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IIepeyensb coxkpaieHui

ACM — aToMHO-CUJIOBasi MUKPOCKOIINS;

BCA — Ob14mii CBIBOPOTOUHBIN aTbOYMHH;

AIITB — akTUBHUpOBaHHOE NaplHaIbHOE TPOMOOIUIACTUHOBOE BPEMSI;
A®K — akTtuBHbIE (OPMBI KUCIOPO/A;

B2XX — Bricok0ah pekTHUBHAS KUAKOCTHAS XpoMaTorpadus;

BUY — Bupyc umMmyHOedUIIUTA YETIOBEKA;

JNOIT" — 2,2-nudeHn- | -muKpuiaTruapasm;,

MKIIK — mMoHOHYKJI€apHble KIETKH nepudepruiueckoil KpoBU YeJI0BEKa;
H®A — n-autpodenunanerar;

[1B — npotpomMOnHOBOE BpeMs;

YO — ynbTpaduoner;

®JIT — poToaguHamMmudecKas Tepamnus;

YCA — 4denoBedecKkuil CbIBOPOTOUHBIN aJIbOYMUH;

Ala — ananumg;

Arg — apruHUH;

Asp — acnaparus;

BAM — yrnoBas mukpockonus bprocrepa;

CP/MAS — kpocc-nonsipu3anus/BpalieHue mojJ MarniecKuM yriiom;
Cys — LHUCTEuH,;

DE — npsmoe Bo30yKIeHUE;

EG — »TuneHrIuKomns;

Glu — rayraMuHOBasi KMCIOTA;

Gly — raunus;

HEK293 — kneTku mouku 3MOpHOHA YEJIOBEKA;

Hel.a — kiieTo4yHast TMHHUSA KapUUHOMBI LIIEMKU MATKH YEJIOBEKA;
Hyp — runpoxucnponus;

Lm8& — kieToyHast TMHHS OCTEOCAPKOMBI MBIIIIH;

Lys — nu3ums;

Met — METHOHUH;

MTT — Opomun 3-(4,5-auMeTHITHA30-2-1T)-2,5-TH(PEHUITETPA30IINS;

PBS — docdaTno-coneBoii 6ydep;



Thr — TpeonuH;

VD-AS — acuMMeTpu4Has MOJENb BUPUAIBHOTO Pa3I0KEHUS.



Beenenne

B nacrosimee Bpemsi, OHUM M3 HanOoJiee TUHAMUYHO Pa3BUBAIOLIMXCS HAIPABIICHUN
COBPEMEHHON HAayKH SBJISETCA XUMHS HAHOCTPYKTYp, B YAaCTHOCTH, (YJUIEpEHOB M HUX
MPOU3BOJHBIX. DTO CBSI3aHO C TEM, YTO COEAMHEHHsS (yYIIEpeHOBOro psiga (€AMHCTBEHHOU
pacTBOpuUMOil  GOpMBI  yriiepoAa) MPOSABISIIOT  YHUKAJIbHBIE  (PU3HKO-XUMHYECKUE U
OMOJIOTMYECKHEe CBOMCTBA, KOTOPBIE OMPEACNSAIOT TEPCIEeKTUBBl WX HCIOJIb30BAHUS B
pa3IMYHbIX 00JIACTAX HAYKHM M TEXHUKH (MaTepUaIOBEJEHUE, MEXAHHMKA, MAIIMHOCTPOEHUE,
CTPOUTENBCTBO, DJEKTPOHMKA, ONTHKA, MEIUILIMHA, (PapMaKoOJOTHS, CEIbCKOE-X035HCTRO,
MUIIEBONH M KOCMETHYECKON MPOMBIIIUICHHOCTH U T. 1.) [1-4]. Ciexyetr OTMETUTh, YTO OAHUM
U3 HaumOoJjiee TEpCNEeKTUBHBIX HAMpPaBIEHUN UCIOIB30BaHUA (DYIIEPEHOB  SIBISIETCS
onomenununHa. Ilokazano, uro mnerkue ¢ymiepensl Ceo U C70 TPOSBISIOT BBICOKYIO
AQHTHUOKCU/IAHTHYIO aKTHUBHOCTh, O0JIaJAIOT pPaJUONPOTEKTOPHBIM JIEUCTBUEM, MPOHUKAIOT
yepe3 KIeTOYHble MEMOpaHbl, MOIYJIUPYIOT TpaHCMEMOPaHHBIA TPAHCTIOPT MOHOB U T.A. [5,6].
@OysiepeHbl MOTYT SIBISTbCSI OCHOBOW JJIS CO3JAaHHUSl HOBBIX BBICOKOTEXHOJOTMYHBIX
MEIUIMHCKUX MATepUaJioB M JIEKAPCTBEHHBIX IMIPENapaTroB, OJHAKO HUX MPUMEHEHUE
JUMUTHPOBAHO BCJIEACTBIE HECOBMECTUMOCTH C BOJIOM M BOJHBIMU pacTBOopamu. Kak u3BecTHo,
¢dymiepeHsl pacTBOPUMBI B HEMOJSPHBIX OPraHMYECKUX PACTBOPHUTENSX, MPHU ITOM, OHHU
IPaKTUYECKH HEPACTBOPUMBI B Boge (<107 - ') [7,8].

BonbminM goctuxkeHueM B XUMUHU (QYIJIEPEHOB SBISETCS TO, YTO B IMOCIEIHUE TOMAbI
ObuIM pa3paboTaHbl CHUHTETHYECKHE TMOXOJbI, MO3BOJISAIOLINE IMOJy4aTh BOJOPACTBOPHMBIC
aAnykTel  QyIJIepeHoB,  Haubojiee  MEPCHEKTUBHBIMU U3 KOTOPBIX  SIBJISIIOTCSA
HNOJUTUAPOKUCIUPOBAHHBIE  (YJUIEpeHbl, KapOOKCHWIIMPOBAHHBIE (YJUIEPEHbI, aJTyKThl
bymnepeHoB ¢ amMuHOKMcIOoTamMu M nentuaamu [1,2,5,6,9]. TlepcnekTUBHOCTh YKa3aHHBIX
COCMHEHUN CBA3aHa C INUPOKUM CIEKTPOM HX OHOJOTMYECKOil aKTUBHOCTH. AHalu3
JUTEpaTypbl TOKAa3bIBA€T, YTO BOJOPACTBOPUMBIE aAIYKThl (PYUIEPEHOB MPOSBISIOT
npotuBoonyxoieByto [10], mnporuBoBupycHyto [11-13], anTuGakrepuanbnyo [14],
aHTHOKcUAaHTHyI0 [15], wueiiponporekropuyto [16,17], doTogunamuyeckyo [18,19] u
MeMOpPaHOTPONHYIO [20—22] aKTUBHOCTb.

Taxum 06pazom, OOJBIIYIO0 aKTyaJIbHOCTh UMEET pa3padoTKa HOBBIX MAacIITaOUPYEMBIX,
HKCIPECCHBIX METOJUK CHHTE3a BOJOPACTBOPUMBIX MPOU3BOJIHBIX (YIJIEPEHOB, U3YUCHHE HX
(U3NKO-XUMUYECKUX CBOWCTB (IUIOTHOCTH, BSI3KOCTH, 3JIEKTPONPOBOTHOCTh, PaCHpeesieHne

qacTUll 110 pa3Mcepam, C-HOTCHHI/IaH, q)aSOBI)Ie PaBHOBECUA U I[p.), a TaxKiKC HCCIICAOBAHHC



OHMOCOBMECTUMOCTH (FCMOCOBMeCTI/IMOCTB, CBA3BIBAHUC C I[HK, AHTHOKCHJaHTHAas aKTUBHOCTb

IIUTOTOKCUYIHOCTB ).

eab padoThbI

HCHBIO pa6OTI>I ABJIACTCA pa3pa60TKa MCTOOOB CHHTC3a, U3YUYCHUC q)HSI/IKO-XI/IMI/ILICCKI/IX

CBOMCTB BOJIOPACTBOPUMBIX aiTyKTOB (pymiepena Cro ¢ L-mu3nHoM U L-TpeoHHHOM, HMEIOIINUX

MMOTCHI A IIPUMCHCHHA B HaHO6I/IOMe,Z[I/II_II/IHe.

JlocTimkeHne oCTaBICHHOM 1e/IM BKIIIOYAET PELICHUE CISAYIONINX 3a/1a4:

3agauu

1.

Pa3paboTka ogHOCTaqUIHBIX METOUK CUHTE3a afayKToB (ymiepera Cro ¢ L-mu3unom u L-
TPEOHHUHOM.

Wnentudukanns CUHTE3UPOBAHHBIX aanykToB ¢ymiepena Cro ¢ L-nmusunom u L-
TPEOHUHOM, C HCIIOJIb30BAaHUEM KOMIUIEKCA COBPEMEHHBIX (PU3UKO-XUMHUYECKUX METOJIOB:
BC  SIMP-, HK-Oypbe, VY®D-CHEKTPOCKONUs, TEPMOTPABUMETPUUYECKHI  aHAJIM3,
AJIeMEHTHBIN aHanu3, BOXX.

N3yuenue QpU3NKO-XUMHUUECKUX CBOMCTB BOJHBIX PACTBOPOB CUHTE3MPOBAHHBIX aJAYKTOB
¢ynnepena C70, a MMEHHO: TEMIEpPATYpPHbIX M KOHILIEHTPAI[MOHHBIX 3aBUCHUMOCTEH
IUIOTHOCTH, BSI3KOCTH, pePpPaKIUU, 3IIEKTPOIPOBOJAHOCTH, IOBEPXHOCTHBIX CBOWCTB,
M30BITOYHBIX TEPMOIUHAMUYECKUX (QYHKIUH, pacnpeieseH!s] HAHOYACTHI] 110 pa3Mepy U ¢-
MIOTEHIMAJIOB.

N3yuenne OMOCOBMECTUMOCTH CHHTE3UPOBAHHBIX BOJOPACTBOPUMBIX aJ1yKTOB (hymepena
C70, BKJIIOYAIOIIIEE UCCIIEI0BAHNE T€MOCOBMECTUMOCTH (CIIOHTAHHBIA T'€MOJIN3, arperamus
TPOMOOIIUTOB, IJIA3MEHHO-KOATYJIALIMOHHBI T'eMOCTa3, CBSA3BIBAHUE C YEJIIOBEUYECKUM
CBIBOPOTOYHBIM aJIbOYMHHOM M €T0 3CTEpa3Hasi aKTUBHOCTD ), BIUSHUE HA KIETOYHbIE TUHUU
(LIMTOTOKCHYHOCTh, KIJIETOYHast mpoiudepanus), a Takxke B3aumoneictesue c¢ JIHK

(cBs3piBanue ¢ JIHK v reHOTOKCHYHOCTB).

Hayunasi HOBH3HA pe3yJIbTaTOB

L.

BriepBreie pa3paboTaHbl OJHOCTAIUIHBIE METOAWKH TIOJIYYE€HHS BOJOPACTBOPUMBIX
annykToB ¢ymaepeHa Cro ¢ L-mm3uHOM M L-TpeoHMHOM, MO3BOJSIONIME IOJyYaTh
KOHEYHBIN IPOJYKT C BBIXOJI0M Ooiiee 85 %.

[TonmyyeH MaccHMB OKCHMEPUMEHTAIBHBIX JAaHHBIX MO0 HW3YYCHHUIO (DU3MKO-XUMHUYECKUX
CBOICTB pacTBOPOB aaaykToB (ymiepeHa Cro ¢ L-mm3uHoM u L-TpeOHHHOM, YTO SBIISETCS

OCHOBOM 1 UX AaJIbHEHUIIIETO IIPUMCHCHUS B OMOJI0THHU H MCOUIINHC.
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Bnepsrie mnpumeneHa mosmysMmnupuueckas wmojaenb VD-AS (Virial Decomposition
Asymmetric Model), ocHoBaHHast Ha BUpUAJILHOM Pa3ioKeHUU MOJISIpHOM sHeprun ['uboca
10 MOJIBHBIM JIOJISIM KOMIIOHEHTOB B PACTBOPE, M YCTAHOBJICHBI IPAHUIIBI YCTOMYUBOCTH TIO
OTHOIICHHIO (pa30BOMY DPAa3JEIICHUIO BOJHBIX PacTBOPOB anaykTtoB ¢dymiepena Cro ¢ L-
JM3UHOM U L-TpeoHuHOM.

