposaxu [7,10].

BhLIBOJ{BI

1. OTknoxenne oT IMHEHHOTO XapakTepa 3aBHCHMOCTH T, 30HAa TEMIIOH B murommasme
SPHTPOLHUTOB IPH KOHIEHTPAIHH Pa3iHYHLX BemecTB Bhime 0,8 MONB/II CBA32HO ¢ BRIXOAOM H3
SPHTPONHUTOB OCHOBOH Macch cBoGoxHON BOAH.

2. Pasmmung B 7, 3onfa TEMIIOH B nuuromnasMe SpPATPOLHTOB B 3aBHCHMOCTH OT
KoHueHrpauuy 1,2-T1J] nmpx KOHOEHTPaIMAX HaTpug Xmopuaa xo 0,8 mons/m oGycHOBICHE
3aBHCHMOCTBIO BS3SKOCTH BHYTPHKIETOYHOTO BOAHOTO pAacTBOpPa OT KOHIEHTDAIHH
KPHONPOTEKTOPA B CHIY HANHYMA B SPHTPONUATAX AOCTaTOYHOr0 KONMHIECTBA CBOGOAHON BOAN.
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