Ha ocHOBaHMU TaHHBIX 110 TEMOCOBMECTUMOCTH, BIUSHUIO Ha KJIETOYHBIC JIMHUU, a TAKKE
BrusiHuio Ha JIHK ObuT0 1TOKa3aHo, 4TO N3ydaeMble aIyKThl SBISIFOTCS ONOCOBMECTUMBIMU

N HCTOKCHMYHBIMU.

J_IOCTOBepHOCTb H anpoﬁamm PE3YJIbBTATOB UCCIICT0OBAHUA

PeBy.]'ILTaTBI HHCC@pTaHHOHHOﬁ pa60TBI ObLIH OHY6JII/IKOBaHBI B IIFITH HAYYHBIX CTAaTbiAX B

PELEH3UPYEMBIX JKYpHAJIaX MEPBOIO W BTOPOrO KBAPTWIIEM W JOJOXKEHBl Ha YETBIPEX

MEXTYHApOIHBIX U BCEPOCCUNUCKUX HAYYHBIX KOH(PEPEHIIMSIX.
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JM3UHOM U L-TpeoHHHOM, MO3BOJISIONIAs MOJy4aTh KOHEUHBIN MPOAYKT C BBIXOA0M OoJiee
85 %.

2. JlanHble IO WACHTU(DHUKAIIMU CHHTE3UPOBAHHBIX aaayKTOB dymiepena Cro ¢ L-mu3unom u
L-TpeoHMHOM C UCTIOJIB30BaHUEM KOMILIEKCa (PU3UKO-XUMUYECKUX METOJIOB.

3. JlanHble MO M3Y4YEHHIO (DU3MKO-XMMHUYECKUX CBOWCTB PAaCTBOPOB B OMHAPHBIX CHCTEMax
Cr0-L-mu3un — H20 u Cro-L-tpeonnn — H20.

4. Pe3ynbrarhl HCCIENOBaHWNA OMOCOBMECTUMOCTU i Vitro CHUHTE3MPOBAHHBIX aJTyKTOB

dbymnepena Cro.
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CTpykTypa auccepranuu

Juccepranus COCTOUT U3 BBEJICHUS, TPEX IJ1aB, 3aKJIFOYEHUS; B IEPBOM TJIaBE MPECTABICH
0030p UTepaTyphl, BO BTOPOH TJlaBe OMHCAHbl METO/IbI SKCIIEPUMEHTAIBHBIX UCCIEAOBAHUM, B
TpeThel TJaBe TMPOBEACHO OOCYXKJACHUE TMOJIYYCHHBIX PE3YyJIbTATOB IO  CHHTE3Y,
uACHTHPUKAINHU, PU3UKO-XUMUUECKUM CBOMCTBAM U OMOCOBMECTUMOCTH aJITyKTOB (yJiepeHa
C70 ¢ L-nmu3unom u L-tpeonnHom. Jluccepranus uznoxeHa Ha 137 cTpaHuiax MalimHOMKUCHOTO
TEKCTa, COAEPKHUT 59 pUCYHKOB, 24 Tabmuilel 1 171 cChUIKY.
JInuHbIi BKJIaX aBTOPA 3aKII0YaANICS B CUHTE3€ U HIeHTU(UKAIMK alayKToB (ymiepena Cro ¢
L-mu3uaoM u  L-TpeoHHMHOM,  HCCIEOBaHUHM  (PU3UKO-XUMHUYECKHX  CBOWCTB |
OMOCOBMECTUMOCTH  TOJYYEHHBIX COCAMHEHUMW, TOJArOTOBKE HAYYHBIX MYyOJIUKAIIHH,

NpCaACTAaBJICHUSA MOJTYUYCHHBIX JaHHBIX HAa HAYYHBIX KOH(I)epeHLII/IHX.
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I'naBa 1. O030p JauTepaTypsl
1.1. O0mme cBeaeHus o pyiepeHax

PaccMOTpuM  CTpYKTYpHBIE XapaKTEpUCTHKU [IBYX XapaKTEpHBIX MpeACTaBUTENEH
dbymnepenoBoro psga: Ceo u Cr0. B monexyne kmactepa [5-Ceo (Puc. 1) umeroTcs cBs3u IBYX
THUTIOB: 71 (TOJIBKO MATHWICHHBIE IUKIBI) U 72 (OOIIHE IJIS MATH- M IISCTUYJICHHBIX IHKJIIOB).
PacuérHbpie MeTO/IBI NIPUBOASAT K BBIBOAY O PA3HOCTHU JUIMH CBSI3€H 71 U 72, YTO COOTBETCTBYET
AKCIEPUMEHTAIBHBIM JTAHHBIM, COINIACHO KOTOphM 71 = 1,401 A; = 1,45 A [23-25]. U3
pPEe3yNbTaTOB TEOPETHUYECKUX pabOT clieqyeT, 4YTO cpeau mnoiudapudeckux u3zomepoB Ceo
MKOCadIpuiecKasl CTpyKTypa siBisieTcss Hanoosee craduinbHoi. CtadbunbHocTh [3-Coo CBA3aHA C
HaMMYueM 12 DSKBUBAJICHTHBIX KOPAHHYJEBBIX CTPYKTYpHBIX ¢parMeHToB. B Kaxmaom
KODaHHYJIEBOM  (parMeHTe COACPKUTCS TISITUWICHHBIA IIUKI, OKPYXEHHBIH TMSATHIO
[IECTUYTOJIPHUKAMH, YTO OOECIeYMBaeT HM3OJSAIUI0 MATHUWICHHBIX HUKIOB. KauecTBeHHBIE
cooOpakeHuss 00 DHEPreTHYEeCKOW HEBBITOAHOCTU CTPYKTYp, COJEPIKAIIUX CMEXKHBIC

MATUYWICHHBIE TUKIIbI, IOJTBEPKACHBI pE3yJIbTaTaMU PacyeToB [26].

Puc. 1. Ctpoenne monexyinsl gpymiepena Ceo (cneBa) u Cro (cripasa) [27].

CornacHo JIUTEpaTypHbIM JaHHBIM [28], muamerp Qymiepena Ceo cocrapiser 7,1 A,
nnussl cesaseit: C=C 1,391 A, C—C 1,455 A, paccrosinue mexay monekynamu Ceo B KpUCTAIIE:
3,1 A, mnortnocts: 1,65 r-cM 3. CrekTpalbHble XapaKTEPHCTHKH: CPOJCTBO K 3IEKTPOHY
coctaBisieT 2,6—2,8 3B, noreHiuman nonnsauuu — 7,6 3B, mmpuHa 3anpeméHHoi 30861 — 1,9
5B, yactotsl konebanuit: 528, 577, 1183, 1429 cm !, unnexc pedpakuu: 2,2 (630 um) [28].

Ctpykrypa kimactepa C7o Oblia omnpeseneHa METOOM 3JIeKTpOHHOU audpakuuu [29].
VY CTaHOBIJIEHO, YTO OH UMEET JIUIUICOUATHHYI0 (DOPMY, ONMMHUCHIBAEMYIO TPYIIIIONH CUMMETPUN
Dsn. B Monekysie 8 rpynn pasnuuHbIx cBsizeit C—C, JUTMHBI KOTOPhIX BapbupytoTes oT 1,37 A no

1,47 A (Puc. 1, Ta6n. 1). Haubosnee KOpOTKME CBA3M COEAUHSIOT BEPIIMHBI IBYX PA3IMUHbIX
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ISTUYTOJbHUKOB, HamOojee AJMHHBIE PACIOJIOKEHbl B S-WwIEHHBIX LHUKIaX. «BeicoTay
monekynbl 7,8 A. DkBaTopuansnas yacts C7o umeer auamerp 6,94 A. Knactep Dsi-Cro MoxkeT
OBITh MOJTYYEH U3 ABYX NOJOBUH KitacTepa Ceo B pe3ybTaTe BCTABKY IATH IIap aTOMOB yTiiepoa
B 9KBATOPUAIBHOMN IUNIOCKOCTH, IPU 3TOM OH COJEPKUT TOJIBKO U30JIMPOBAHHBIE MATUYJICHHBIE
nukiel. @ymiepen Cro, Kak U JIpyrue QyJuIepeHbl, MOAUYMUHSAIOTCS MPABUIY H30JIUPOBAHHBIX
IIEHTAaroOHOB, T.€. BCE MATUWIEHHBIE IIUKJIBI B 3TUX COEAMHEHUSAX OKPYKEHbI HIECTUWIEHHBIMU
nukiamu [30].

Ta6un. 1. Xapakrepuctuka C—C cBszeit B mosekyne Cro (Puc.1) [29].

Yucino
O6o3HaueHue
No CBsI3€U B I'pymma csaszen JnuHa cBs3u, HM
Ha Puc.1
MOJIEKYJIE

1 a 5 HIECTUYTOJIBHUK - IIECTUYTOJIbHUK 0,141 + 0,002
2 b 20 LIECTUYTOJIbHUK - IATUYTOJIbHUK 0,139 + 0,001
3 c 10 BHYTPH IISITUYTOJIbHUKA 0,147 £ 0,002
4 d 20 BHYTPH ISTHYTOJbHUKA 0,146 £ 0,002
5 e 10 MATUYTOJBHUK - ISITHYTOJIbHUK 0,137 + 0,002
6 f 20 BHYTPH IIATUYTOJIbHUKA 0,147 £ 0,002
7 g 10 MATUYTOJIBHUK - IIATUYTOJIBHUK 0,137 £ 0,002
8 h 10 BHYTPH IISITUYTOJIbHUKA 0,146 £ 0,001

CtpykTypsl BeIcIIUX PysiepeHoB (n > 84) Ob1mu onpeaenieHsl B padote [31]. dymnepensl
¢ emé OOJIBIIMM YHCIIOM aTOMOB, B TOM YHCJE U NPOTSHKEHHBIE (YIITIEpPOUIHBIE YIIIEPOIHBIE
CTPYKTYpbI, 00cyxnaatorcsi B pabore [32]. Pe3ynbraThl KBaHTOBO-XMMHYECKHX pPacUETOB
OONBIINX KJIACTEPOB CBHUJAETEIBCTBYIOT O CTAOMIBHOCTH TakKuWX (yJiepeHoB, HUMEIOMINX
MKOCAYIpUYECKy0 cuMMeTpuio, kak Css0. OgHako oOpa3oBaHHME THUTAHTCKUX (YIJIEPEHOB
cheponIaIbHOrO TUMA SBISETCS MAJOBEPOSTHBIM, TaK KaK OHM JIOJDKHBI 3aKJII0YaTh BHYTPHU
ce0s1 TOBOJIbHO 3HAYUTEIBHYIO YaCTh «ITYCTOTO MPOCTPAHCTBaY. TpyIHO MPeICTaBUTh, YTO MpU
CUHTE3€ IMIaHTCKHX KJIACTEPOB B UX BHYTPEHHIOIO MOJOCTh HE OyAyT HONagaTh MPUMECHBIE
aToMbl WM 0OoJiee MEJKHE KIacTephbl, COCTOSAIIME W3 aTOMOB yriepona. Hekoropsie u3
TMTAaHTCKUX (YIJIEPEHOB MOTYT UMETh HWIMHApPUYECKYI0 (opMy WM 00pa30BBIBATH Ooiiee
CIIO)KHBIE CeTYaThle CTPYKTYphl. Takue yriaepoaHble Kiactepbl (TyOyneHbl, OappereHsl,

KarcyJeHbl U T.J.) paccMaTpuBaroTcs B pabore [32].
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1.2. ITonyyeHnune aIyKTOB Py 1JiepEHOB ¢ AMUHOKHUCIOTAMH
BcenenctBue  HampsoKEHHOCTH  CTPYKTYpPHl  QYJUIEpEHOB, JUII  HUAX — XapaKTEPHO
OTHOCUTENIBHO  JIETKOE  MPOTEKaHWE  peakuuid  NPUCOSAMHEHHS:  HYKICOPHIBHOTO
NPUCOSIUHEHUS, PAJUKaIbHOTO MPUCOSAMHEHUS], UKIONPUCOSIUHEHUS, YIEKTPOPUIBHOTO
MPUCOCIUHEHUS, PEAKI[MU IEPEHOCA AIEKTPOHOB U Jip. O000ImIEHHAs cXeMa, WILUTIOCTPUPYIOIIas
peakuuu pynkuuoHanuzanuu ¢ymiepena Ceo, mpeacTanBieHa Ha Puc. 2.
RONa

C0Clys—n(OR), <——— C((Cl
60Claa-n(OR), e CooCla

cl,

H
CooFeo ‘\F Na, NH, y CooHlas
y /\
' ‘ 0,, Vo 0
CcH /
Coo(CeHs)uH, <_Alﬁa§_ ' RNH H
o-kcunon, NaOH (p-p —
NHR

Coo(OH), 4)’ @’
L. BrCH(COZiV = N\I\HZCH(R)COOH

2. NaH
Cg[C(COOH),];
o @

050, (mpem-(CH;),CC3H,N NHCH(R)COOH

H

7 C(CHy); [@ CN} e Rl CN
PP R
O/ \N AN
| F

C(CHy);
Puc. 2. Xumunueckue coiictBa dysmiepena Ceo [68,69].

HccrnenoBanne Haubonee TMEPCHEKTHBHBIX JUIS  JalbHEHIIEro MpPaKTUYECKOro
NPUMEHEHHUS] BOJOPACTBOPUMBIX aJJyKTOB JIETKUX (YJUIEPEHOB C AaMHHOKHMCIOTaMH,
NeNTHAaMH, a Takxke (yIepeHoIoB U KapOOKCHIMPOBAHHBIX (PYJUIEPEHOB MPOBOAUTCS HA
NPOTSHKEHUU MHOTHX JieT Ha Kadenpe xumuu TBEpAoro tena Mucruryra xumuun CIIGIY B
Hay4yHOW Tpymnmne mnpodeccopa W. B. Mypuna. OcHOBHBIE TOAXOABI K CHHTE3Y JAaHHBIX
coenrHeHn 00001IeHbI B HECKOJIBbKIX 0030pax [1,2,5,6].

PaccMoTpuM OCHOBHBIE CLIOCOOBI MOJTYYEHUS 1TYKTOB (DYJJIEPEHOB C aMUHOKHUCIIOTaMHU.
[lepBrie nccnenoBanus peakMOHHON criocoOHocTH N€rkux (ymnepenoB Ceo 1 Cro mMOKa3amm,
YTO (pyJUIEpEHBl JIETKO pEarupyroT C MEPBUYHBIMU M BTOPUYHBIMHU aMHUHAMU MOCPEACTBOM
peakiyu HyKJIeopmIbHOTO npucoeannenus [27,33].

B pa6otax [34—45] ObutM mpeaIoKEeHBl OJHOCTAANINHBIE METOJNKNA CHHTE3a aJlTyKTOB
Ce0 CO CTIeNYIOIMMMY AMUHOKUCIIOTAMH ¥ IENTHIAMU: TJIUIUH, #-aMUHOOEH30MHAs KUCIIOTA, (V-

AMHUHOKAIIPOHOBAs KHUCIIOTa, Y-aMUHOMACIsSIHAsg Kuciora, L-mponuH, L-amanuH, meTtmn-L-
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ananuHat, DL-cepun, D-aprunun, L-aprunuH, f-aqaHuH, BaJIMH, IUCTHH, (peHHUIIATaHUH,
donanH, KapHO3WMH U TIJIYTaTHUOH [0 MEXAaHU3MY HYKIEO(DUIBHOTO MPHUCOCIUHECHUS B
IesI04HOM cpene. Bee momyueHHble coequHEeHUsT ObLTH 0XapaKTePU30BaHbI C UCIIOJIb30BAHUEM
pusuko-xumuueckux MetonoB (MK-crnexrpockonus, macc-criekrpomerpust, 'H SIMP, 13C SIMP-
CIIEKTPOCKOIIHS, JEMEHTHBIN aHalN3, JUHAMUYECKOE PACCESHHE CBETA W MPOCBEUHBAIOIIAS

AIIEKTpOHHAas MUKpockomnusi). O0Imas cxema cCUHTe3a npejcTaBieHa Ha Puc. 3.

AT\
N

L)

Puc. 3 O6mas cxema cunTe3a agnykToB dymiepena Ceo ¢ aMmuHOKUCTOTaMH [34—45].

[TocpencTBoM 0HOCTAIMIHOTO TIpoliecca B3auMOICUCTBUS QyIIepeHa U aMUHOKHUCIIOT
B LLIEJIOYHOM cpefie ObLIN MOJIy4eHbI HaTpueBbie cou QyiepeHa Ceo € TTUIMHOM U L-nu3uHoOM:
Ce0(Gly-ONa)s- 10H20, Ceo(Lys-ONa)s-10H2O, a Taxke aaaykThl CMEIIAHHOTO COCTaBa:
Cso[(Gly-ONa)3(Lys-ONa)>-10H>O u Ceso[(Gly-ONa)3(Asp-ONa)2Arg-ONa]-10H-0.
CTpyKTypbl TOJYYEHHBIX COCIUHEHUM ObLIM oOXapakTepu3oBanbl ¢ momomblo UK-
CIIEKTPOCKOIHKH, Macc-criekrpomerpuu, 'H, 3C SIMP-cniekrpockonuu [46].

3amaTeHToBaH CHoco0 MOJMy4YeHUS KPUCTAIIIMYECKUX TruapaToB aaayktoB Ceo C
aMMHOKHUCIoTamMu ¢ xumuueckoit popmynoit Ceo(H)s {NH(CH2)nCOOH }3-xH>0, rae n = 5-7; x
= 8—10 B pacTBOpE 0-AMXIOPOEH30JIa U TTOTUITUIICHIJIMKOIIA U3 QyJuiepeHa U KalueBbIX coiel
COOTBETCTBYIOUIMX aMHUHOKHUCIOT. AJAYKTbl ObUM wuaeHTUUUMpoBaHbl Metogamu HWK-
CHEKTPOCKOIIUHU, IEMEHTHOT'O U TEPMOIPaBUMETPUYECKOT0 aHau3a [47].

B paGote [48] Oblna ommcaHa METOJIMKA CHHTE3a BOJIOPACTBOPUMBIX aJIYKTOB
¢dynnepena u3 CsoCls, B X0/1€ CHHTE3a AT ATOMOB XJIOpa 3aMEUIat0TCsl Ha aMUHOTPYIIIIBI, OIUH
aTOM XJIOpa OcTa€Tcs B COCTaBe aJyKTa Miu 3ameniaetcs BogopoaoMm (Puc. 4). Otumu xe
aBTOopaMu B pabote [49] onucaH CUHTE3 BOJOPACTBOPUMBIX MEeHTAaaA ykToB (yuiepeHa Ceo €
(dbeHunanaHuHOM, CEpUHOM, [-aJlaHUHOM U p-(EeHUIOYTUPUHOBOM KUCIOTON, B X0JIe¢ KOTOPOTO
mTh aTOMOB XJIOpa 3aMellaIuCh Ha AaMHUHOKMUCIIOTHI, OJUH aTOM XJopa Ha BOJOPO/I.
[TosnydeHHbIE AAAYKTBhl HMEIOT MATh BBICOKONOJSPHBIX TIPYII, BBEIEHHBIX B OJHO U3
noJnymapuii gysmiepeHoBoro kopa. Mexay Tem, BTOpoe MOoIyIIapyue OCTaéTcsi HEU3MEHHBIM U

BbICOKOTUPOodoOHBIM. Takas MonekynsapHas cTpykTypa (Puc.5) otnuyaer 3Tu coeAMHEHUs OT
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MOJIaBJISIOIEr0 OONBIIMHCTBA IPYTUX BOJOPACTBOPUMBIX aAyKTOB (yiepeHoB. [lonyyenHbie

aJUIyKThI ObLIM OXapakTepusoBanbl Metogamu 'H u *C SIMP-cniekrpockonum.

R'R?NH - HC/CH3COOH

K,CO
CeoClg e

Puc. 4. Cxema cuntesa aanyktoB u3 CeoCle [48].

B pesynbrare 1,3-munonsspHOro MUKIONPUCOEIUHEHUS a30METUHOBBIX WUIUAOB K Ceo
(peakmus [Ipato), ObuTH MOMYYEHBI ANAYKTHI QyaeponponrHa. CxeMa peakiny MpeICTaBIeHa
Ha Puc. 6. Ilonydennsie amnykThl ObUiM MaeHTHGUIMpPOBaHBl ¢ momompio 'H, 3C SIMP-
CIIEKTPOCKOITHH, a TaK)Ke onTudeckoi criekrpockonuu [50]. B padote [51] Obut mpenioskeHb
IyTU NpUMEHeHus peakuuu lIpaTo mis cuHTe3a aaIyKTOB (PYIUIEPEHOB ¢ aMHUHOKHCIOTAMH,
collepKalllMMU OT YETHIpEX JO0 TMATH METWUJICHOBBIX MOCTUKOB. J[[ns Xapakrepuzauuu
MOIYYEHHBIX aJIyKTOB Hcronb3oBamk Metoasl 'H, '3C SIMP-cnekTpockonuu M Macc-
CHEKTPOMETPHHU.

B pabote [52] ommcan cuHTe3 agayktoB Ceo C acmapariHOBOM M TJIyTaMHUHOBOM
KUCTIOTaMHU. ABTOPBI TMPOBENU KOHACHCAIHIO N-3amelieHHoro ¢yineponupponuania ¢ L-
acrmaparuHoBOM M L-riyTaMUHOBOM KHCJIOTaMHU, COACPKAIIMMHU 3ANIUIIEHHBIC G-AMUHO- U O-
KapOOKCHIIbHbIE Trpymnnbl. WX CTpyKTypbl ObUIM OXapaKTepU30BaHbl METOJaMH Macc-
cniekrpomerpun, Y ®-, UK- u 'H SAMP-cnekrpockonum.

B pabGore [53] Obu1 mpemsioKEH HOBBIM TOAXOJ K CHUHTE3y (DyJsepeHoB,
(GyHKITMOHATTU3UPOBAHHBIX AMUHOKHUCJIOTaMHU u NEeNTUIAMHA MIOCPEJCTBOM
ruipoocuHUpOBaHUS C HCMOJIB30BAaHUEM BTOpUYHOrO (QocPuHOOpaHa B KauecTBe
CLIMBAIOIIETO areHTa. IlomydeHHbIe IPOAYKTHI ObLIK MaeHTU(GUIHpOoBaHsl ¢ nomombio 'H, 3C

u 3P SIMP-CeKTpOCKOIHH.
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()
Puc. 5. Crpykrypa nentaaanyktoB Ceo ¢ pernnananuaoM (1), cepunom (2), f-ananuaom (3),

noydeHHbIX cuHTe30M U3 CeoCls [49].

Puc.6. Cxema cunresa ¢ymnneponponuna no peakuuu I[Ipato [50].
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1.3. TepmoanHaMuveckue cBOMCTBa QyJIIePEeHOB U AJIYKTOB QyJ/uiepeHoB

3Hauenns >HTaNbIUH cropanus (AHC, kJlx-mMomb ') u sHTanemmMii o6pazoBanus (AdH°,
kJlx-monb ') ymnepena Ceo mpu 298,15 K U craHIapTHOM JaBIECHHH, a TAKKE M3MEHEHHS
sutporuu  (AsS®, xJ[x-mons -K™!), smeprum I'm66ca (ArG°, xJx'Mmomb ') u morapudm
xoHcTanThl paBHoBecus (1gK’) peakimu o6pazosanus ¢pymiepena Coo n3 rpadura NPUBEIEHbI
B Tabum. 2.
Ta6n. 2. 3navuenus sHTanbIui cropanus (AcH) n oOpasoBanus (AtH°) ¢pymnepena Ceo mpu
298,15 K u cranmapTHOM MaBJICHHH, a TaKXe HW3MEHEHWE SHTpomnuu, sHeprus ['mdbca u

norapudM KOHCTaHTHI paBHOBECHs peakiuu oOpazoBanus ¢ymiepena Ceo u3 rpadura [54].

AHC, AeHC, AsS°, A:GP, 1gK¢°
kJIK-MoJIp ! kJIK-MoJtp ! xJx-monp K kJIK-Moutp !
—25937 £ 16 2327+ 17 420,8 + 1,2 2202 +£ 17 -0,386

AHanu3 3KCHEPUMEHTAJIbHBIX JAHHBIX TEMIIEPATypHOM 3aBHCHUMOCTU TEMJIOEMKOCTH
(Puc. 7) nemonctpupyer, uto Ceo MOXKET CYIIECTBOBaTh B TPEX (PU3MUECKUX COCTOSHUAX:
crekionono0Hoi  kpuctaumueckor Momudukanuu (KIII), xkpucrammmueckoir (KII) u
mactuyeckoit (KI). Ha kpuBoit (Puc. 7) Buansl B3aumonpesparienust KIIT — KII (86 K), u KII
— KI(260,7 K). Kpucramnst KI uMeroT rpaHelieHTpupOBaHHYIO KyOHMUECKYIO PEeIIETKY, B y3/1ax
KOTOpOil cepruueckre MoJeKkyibl Ceo COBEPIIAIOT CBOOOAHOE BpalllEHUE, TO €CTh CYIIECTBYET
OpPHUEHTALIMOHHBIN MOJIEKYJSPHBII OeCrOpsAI0K, XapaKTepHBIN IS MJIACTUYECKUX KPUCTAILIOB.
[Ipu  oxmaxaenun  kpuctajuioB  KI  mpoucxomutr — mepectpoilka — KyOuuecKon
IPAaHEIICHTPUPOBAHHON PEMETKH B MPOCTYI0 KYOMUYECKYI0 PEIETKY U OJHOBPEMEHHOE
opueHTanmoHHoe ynopsaoueHue Ceo B y3/1ax pelm€Tky. JlanpHeiee oxXaax1eHue IpUBOIUT K
nepexony B crekionoqoonyto moaudukanuto KIII. Takum 0b6pazom, B HHTEpBase TeMrepaTyp
T = 0-340 K umeroT MecTo JABa MNEpexoja: BTOPOro poja (pa3ynopsio4eHHEe MOJIEKYNI B
KPUCTANTMYECKON pelI€Tke) U MepBOro poja (mepexoi M3 MpOoCTOoil KyOM4Yeckol peméTku B

IPaHEIeHTPUPOBAHHYIO KYOMUECKYIO PEHIETKY).
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Puc. 7. TemneparypHas 3aBUCUMOCTbH TeTIOEMKOCTH Pysepera Ceo.

Ha ocHOBaHMM SKCHEPUMEHTAJIbHBIX JAaHHBIX [0 TEMIIEPaTypHOU 3aBUCHUMOCTHU
n300apHOi TermnoémMkocTu [54] ObUTH pacCYMTaHbl TEPMOAMHAMUYECKHE QYHKIUU QyIepeHa
Ceo [54-60].

B Tabu. 3 npeacraBiieHbl 3HaYeHHs TEPMOIMHAMUUYeCKUX GyHKIui aist ¢pymnepena Cro.
Ta6mn. 3. 3nauenus sHTanbmuii cropanus (AH’) u obpasosanus (A¢H°) pymnepena Cro npu
298,15 K u craHgapTHOM [JaBJICHWH, a TaKKe HM3MEHEHHe JHTpomnuH, sHepruu [ ubbca u
Jorapu@m KOHCTaHThl paBHOBeCHUs peakuuu oopazoBanus ¢yiepena Cro U3 rpadura npu tex

Ke yciaoBusx [61].

AHC, AeHC, AsS°, ArGP, 1gK¢°
kJK MO ! kJIK-MoJIb ! kJx-momp K k) Mob !
—30101 £ 10 2555+ 12 62,94 £ 1,41 2536+ 12 —445

CornacHo nuTepaTypHbIM JaHHBIM, U1 ¢ymnepena Cro XxapakTepeH noaumMopdusm, u B
HACTOSIIIEE BpPEMS HMMEIOTCS JaHHBIE O HECKOJbKUX KPUCTAIIIMYECKUX MOIU(PHUKAIUIX.
Kpucramner KI 00pa3yioT rekcaroHajibHyt0 peti€Tky, B y3jaax KOTOPOl MOJIEKybl QysuiepeHa
COBEpIIAIOT MPAKTUYECKH cBOOOAHOE Bpatienue. [Ipu oxnaxxnennu kpucramioB Kl 1o obnactu
cymectBoBanuss kpucrtamuioB KlI, pemérka mepectpamBaercsi, OCTAaBasCh TI€KCATOHAIBHOM.
OOHOBpPEMEHHO  NPOUCXOAUT  OpPUEHTALMOHHOE  ymopsjpodeHue  moiekyn Cr B
KpUCTAJUIMYECKON pewérke. [Ipyu najnbHeWIeM MOHMKEHUHM TEMIIEpaTypbl, I'€KCaroHaJIbHAs

peméTKa InepeCTpanBacTCd B MOHOKIIMHHYIO MW AOCTHUIAaCTCA IIOJIHOC OPUCHTAIIMOHHOC
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ynopsigoueHue motiekyn Cr7o B kpuctamiax KIII. TIpu oxnaxnenun kpuctamioB KIII B
uHTepBane temneparyp 7' = 1945 K npoucxoautr aHOMaJIbHOE W3MEHEHHE TEIIIOEMKOCTH,
00yCIIOBIIEHHOE NOCTIEe10BaTENbHBIMU (Pa30BBIMU MIEPEX01aMU M HATMYUEM CMECH HECKOJIBKHX
Kkpuctaumyeckux (a3 [60], mpu 3TOM NMpOCMaTPUBAIOTCA JIBa MHTEpBaja TAKOTO MU3MEHEHUs
(Puc. 8). TemmepaTypbl (ha30BBIX NEPEXOAOB COOTBETCTBYIOT MAKCHUMAaJbHOMY 3HAYEHUIO
Kaxyuencss TeroéMkoctu. Paccmorpennsie mepexonbsl KIII — KII w KII — KI
HEOK30TEPMHUYHBI, HAa KPUBBIX KAKYIIUXCS TEINIOEMKOCTEM B MHTEpPBAJIEC NPEBPALLCHUN
OTCYTCTBYIOT pa3pbiBbl rpadukos 3aBucumoctu Cp ot 7. OGa mepexoja CONPOBOXKAAIOTCA
W3MEHEHUEM KPUCTAIINYECKON CTPYKTYpbI C70, UTO SBISETCS OJHUM U3 KPUTEPHUEB NIEPEXO0B
IIEPBOTO POJIA, OJHAKO OHU COIIPOBOXKAAKOTCS U3MEHEHUEM OPUEHTALIMM MOJIEKYJIBI OT ITOJIHOTO
nopsaaka B kpuctamwiax KIII no monmHoro 6ecnopsiaka B kpuctaminax Kl, kotopbie 0ObIYHO
OTHOCAT K IepexoiaMm BToporo pona. TepmomuHamuueckue ¢yHkuuu ¢ymaepesa Cro B

ITUPOKOM MHTEpPBAJIC TeMIIEpaTyp MpeacTaBiIeHbI B paboTax [61,62].

I'excaronanpHas
pewérka KI
I'excaronanmbpHas
900 I pemeérka KII |
T ; o
27600 : .
| 2 MonoknunHas pemérka KIII .o '
S ' .
= - " ;
% : .
N ) KII = K1
(= . '
U300 | y : '
KI_~ KIII = KII :
0 L | L | L | L | L | L :I L | : |
0 50 100 150 200 250 300 350 400
T,K

Puc. 8. TemnepartypHas 3aBUCUMOCTH TeII0EMKOCTH (yiepena Cro [60].

AHanu3 JuTepaTypbl TOKa3blBa€T OTPAHMYEHHOE YHUCIO paldoT, TMOCBSIIEHHBIX
TePMOJAMHAMUYECKOMY HU3yUeHHIO alayKToB ¢ynnepeHoB Ceo 1 C70. K HacTosimemy BpemeHU
UCCIICZI0BaHbI H300apHbIe TEII0OeMKOCTH KpucTaiuiocoiabBaTa CsoClzo 0,09 Cla [63], aumMepHOTO
koMmiuiekca [(MesSi)3;Ceo]2 B aumanazone temmeparyp ot 0 mo 480 K [64], kpucTamimueckoro

xommiekca [(n®-PhCH(CH3)2)2Cr]* [Ceo] ~ B amamazome temmeparyp ot 0 mo 310 K [65],
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ruapodymiepena CeoHzs B Auanazone remmeparyp ot 5 1o 340 K [66]. ABTopsl paboTsl [67] ¢
nomouipio 3¢ ¢y3noHHoro meroaa KHyaceHa wuccineoBaium TEMIEPATYpPHYIO 3aBHCHUMOCTD
JIaBJICHUS HACBIIIEHHBIX MapoB mpou3BoiHOT0 CeoF1s B uHTEpBaie Temnepatyp 7' =591-671 K.
ABTOpBI paboTel [68] ompeAenwiv CTaHAAPTHYIO MOJSPHYIO DHTAJBIHIO CTOpaHUS U
paccuMTa Il CTaHAAPTHBIE MOJIIPHBIE SHTAJIBIUMU 00pa3oBaHUS B TBEPAOM M Ta3000pa3HOM
cocTostHUAX TTpou3BoiHOTO CeoF4g. B cepum pabot [69—72] mpeacTaBiaeHbl SHTAIBIINN CTOPaHUS
u oOpa3oBaHus, a TaKkKe H300apHbIE TEIUIOEMKOCTH U CTAaHAAPTHBIE TEPMOJAMHAMHYECKHE
byHKIMH (PHTAIBINHU, SHTpONUU U dHepruu [ ub6ca) dymiepenoB Ceo 1 C70. B pabotax [73—
77] M3YYEHBI TEMIIEpATyPHBIE 3aBUCUMOCTHU n300apHOI TETUIOEMKOCTH
MoHokapOokcupoBanHoro gymiepeHa CooCHCOOH B nuanasone temmneparyp ot 6,8 no 326
K [73], pynnepenona Cso(OH)40 B muanazone remneparyp ot 5 no 326 K [74], dynnepenomna
C70(OH)12 B nuamazone temmeparyp ot 9,2 mo 304 K [75], annykra ¢ymnepena Ceo ¢ L-
apruauHoM Ceo(CeH13N4O2)sHgs B nuamazone temmeparyp ot 5 mo 328 K [79], agmykra
dymnepena Ceo ¢ L-muzunom Ceo(CeHi13N202)2Hz [73] B nuamazone tremnepatyp ot 13 no 326
K, a Takxe paccunTaHbl 3HAUCHUS CTAaHAAPTHBIX TepMOAUHaAMuYeckux QpyHkmnuii. B xauectse
npumepa, Ha Puc. 9 mpuBeneHa TemmepaTypHas 3aBUCHUMOCTb H300apHON TEMI0EMKOCTH
annykta Ceo ¢ L-apruHuHOM, TONXy4YeHHass METOJOM aauabaTHUYecKod BaKyyMHOU
KaJIOPUMETPHUH B CPABHEHUU C PACUETHBIMU TAHHBIMH, TIOJTYYC€HHBIMH € TOMOII[bI0 MeToaa DFT,
B porpamme DMol® B paMkax rapMOHMYECKOTO IPUOIIKEHUS. B 001aCTH HU3KUX TEMIIEPATyp
OBUIO TMOJIY4eHO XOpOIlee COOTBETCTBHE MEXKAY pPACUETHBIMH U OKCIEPUMEHTAIHHBIMU
JAHHBIMU 171 1BYX u3omepoB anaykta Ceo ¢ L-aprununom (ams monekynbl Ceo(CsH13N402)sHs

¢ paBHoMepHBIM (Puc. 9, a) u sxBaropuansubeiM (Puc. 9, 6) pacnipenenenneM GyHKIIMOHATBHBIX

rpymnn).



21

(@)
T T T T T T T
2500 -
&% 2000 |
Ta
=)
$
= 1500 -
%
=
<
S~ 1000
° < (O DOxcnepumeHt
oY
©) —— HTCH
500 — PBE B
— PWO1
0 1 L 1 L 1 L 1 L 1 L 1 L 1 ]
0 50 100 150 200 250 300
T,K
T T T T T T T
2500
2000
'a
=
s
=~ 1500 |
%
=
)
°s 1000 O Ixcnepument
<
© —— HTCH
500 —
— PBE
— PWI1
0 —
1 L 1 L 1 L 1 L 1 L 1 L 1
0 50 100 150 200 250 300

T,K

Puc. 9. ComnocraBieHue SKCIEPUMEHTAIBHBIX M PACYETHBIX HM300apHBIX TEIUIOEMKOCTEN
Ceo(CsH13N4O2)sHs ¢ akxBatopuanbHbIM (@) ¥ paBHOMEpPHBIM (6) pacrmpeeieHueM
¢ynkunonaneueix rpymnmn. Oyaknuonan HCTH — uépnas nuaus, pyaxnuonan PBE — kpachas

muand, GyHknuoHan PW91 — cunss munus [77].
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1.4. ®u3uKo-xUMNYeCKHE CBOMCTBA AIYKTOB (y iiepeHoB

PaccmoTpuM paOoThl, MOCBSIIEHHBIE HCCIEAOBAHUIO (DU3UKO-XUMUUYECKUX CBOMNCTB
alyKTOB (YJUVIEPEHOB C aMMHOKUCIOTaMH. AHJIN3 JUTEPATYypbl MOKAa3bIBAET, YTO MOXKHO
BBIICIUTh CJICAYIOIIME HAINpPaBJICHUS, TOCBALICHHbIE (PU3UKO-XUMHUECKOMY H3YYEHUIO
aJTyKTOB JIETKUX (DYJIEPEHOB:

(/) }pu3HKO-XMMHUYECKOE HCCIIEZIOBaHUE AJYKTOB (YyJUIEPEHOB METOJaMH KBaHTOBOM
XUMHUH U MOJIEKYJIIPHON TMHAMUKH;

(2) ¢PusHKO-XMMHYECKOE HCCIIEJOBAHUE PACTBOPOB AJJAYKTOB (DYIIIEPEHOB, a TaKXKe
YCTAHOBJIEHUE KOPPEISIUU MEXKIYy CTPOCHHEM, (U3HKO-XUMUYECKUMHU CBOMCTBAMU U
OM0JIOTHYEeCKON aKTUBHOCTBIO.

Kpatko ocranoBumcst Ha pa0oTax, MOCBALIEHHBIX MPUMEHEHUIO  METO/OB
KOMIIBIOTEPHOTO MOJIEJIMPOBAHUS K HM3YUYEHHUIO aJAYKTOB (YIJIEPEHOB C AMHHOKHCIOTAMH.
Ahmadian u coaBT. [78] mpoBenu pacy€T >IEKTPOHHON CTPYKTYpbl KOMILIEKCa Ha OCHOBE
metamodyiepeda CeoAl n rmunuaa metonom DFT. [Ins mpoBenenus pacuéra aBTOpamu
npumensuics nakeT SIESTA ¢ uyncneHHo onpenenéHHbIM — 0a3ucoM, HOPMHUPYIOIIUM
ncesaonoreHuanomM Troullier—Martins u pynkunonanom PBE (¢ yu€rom monsipuzanuum st
BaJICHTHBIX AJIEKTpOoHOB). Ilpu npoBeneHuMn pacd€ToB aBTOpPaMM BBINOIHSUIACH IOJHAsS
ONTUMM3AIUS TEOMETPUU PACCMATPUBAEMBIX CHUCTEM M IO PA3HOCTAM TOJHBIX SHEPruit
onpezensnack sHeprusi B3aumojieictua Gly ¢ CeoAl. B pesynbrare npoBen€HHbBIX pacyEéToB
ObUIO MOKA3aHO, YTO BIIMSHUE AJIOMUHUS Ha AJIEKTPOHHYIO CTPYKTYpy cuctemsl CeoAl oueHb
3HAUUTENBHO BCJIEACTBHE 00pa30BaHMs MOJEKYJISAPHBIX opOUTaliel ¢ QyuiepeHoM, TOTaa Kak
ANIEKTPOHHAS CTPYKTypa INIMIMHA HE y4acTBYeT B 00pa30BaHUHU MOJICKYJSIPHBIX opOUTaine ¢
¢dynnepenom. Takke aBTOpaMu clieJaH BBIBOA O TOM, YTO TJHUIUH MPEANOYTHTENbHEE
CBSI3BIBACTCS C (DYIIIEPEHOBBIM OCTOBOM U€PE3 aMHHOTPYIITY ¢ 00pa30BaHUEM HEYCTOHYHBOTO
KOMIUIEKCa C dHEpPruei B3aumoaeicteus —2,54 KKaJI-MOJIb .

AHapeeBoidi U coaBT. [79] ObuIM  paccuMTaHbl U3MEHEHHS  CTaHJAPTHBIX
TepMOAMHAMUYECKHX (QyHKUMHA (9Hepruum [mOOca, SHTanNbIMM, DSHTPONUHM) PEAKIHA
oOpazoBanusi aMuHO- (CeoHn(NH2)n) u kap6oxcamuanbix (CeoHn(NH2)a(CO2)n) mpon3BoaHbIX
Ceo ¢ paznuuHoi crteneHbto 3amemieHus (Puc. 10). Jlns npoBeneHuss pacué€roB aBTOpaMu
NpUMEHsUICA TUOPUIIHBIN MeToll Teopun ¢yHKIMOHaNa miaoTHocTd (M11), peanu3oBaHHbIN B
nporpamme Gaussian 09. ABTropamMu OBUIO TIOKa3aHO, YTO PEAKIUS B3aMMOJICHCTBUS

HOJ'II/IaMI/IHO(i)YJ'IJ'IepeHa C AUOKCHUIAOM YIJICpoJa IIOJHOCTBIO OIIPCACIIACTCA SHTAJIBIUNHBIM
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BKJIAZIOM B 3HCPIUIO I'u60ca. ABTOpBI OTMCYHAKOT, 4YTO IIO0 MCPC YBCIIMUCHUA YHCJId aMUHO- U
Kap6OKCaMI/II[HBIX rpynmn yBCJINYUBAIOTCA CBO6OI[HBIC OHCPIUur ruaparaiivii MOJICKYJI, a TaK¥XC
H3-3a CHIIBHBIX 3JJICKTPOCTATHUYCCKUX B3aUMOJCHCTBUI Kap6OKCElMI/I,Z[HBIe AJAYKTBI MOI'YT

MPOSIBIIATH ONPECIIEHHYIO CTETIeHb arperaiuu (00pa3oBaHue KIacTepoB) B BOJAHBIX PACTBOpaXx.

n=1-3,5,6,89

s~ My O

Puc. 10. Cxema peakiuu obpazoanusi aMuHo- (CsoHn(NH2)n) 1 KapOOKCaMUIHBIX aIdyKTOB
Ceo [79].

Basiuk u coaBt. [80] paccumTanm >HEpPTHM HEKOBAJICHTHOTO B3amMmopciucTBus 20
NpoTenHOreHHbIX L-amuHokucnot ¢ ¢pymiepenoM Ceo B Bakyyme u Bojae (monens PCM). s
IpoBeJcHUs pacuéToB npuMeHsics Meton DFT, peanmsoBansbii B Mmomyine DMol® u3
nporpaMmMHoro makera Materials Studio ¢ ¢ynkuumonanmom PBE wu mompaskoit I'pumme
(mompaBKka Ha HEKOBAJCHTHBIE B3amMoJieicTBUsA) Ha Oazuce DNP. ABropamu mpoBoamiach
ONTUMM3ALUS TEOMETPHUH KaK JJIsi CAMUX aMUHOKHCIIOT, TaK U JJIs1 KOMIUIEKCOB C (yJIIIEpPEHOM.
B pesynbpTaTe mpoBeAEHHOTO HCCIEAOBAaHUS ObUIO YCTaHOBJIEHO, YTO HamOOJbIIAs YHEPTUU
B3aUMOJICICTBUS COOTBETCTBYET KOHBIOTaty Cgo ¢ L-MeTHOHMHOM (B BakyymMe W B BOJZE), a
HauMEHbIIasi SHEPrusl B3aMMOJCHCTBUS cOOTBETCTBYeT KOHbtoraram Ceo ¢ L-TpeoHuHoMm (B
Bakyyme) u Ceo ¢ L-pernnananmaom (B Boze).

HNonununa u coast. [81] meromom DFT B mporpamme Gaussian 03 wu3yuunu
B3aMMOJIeHCTBUE Ouonorndecku akTuBHBIX 1,4-m3oMepoB Ceo, COMEpKANIUX 3aMEIEHHBIN
OpOJMH U 3aMelEHHYI0 3TWibHYyI rpynny (Puc. 11) ¢ monekymnamu Bojbl. PaBHOBecHbIe
KOH(pOpPMAIMU PACCMOTPEHHBIX aJTyKTOB OIPENEIUIMCh C HCIOIb30BAHUEM (PYHKIMOHAIA
B3LYP u 6asuca 631G*. B pe3ynprate mpoBeAEHHOTO HUCCIEIOBAaHHUS OBLIO MOKAa3aHO, YTO
HalMuuue (QYHKIIMOHAJIBHBIX TPYII YMEHbIIAET IJIOA[b KOHTaKTa (yJJIEepeHOBOTO Kopa ¢
MOJIEKYJIaMd BOJBI, OJHAKO, HaIW4Yhe HePYHKIMOHATU3UPOBAHHOW (TuapodoOHOI) dacTu
MOJIEKYJIbl (pyJuiepeHa CIOCOOCTBYET OOpa3oBaHUIO acCOIMAaTOB, YTO TMOJATBEP)KIaeTcs

SKCIICPUMCHTAJILHO.



24

X=C,H40OH;Y= Pro-COOMe
X=C,H4ONO,;Y= Pro-COOMe
X=C,H,OH;Y= Pro-COOCH,0ONO,
X=C,H,ONO,;Y= Pro- COOCH,0ONO,
. X=C,CH(ONO,)CH,0NO,(S);Y= Pro-
COOMe

6. X=C,H,-xapno3un; Y= Pro-COOMe

s e

Puc. 11. M3omepsl anaykToB (QyLIEpEHOB, COACPKAMINX 3aMEIIEHHBIN MPOJIMH B 3aMEIIEHHYIO
ATUIIbHYIO Tpynny [81].

Ganji ¢ coast. [82] MeronoM DFT mnpoBenu teopernyeckoe M3y4eHHE MOJEIbHOU
CUCTEMBbI Ha 0OCHOBE MOJIeKYIbl Ceo, B KOTOPOM OJIMH aTOM YIJIEpo/ia 3aMEHEH Ha aToM Oopa, U
YCTAHOBUJIM MEXAHU3M IPHUCOEAMHEHMS] MOJIEKYJIbl TIUIUHA K MOAU(PUIMPOBAHHOMY OOpOM
bynnepeny CsoB u nemomudunupoBannomy ¢ymiepeny Ceo. g mpoBenaeHUs pacdyéTroB
aBTOpbI ucnosb3oBaiu nporpammy SIESTA u pynkunonan PBE. B pe3ynbrate npoBen€HHbBIX
UCCIIeIOBAaHUIM ObUIO TTOKA3aHO, YTO AJIEKTPOHHAS MJIOTHOCTH MOJIEKYJIBI TIIUIIMHA CMEIIeHa K
byiiepeHOBOMY OCTOBY MpU MOAUGUIMPOBAHUM TOCIEAHETO OOpOM, TOTJa Kak B cliydae
HeMou(UIIMPOBaHHOTO (yiiepeHa MPAaKTHYECKH HE MPOMCXOAUT CMEIIECHUS 3JIEKTPOHHOU
IJIOTHOCTU C aMUHOKHUCIIOTHI.

Jalbout u coaBt. [83] mpoBenu TeopeTHueckoe uszydeHue BaH-nep-BaanbcoBbix
B3anMo/ieicTBuil MetamodymiepeHa Ca@Cso ¢ MOJNIEKyTaMU aMUHOKHUCIOT meTogoM DFT,
peanusoBaHEbIM B mporpamme DMol® (pynxuuonan BLYP, 6asuc DND). Apropamu GbLI1O
YCTaHOBJIEHO, YTO Ha MOBEPXHOCTH (yJIepeHa TeHepUpyeTcs U30BITOUHBIA OTPULIATEIbHBIN
3apsa] (BCIEACTBUE HAXOXKJIECHUS aToMa KallbliUs BHYTPH (PyssiepeHOBOrO OCTOBA), KOTOPBIM
UTpaeT 3HAYUTENbHYIO POJIb BO B3AUMOJEHCTBUHU TAKOW CUCTEMBI C MOJIEKYJIaMU AMHUHOKHCIIOT.

ABTOpBI paboThl [84] M3yumiIM MEXaHW3M IHAHTHOCEICKTUBHOTO TMPUCOENUHEHUs L-
ructuauHa Kk (Qymiepeny Ceo u Kk ero mpousBoaHbiM (Puc. 12). Jlns pacu€toB ObLIn
MOCJIeIOBATENIbHO HKcCnoab30BaHbl MeTonbl PM3, HF u MP2. PaccuurtanHble aBTOpamu
JTUTIOJIbHBIE MOMEHTBI, TIOJTHASI DHEPTHs, 3apsI0BbIE COCTOSIHUSA, YACTOTHI KOJIEOAHUN U IIUPUHA
3anpemEHHON 30HbI (POPMUPYIOT MPEACTABICHUE O B3aUMOJICHCTBIH MOJIEKYJIbI L-rucTuanHa ¢
¢bynaepeHoM U ero Npou3BOAHBIMU. ABTOpPaMH ObUIO TakK€ YCTaHOBJIEHO, YTO 0Opa3oBaHUE
KOMIUIEKCOB Ha OCHOBE IMPOU3BOJHBIX (YIJIEPEHOB ¢ L-TUCTUAMHOM MNPOUCXOAUT 3a CUET

BOJIOPOJIHBIX CBSI3EH.
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1.R'=H;R’=H
2. Rl = COOHC2H5, R2 = CQHS
3.R'=H; R* = C(CH;)

Puc. 12. Cxema peakiuu HaHTHOCEIEKTUBHOIO MpHUcoenuHeHus: L-ructuanna k Qymiepeny
Ce0 1 ero mpou3BOIHBIM [84].

Jly’)kkoB U coaBT. [85] paccunuTanu KOHCTaHThI aucconuanuu MoHoannaykra Ceo ¢ L-
ananuHoM (Ceo-L-Ala) B razoBoii paze u B BogHoM pactBope ¢ nomouisio Meto1oB HF u DFT B
nporpamme Gaussian 03 c¢ ucnonbp3zoBanuem PCM moxenu. ABropamm Obuta paccyuTaHa
cTabunbHOCTh M30MepoB anaykTtoB Ceo—L-Ala u moka3zaHo, 4TO KapOOKCHWIIbHAsl Tpymma
aBrsgeTca Oosee CHIIbHOM kucioTol, yeM rpymnmna CH (oOpa3oBaHHas mpu MPUCOETMHEHUH
IPOTOHOB K (ymnepeHoBoMy kopy). Ilpu sToM, BOmOpOJ, CBSI3aHHBIM HEMOCPEICTBEHHO C
GbynIepeHOBBIM KOPOM, TAK)KE€ OTHOCUTEINIBHO JIETKO OTHIEIUIIETCS U cOo0IIaeT QyIIepeHOBOMY
OCTOBY 3HAUUTEIBHBIM OTpULIATENbHBINA 3apsa. AmuHorpymma aanykra Ceo-L-Ala sBusiercs
anekTpoHeiTpanbHoi (pKa (NH) = —1,44), B TO Bpems kak KapOOKCHIIbHAs Ipynna 3apsbKeHa
OTPHIIATEIIFHO B 00JacTH (U3HOJOTHYEeCKUX 3HaueHuid pH. Pacuér koHCTaHT amccomuaiuu
kapookcuibHOM U CH-rpynn nokasan, uro pKa. (COOH) = 4,2 u pKa. (CH) = 5,8. TlonyueHHbie
PE3YJIBTAThl XOPOIIO COrIacyercs ¢ IKCIEPUMEHTAIBHBIMU IaHHBIMHU.

Basiuk u coaBt. [86] M3yuMsiMi HEKOBAJICHTHBIC B3aUMOJCHCTBHSI OJMTOICIITHIOB
rmuimHa 1 L-ananwna ¢ ¢ymneperoM Ceo Mertomamu DFT u MonekynsipHOW MEXaHHKH.
ABTOpamu OBUIO M3yUYEHO BIMSHUE JUIMHBI 1IeNu nentuaa (coaepsxkamieit 7o 10 aMUHOKHUCIIOT),
a TaKXkKe pa3MyHbIX KOH(GOpMalMid TMENnTUIAOB Ha HEKOBAJIEHTHOE B3aUMOJCUCTBHE C
dymnepenom. Jlns pacu€ToB 2aeKTpoHHOM CTpykTyphl MerogoM DFT wucnonp3zoBanmch
dbynkuonansl GGA-BLYP u LDA-VWN, npu npoBeieHHH pacyETOB METOJIOM MOJIEKYIISIPHON
JVHAMUKHN HCNOJb30BAIHCH cuiioBble mojii AMBER, MM+. B pesynerare nmpoBeIEHHOTO
UCCJIEIOBaHUs, aBTOPAMHU OBLIIM pacCYUTaHbl TEIUIOThl 00pa30BaHUS KOMILJIEKCOB IMENTUIOB C
Ceo 1 OTIpeieIeHbl TOUKH OJIMKANIINX KOHTAKTOB B3aMMOCHCTBYIOIINX MOJICKYJI.

Naderi u coanr. [87] ¢ momompto merona DFT ¢ ¢pyaknuonanom B3LYP B mporpamme

Gaussian 98 OblIH paccUMTaHbI SHEPTUU 00pa3oBaHus KOMIUIEKCOB (yiepeHa C3g ¢ TNIUIIMHOM.
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[Toka3aHa HEYCTOMYMBOCTh TAKUX KOMIUIEKCOB IIPU B3aUMOJEHCTBUH KAaK YE€pe3 aTOM a30Ta, TaK
Y 4epe3 aTOM KHCIOPOJa aMUHOKHCIIOTHI.

B pabGorax [88-95] mpoBemeHbl TeOpEeTHUYECKUE HCCIAEAOBAHUSA MOJICKYJISIPHON
CTPYKTYpBI, KoyieOaTelIbHBIX CHEKTPOB, MEXaHHW3MOB COJbBATallMM, a TaKXKE ONTHYECKHX
CBOMCTB M 3JIEKTPOIIPOBOAHOCTU pacTBOpoB (ymiepenosoB Cao(OH)s, Ceo(OH)n (n =8, 12, 24,
36, 44), C70(OH)a (n = 14, 16, 18, 20).

AHanu3  nuTeparypbl  MOKa3bIBa€T, 4YTO  YHUCIO  paboOT,  MOCBALIEHHBIX
IKCIIEPUMEHTAIBHOMY (DU3UKO-XUMUYECKOMY U3YUEHHUIO BOJHBIX PACTBOPOB aIYKTOB JETKUX
¢GynaepeHoB ¢ aMUHOKUCIOTaMU M MENTUAAMH, a TakKe U3y4eHHIO (a30BbIX paBHOBECUU B
CHUCTEMAX, COJICpKAIIUX YKa3aHHbIC aJAyKThl, HEBEIUKO. KpaTKo OCTaHOBHMMCS Ha OCHOBHBIX
MOJIYYEHHBIX pe3ynbrartax. ABTopamu paboT [96—100] ObuiM U3y4yeHbl (PU3NKO-XUMHUYECKHE
CBOIICTBa BOJHBIX PACTBOPOB U (ha30BbIE PABHOBECHUS B CHUCTEMAX, COACPKAIIMX aJTyKTh
JeTKUX  QyJIepeHoB ¢  TIMOuHOM, L-amanwmHoMm, L-aprunawmnom, L-musmHoM, L-
TUAPOKCUIIPOINHOM, L-TpeoHMHOM. ABTOpaMu OBUIM MOJIy4€Hbl KOHIICHTPALMOHHBIE U
TEMIIEpaTypHbIE 3aBUCHUMOCTU IJIOTHOCTH, MOKA3aTEeNsl MPEIOMIICHHUS, 3IEKTPOIPOBOIHOCTH,
BA3KOCTH, pacHpeielieHUs] acCOLMaTOB MO pa3MepaM U HU30BITOYHBIX TEPMOJAMHAMHUYECKHX
byHKIU.

B pa6orax [96,101,102] mpoBeneHO H3y4YeHHE CTENEHH aCCOIMALMM TPOU3BOIHBIX
¢ynaepeHoB B 3aBUCUMOCTH OT KOHIEHTPALUK U IPUPOJIbI 3aMECTUTENS U1 BOJIHBIX pAaCTBOPOB
CJIEYIOIIUX MPOU3BOIHBIX (yIIepeHoB: alayKToB Ceo C aMUHOKHCIOTaMU (TIUIMH, L-anaHuH)
u nentugaMu (runi-L-rnunuH, rounui-L-anaaus, ruinui-L-sanud u L-ananun-L-ananuH),
collepKaluX  CBOOOJHYIO  KapOOKCWIbHYIO  Tpynmy  [96];  MeTuinoBbIX  3(GUPOB
NenTUuacoAepXKamux ManenmuaodymnepeHo (N-maneumunodymiepenun-L-sanmn-L-anus,
N-manenmunodysmiepeaun-DL-ananun-L-neiinun,  N-manenmugodymnepenmn-DL-ananmn-
DL-ananuH, N-maneumunodyinepeHunrinuui-L-sanun, N-manenmunodyinepenun-L-panu-
L-panun-L-Banun) [101]; mMoHo- u nu3amemi€HHbIX anaykToB Ceo C TPOMUOHOBOM, Y-
aMUHOMACISIHO M @-aMUHOKAalpOHOBOW  KUcioTaMu  (HaTpueBas  coiab  N-
MOHOTHAPOQ YIIIePEHUIT--aMUHOKATIPOHOBOM KHCJIOTHI, N-MoHOTrHApOQYyIIIepEHUT-)-
aMHHOOYTHpaT HaTpus, L-N-moHOTHApO]YIIEpEHMIIIPOTTHOHAT HaTpus, N-2-
THIPOKCUATUI D YIIepeHIII—(W-aMUHOKANPOAT HATPUsl, METHIT N-2-TUIPOKCUITUIAYITICPEHUT—
-aMUHOKanpoat, N-2-TUAPOKCUAITHN (yJUIepeHII—y-aMUHOOYTHUpaT HaTpus, metun L-N-2-

THIPOKCUATUI (D YIUIEPEHIIIIIPONUOHAT, MeTUNl L-N-2-HUTpOKCHATUIYIIIEPEHUITTPOIIMOHAT,
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2-autpokcdTUA  L-N-2  HUTPOKCHATUI(YIJIEPEHIIPONHOHAT,  2-HUTpOKCcHATUA  L-N-2
TUAPOKCUATIII(YyIuiepeHun nponuoHart) [102].

TumodeeBa ¢ coarT. [103] mpoBena u3ydeHue cTeneHu acconuanuu aanaykToB Ceo C
aMUHOKHUCJIOTAMU 151 MEeNTUIAMU (N-monoruapodymiepenun-DL-cepun, N-
MoHoruspodynepenun-L-aprunun, N-monoruapodymepenun-DL-ananmn-DL-ananun u N-
MOHOTHAPOdyIIepeHn-L-aTaHuH) B BOJHBIX pacTBOPax B 3aBUCUMOCTH OT pH, noHHOM CHIIbI,
KOHIIEHTPALIUU U IPUPOJIBI 3aMECTUTES.

B pa6ore [104] mpoBeneHO HW3ydeHHE TEIIOEMKOCTEH BOJHBIX PAaCTBOPOB aJITYKTOB
dymnepena Ceo ¢ amuHokucinotamu u nentuaamu (DL-cepun, L-amanun, L-aprunun, DL-
ananun-DL-ananuH u runuia-L-apruaun).

B Hamelt HaydHOIl rpymnne NpoBeAeHO KOMIUIEKCHOE M3YYEHHE pacTBOPOB U (Pa3oBBIX
PaBHOBECHI B cHCTEMaX, COJAEpKAIINX aJTyKThl HHIUBUAYATbHBIX JIETKUX (QyiaepeHoB ¢ L-
apruHuHoM, L-nmu3uHoMm, L-rugpoxcunponnHom, L-tpeonunom [97-100,105-107]: uzyuensl
KOHIICHTPALIUOHHBIE W TEMIIEPATYpPHbIE 3aBUCUMOCTU IJIOTHOCTH, MOKA3aTess MPeOMIICHUS,
AIIEKTPONPOBOAHOCTH, BSI3KOCTH, PACIpPECNICHUs] acCOLMAaTOB IO pa3MepaMm, H30BITOYHBIX
TEPMOJAMHAMUYECKUX (PYHKITUH.

[TonyueHHbIE pe3yJbTaThl O3BOJIAIOT CAENATH CJIEIYIOIINE BHIBOIBI:

(I)  ycraHOBIE€Ha  BBICOKAasT  COBMECTUMOCTb  aIayKTOB  (YJVIEPEHOB  C
aMHUHOKHCJIOTAaMH C BOJOW M BOJHBIMH pacTBopaMH. B kaudectBe mpumepa Ha Puc. 13
npeJicTaBIeHa TEMIIEpaTypHasi 3aBUCUMOCTh pacTBOPUMOCTH B OMHapHOU cucteme agayKT Ceo
¢ L-apruannom (Ceo(CeH13N402)sHg) — H>O B unTepBane temmnepatyp 293,15-333,15 K [105].
W3 npeacraBinenHoit Ha Puc. 13 3aBUCMMOCTH pacTBOPUMOCTH OT TEMIIEPATYpPhl XOPOIIO BUJTHO,
YTO PACTBOPUMOCTH aJJyKTa BapbUPYETCS OT JECATKOB JO COTEH TI'paMMOB B JHUTpe (B
3aBUCHUMOCTH OT TeMIEPaTyphl).

Ha Puc. 14 nns npumepa npuBeneHa M30T€pMa pacTBOPUMOCTH B TPOMHOM cCHUCTEME
dbymnepenon Ceo(OH)22-24— NaCl — H2O npu 25°C, monmydeHHass METOJIOM H30TEPMHUUYECKOTO
HackieHus: B amnynax [108]. BugHo, 4to nuarpaMma COCTOMUT U3 JBYX BETBEH, OTBEUAIOIINX
kpuctaum3zanuu  kpuctammoruapata ¢ymiepenona (Ceso(OH)22-24:30H20) u  6e3BogHOTO
XJIOpUJa HAaTpUs, U COAEPKUT OJIHY HOHBAPUAHTHYIO TOUKY 3BTOHMYECKOTO Thna (Touka E Ha
Puc. 14), oTBeuaronyr0 COBMECTHOMY HACBHIIICHUIO OOCMMHU BBINICYKa3aHHBIMU TBEPIBIMU
dazamu. [Ipu 3Tom Ha BeTBU kpuctaumsanun pymieperona Ceo(OH)22-24 HaOMOMaETCS 3P heKT

BbICAJIMBAHUA, 4 HAa BCTBU KPUCTAJUIM3AllUK XJIOpUa HATPUA — BCAJIMBAHUA.
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Puc. 13. TemmeparypHas 3aBUCHMMOCTH pacTBOpuMOCTH anaykra Ceo ¢ L-apruHmHoM

(Co0(CsH13N40O2)sHs) B Boae B mnTepBaie temmnepatyp 293,15-333,15 K [105].
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Puc. 14. N3orepma pactBopumoctu B TpoitHOM cucteme NaCl — Ceo(OH)22-24 - H20 mpu 25°C
[108].

(2) B pa30aBiIeHHBIX pacTBOpPax BOJAOPACTBOPUMBIE aAJAYKTHI (DYIIIEPEHOB C
aMUHOKHCJIOTAaMU MMEIOT, KaK MPaBUIIo, OOJbIINE IO MOAYIIO OTpUIATENIbHbIE MapluaibHbIe
00BEMBI, YTO CBUACTEIBCTBYET OO0 YIUIOTHEHHH W CTPYKTYPHPOBAaHHH pPAacTBOPOB
[5,99,100,106,109]. B xauectBe npumepa, Ha Puc. 15 nmoka3zana 3aBUCUMOCTh MApLUATIBHOTO

mosisipHOoro o0bEMa anaykTa Ceo-Gly (Ceo(C2H4NO2)4Hs) oT ero monpHOM 101M1;
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Puc. 15. 3aBucumocts napumanbHoro Mossproro ooséma Ceo-Gly (Ve ) OT ero MosbHOM

JIOJIM B TeMIepaTypHoM auarna3one 278,15-323,15 K [109].

(3) B pabotax [99,105,106] nmokazaHo, 4TO aJAYKTHl QYy/UIEPEHOB C AaMUHOKUCIIOTAMU B
BOJIHBIX PacTBOpax SIBJISIOTCSI CPABHUTENIBHO CAa0ObIMU dJIeKTposuTaMu. B wactHocTH, pKp™
(Ceo-Arg) = 7,2 [105], pKp™P (Ceo-Thr) [106] = 4,87; pKp"™" (Ceo-Lys) = 3,7 [99];

(4) ycranoBneHo [99,109], uyTo BOAHBIE pacTBOpPHl aAAYKTOB (YJIEPEHOB C
AMUHOKHCJIOTaMU CHJIBHO aCCOLIMMPOBAHBI (Pa3Mepbl aCCOLIMATOB COCTABIISIFOT OT JECATKOB HM
10 THICSY HM B AnanasoHe konuentpanuii ot 0,01 1o 10 r-n!). B kauectse npumepa Ha Puc. 16
NpHUBEJICHA KOHIEHTPALlMOHHAs 3aBUCUMOCTh paclpejieieHus mo pazMepam acconuatoB Ceo-
Gly (Ceo(C2H4NO2)4Hs) [109]. B pactBOpe oTCcyTCcTBYIOT MOHOMEpPHBIE MOJeKybl Ceo-Gly ¢
JMHEHHBIMU pa3MepaMH OKOJI0 2 HM BO BCEM JMaNa3oHE M3yYEHHbIX KOHIeHTpauui. B
nuanaszone konnenrpanuii C = 0,01-0,3 1M > B pacTBOpe NPUCYTCTBYIOT aCCOLHMATHI IIEPBOTO
nopsiika ¢ JuHEWHbIM pazMepoM 30-50 HM. Accouuarsl BTOPOTO MOPSAKA C JMHEUHBIM
pazmepom 100400 HM Hapsy ¢ accolaTaMy MEPBOIO MOPsI/IKA I€TEKTUPOBAHbI B IMAIIa30HE
xoHuenTpamuii C = 0,3-0,5 r-am . B Gonee KoHUEHTpupoBaHHBIX pacTtBopax (C = 0,5-10
"M ) HOMHMO acCOIMATOB BTOPOTO MOPSIKA MPUCYTCTBYIOT aCCOLMATHI TPETHETO MOPSAIKA,

JMHENHBINA pa3Mep KOTOPBIX COCTABISAET 1—2 MKM.
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Puc. 16. KonnentpanuonHas 3aBUCUMOCTh pacrpeieneHus mo pazmepam acconuatoB Ceo-Gly
B BOAHBIX pacTBopax npu 298,15 K. C — o6bémuas konuentpaius Ceo-Gly [109].
1.6. buoJsiornyeckast akTHBHOCTH (y/1JIEPEHOB M UX aJAYKTOB
1.6.1 TokcH4YHOCTDH (yJljIepeHOB U UX AJAYKTOB

[TepBBie uccnenoBaHuss TOKCHUYHOCTH (ymiepeHoB mosBUIUCh B 1995-1996 rr. beuio
ycTaHoBJieHO, 4To (ymiepeH Ceo B KOHLEHTpAlUH 10 1 MI/MJI NMpakTUYECKH HE BIUSET Ha
KHU3HECTIOCOOHOCTH JIEMKOLIMTOB YeJIOBEKa MTPH MHKYOALMU B TEUEHUE S5 U; MPHU 3TOM, uepe3 24
Y OTMEYaJIOCh CHI)KEHHE KU3HECTIOCOOHOCTH JieHkouuToB Ha 35 % [110]. Buyrpubprommnanoe
BBEJICHHE CaMIlaM MbIIIeH Swiss BBICOKOH 10361 (0Kk010 4-5 1/kT) cycnien3un ¢ysuiepena Ceo B
(Gbu3MONIOrMYecKoM pacTBOpe, CTa0WIM3UpoBaHHOTO TBUHOM-80 U HaATpUEBOM  COJIBIO
KapOOKCHMETHIIIEIUTIONIO3b], HE BBI3BIBATIO HU TUOENM MBIIICH, HU KaKUX-JIMOO0 M3MEHEHU! B
MOBE/ICHUH KUBOTHBIX B T€UCHUE 8§ HeNenb HabmoeHus 3a Humu [111].

B uccnenoanuu [112] kpbicaMm-camiiaMm BHYTpHKeNnyno4HO BBoauiu ¢ymaeper Ceo B
BUJI€ BOJIHOM Aucnepcuu, coaepxkaien 1% kpaxmana u 0,1% Teun-80, B Teuenue 1 u 30 queit
B cyTOo4HBIX J03ax 2000 u 250 Mr/Kr Macchl Tena, COOTBETCTBEHHO. CTaTUCTUYECKU 3HAUMMBIX
pa3nuyMii B TEMATOJOTHYECKMX M OMOXMMHYECKHX I[OKA3aTelsiX KOHTPOJIBHOM W
HKCIIEPUMEHTAIILHON TPYyMN MOCIe OAHOKPATHOTO U MHOTOKPATHOTO BBEJEHUS IMpernapara He

obHapyxeHo. B mepuon npoBeneHHS OKCIEPUMEHTOB JIETAJbHOCTH JKMBOTHBIX HE
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Habmonanock. [Ipu BCkpeiTHH MaToMop(OIOrHuecKuX U3MEHEHH BO BHYTPEHHUX OpraHax He
3aduxcupoBano. Metonom BOXKX nocne sxcTpakuuu ToiyosaoM QyJsiepeH OblT 0OHapyKEH B
JKEJTyJIKe, TOHKOM KHILIEYHUKE, NIEYEHU, JIETKUX, CEJIe3€HKe, MouKax M KpoBH. KomamyecTBo
oOHapy>keHHOTO (yIIepeHa 1Mo CPaBHEHUIO C BBEICHHBIMU J03aMH 3HAYUTEIbHO MEHBIIIE, YTO
CBUJIETENILCTBYET O €r0 BBIBEJICHUU U3 OpraHu3Ma. ABTOPBI PEANOIATal0T, YTO HAHOYACTHUIIBI
bynIepeHoB NPOHUKAIOT U3 KEITYJOYHO-KUIIIEUHOTO TPAaKTa KPhIC B KPOBSHOE PYCIIO U 3aTeM
TPaHCIOPTUPYIOTCS BO BTOPUYHBIE OpPraHbl 0€3 BBIPAKEHHOTO TOKCHUYECKOrO ACHCTBHUS B
YCJIOBUSIX SKCIIEPUMEHTA.

B pab6ote [113] ycranoBieHo, 4TO mepopaibHOe BBeAeHUE Kpbicam (yriepena Ceo,
pacTBopEHHOTO B 0JuMBKOBOM Macie (0,8 mr/mi), B moBTopsomumxcs go3ax (1,7 Mr/kr mMaccel
Tela) HE TOJBKO HE BBI3bIBAET XPOHUYECKOW TOKCHMYHOCTH, HO TOYTH Yy/BaWBAaET
NPOJOJKUTENIBHOCTh WX JKM3HU. Oddextel pacTtBopoB Ceo B OJMBKOBOM Macliieé B
skcriepuMeHTabHONM  Mozenu  CCls-MHIYIIMPOBAHHOTO TOKCHYECKOTO TEeMaTuTa Yy KpbIC
CBUJETENIbCTBYIOT O TOM, 4TO BiHsHHE Ceo Ha MPOJOJKUTENBHOCTh JKHU3HH CBS3aHO C
MO/IABJICHUEM OKUCIUTEIBHOTO CTpPECCa.

B pa6ote [114] Obutn M3y4eHBI MEXaHU3MbI [IUTOTOKCUYHOCTU CycHeH3un QyIiepeHa
Ceo B Bome, a taxxke ¢ymieperona Ceo(OH)n (cocTaB ¢ysuiepeHona HE YTOYHSETCS) B
OTHOUIEHUH KJIETOYHBIX KYJIbTYp (pUOpPOCAPKOMBI MBIIIEH, IITHOMBI KPBIC U TJIMOMBI YEJIOBEKA.
B otmnuume oT ¢ynnepeHona, KOTOpPBHIM MpOSIBISIET B OCHOBHOM aHTHOKCUAAHTHYIO,
HUTONPOTEKTOPHYIO U HEBBICOKYIO MTPOANONTOTUYECKYIO aKTUBHOCTH ITpH KoHUeHTpauuu 1000
Mkr-mMir !, Ceo B BHUIE CYCHEH3MH, MO-BUIMMOMY, OOJNANA€T CHIBHOM HPOOKCHIAHTHOM
aAKTUBHOCTBIO, MPUBOSIICH K OBICTPON HEKPOTUUECKON THOENH KIETOK MPU KOHIEHTparuu |
MK MJT !

B paGore [115] aBTOphl OTMEYaJM CTATUCTUYECKHM 3HAYUMOE CHHIKCHHE
YKU3HECTIOCOOHOCTH KJIETOK 3IUAEPMATIbHBIX KEPATUHOIMTOB YeJoBeKa MpH 24 4 HHKyOauu ¢
gynnepenonom Ceo(OH)32 (C = 42,5 Mxr-mat).

PesynpraTet  uccnenmoBanuss  [116]  geiictBus  ammykta  gymiepeHa  Ceo  C
MoaudurpoBaHHO riiyTamMmuHOBOU KuciaoTod GIUEG B Teuenue 12 u 24 4 Ha KIETOYHYIO
muauto Hela (knetoyHas nNMHMS KapLMHOMBI IIEWKH MaTKU 4esloBeKa) mokasaiu, 4To Ceo-
GIuEG o6mamaer HU3KOI IUTOTOKCUYHOCTHIO U BHICOKOM OMOCOBMECTHUMOCTBIO.

B 00630pe nyOmukaruii 2004 — 2012 rr. [117] npencraBieHa cCpaBHUTENbHAS OICHKA

TOKCHUYHOCTH Cop M €0 aJAyKTOB Ha KJIETKH U TKAaHU MJIEKOMUTAIOIINX i1 Vitro u in vivo. beuio
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MOKa3aHo, YTO IUTOTOKcHYeckoe neictBue ¢ynepena Ceo Mpu ero 006JydeHurd o0yCIIOBICHO
runeprponykuueii A®K, torma xak mpu OTCYTCTBUM OONYYEHHUS TOKCHYECKOE JIEHCTBHE
dynnepena Ceo 3aKiaoyaeTcsi B TMOBPEXKJICHUM KIETOYHBIX MEMOpaH, peopraHu3aluu
[IUTOCKEJIeTa U MHUIIMUPOBAHUU ayTO(Parnieckoro nepeBapuBaHus KIETOYHBIX KOMIIOHEHTOB.
TeM He MeHee, KaKk OTMEUalOT aBTOPHI, IIUTOTOKCMYECKOE M IHUTOMPOTEKTOPHOE JIEWCTBUE
auctiepcuii Ceo U €ro aAayKTOB 3aBUCHUT OT KOHLEHTPALMM U YCIOBUM IPOBEACHUS
AKCIIEPUMEHTA.
1.6.2. buogerpagauus QyjiepeHoB

N3BecTHO, 4TO B OMONOrMYEcKMX cucTeMax (QyiiepeH o0pa3yeT SHOKCUIbL,
MOJTyalleTajid ¥ THAPOKCHINPOBaHHbBIe aaayKThl [ 118—121]. [Ipu Ouoaerpanaiiuu ¢pyiepeHoB
NPEUMYIIECTBEHHO MTPOUCXOIUT MIPOMEKYTOUHOE 00pazoBanue QymiepeHosnos [122—-124].

ITox JIEUCTBUEM MEPOKCHUIA3, B YaCTHOCTH, MHETONIEPOKCUIAZHI,
HO3UHO(HUITIEPOKCHIA3bl U JAKTONEPOKCUIA3bl, B YCIOBHSX in Vi{ro MOXET MPOUCXOIUT
rryookas nerpananust mojiekyn dymepena Ceo [125,126]. Hanopasmepusie nucnepcun Ceo,
nojiyueHHble nyTéM cMemmBaHus Ceo B pacTBOpE TOJIyoJla C BOAOW C HCIOJIb30BAaHHEM
yIIbTPa3ByKa, MoJBeprajiuck ouonerpaganuu [127]. Peakuuein gpynnepeHa ¢ TUIOXIOPUTOM,
FeHEepUPYEMbIM  MMENIONEPOKCUIA30M, MPUBOAUT K pa3pylleHuto sapa (QysuiepeHa,
NpU3HAKAMU KOTOPOTO SIBIISIIOTCS HMCYE3HOBEHHE XapPaKTEePHBIX s (YIJIEPEHOBOTO Kopa
nosioc nornotnienus B Y @-, suaumoii- u UK- obnactsx cnekrpa [126].

doronerpananus pymneperna Ceo moa aciictBuem peaktuBa DeHTOHA W3ydanach B
pab6ore [128]. IlepBoii cranueit npoiecca ObLIO THAPOKCUIMPOBAHUE MOJIEKYIbI QyJuiepeHa,
MOCJIEIYIOIINE TMPEBPAIICHUs] KOTOPOrO MPUBOJAT K MOJUIMKINYECKUM HACHIIICHHBIM
aAIyKTaM TIpU pacKpeITUU Kopa. OOpasyromuecss MNOJUIMKINYECKUE (PparMeHThl MpU
PACKpBITUU KOJIbIIA MPUBOMAT K OOPAa30BAHUIO PA3IUYHBIX THIPOKCHIZAMEIIEHHBIX ,0-
JTUKapOOHOBBIX KHUCIOT, JEKapOOKCUIMPOBAHME KOTOPHIX MPUBOAUT K 0Opa30BaHHUIO
YKCYCHOM KHCIIOThI, 3TaHOJa, IPOIUJIEHA U APYTUX MPOAYKTOB.
1.6.3. ®oToceHCHONIN3ALNS U POOKCHIAHTHBIE CBOMCTBA

B BonHO#l cpene mpousBoaHbIE (YIIIEPEHOB CKJIOHHBI K OOpa30BaHMIO acCOLIMATOB
BCJeACTBHE THApPOPOOHOCTH (yIIEpeHOBOro Kkopa. AccouuaTbl 0ojee HHTEHCHUBHO
HAKaIUIMBAIOTCS OMYXOJIEBBIMU KJIETKaMU, MO CPAaBHEHUIO C HOPMAJIbHBIMHU TKaHSIMHU 32 CUET
MOBBIIIEHHOW MTPOHUIIAEMOCTH COCYJIOB, MUTAIOLIUX OMYXO0Jb, U OTHOCUTEIHHON HE3PENOCTH

mumdatryeckoit cuctemsl [1]. braronapst poronnHaMudeckoil akTHBHOCTH (yJIEPEHBI U UX
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aANyKTbl SIBIIIIOTCSL TOTEHIMAJIBHBIMU TMPOTUBOONYXOJEBBIMU AareHTaMu MpU JICUCHUHU
MeroaoMm (orogunamuueckoir tepanuu (OUAT). OAT — wmerox TOKaIbHONH CBETOBOM
aKTUBalMK (POTOCEHCHMOUTU3aTOpa, HAKAIUIMBAIOIIETOCS B OIYXOJW W B IMPUCYTCTBUU
TKaHEBOT'O KHUCJIOPO/ia, MPUBOISIIETO K Pa3BUTHIO POTOXUMHYECKUX PEAKIIUA, pa3pylIalonnux
onyxoJieBbie KieTku [129].

B pa6ote [34] Oblm0 M3ydyeHO Ouonoruyeckoe nercTBue aanykToB ¢ymaepeHa Ceo
donanmnom, L-denunananuaom u L-apriHUHOM B OTHOILIEHHUHU OITYXOJIEBBIX KIIETOK JIMHUU
HeLa. bsno nokazaHo, 4To mpu 00JIy4eHUH JaHHBIX KJIETOK BUJUMBIM CBETOM HaOJII0Ja10Ch
CHI)KCHHE MHUTOXOHJPHAIBHOTO MEMOPaHHOTO TIOTEHIMANA, XU3HECTIOCOOHOCTH KJIETOK,
AKTUBHOCTH (PEPMEHTOB CYNMEPOKCHAIMCMYTAa3bl, KaTala3bl W TIyTaTHOHIEPOKCHUIA3HI,
KOTOpble B KOHEUYHOM HUTOI€ MPUBOIAT K AKTUBALMM Kaclas3bl-3 U 3alyCKy MPOTPaMMBbl
amnornTo3a.

B pab6ore [45] uzyqanocs 6uonorudeckoe nericreue anaykToB Ceo(NH2CH2COOH),,
MOJIYYEHHBIX B PA3JIMYHBIX YCIOBUAX, Ha KieTouHble IuHUM Hela u Lm8 (xineTounas nuHus
0CTEOCapKOMBI MBIIIH). B pe3ynbrare uccneoBanHuii yctanoBiaeHo, uTo aanykT Ceo-Gly mpu
ob6nyuenuu (4 = 500600 HM) BBI3BIBACT 0303aBUCUMYIO THOENh KJIECTOYHOW TUHUU Lm8 u
uHAYyIMpyeT anonTo3 kinetouHot muuun Hela. [Tox nefictBuem cBera Ceo-Gly mepexoaut u3
BO30YKJIEHHOTO CHHIJIETHOI'O COCTOSIHUS B BO30YKIEHHOE TPUILJIETHOE. 3aT€M CHUHIJIETHBIN
KHCIIOPOJT MTHOBEHHO BCTYIA€T B PEAKIUIO C O€lKaMu, HYKJIEWHOBBIMU KHUCJIOTaMH U
dbochonunuaamun MeMOpaH, YTO MPUBOAUT K IMOBPEXKICHUIO MAKPOMOJEKYI, KIETOYHBIX
MeMOpaH U THOEH KIETOK.

ABtopamu [49] B sKCnepuUMEHTax in Vitro W in vivo ObUIO TMOKa3aHO, YTO aJTyKThI
dbymnepena Ceo ¢ L-penunananunom, L-cepuHom u f-ataHUHOM U )-(DEHUIMACIISTHOM KUCIIOTOM
UHTHOUPYIOT IPOIU(EPALHIO KIETOK INHO00IaCTOMBI U YMEHBIIAIOT CKOPOCTh €€ pocTa y phi0
Danio rerio mpu HUCKyCCTBEHHOM OCBELIEHUU JACHb-HOUYb. BBIJIO yCTaHOBIEHO, YTO aAAYyKT
dbymnepena Ceo ¢ L-heHnnanaHnHOM HHTUOUPYET POCT TIIMOOIACTOMBI, HE 3aMEISIsl TIPU ATOM
BOCCTAHOBJICHHE HEUPOHOB U HE BIUsISI HA HEUPOHHBIE CTBOJIOBBIEC KIETKHU.

B pab6ote [130] agnyktel ¢ynnepena Cgs ¢ IBYMS, TpeMsl U YETBHIPbMSI OCTaTKaMu
MaJIOHOBOM KHMCIJIOThI OBLITU MPOTECTHUPOBAHBI B KauecTBe (hoToceHcuOmnuzatopoB ans OT
Ha Kierounoi nuHuUM Hela. M3 Bcex wuCCneqOBaHHBIX aAIYKTOB HAMOOJBIIYIO
3¢ (deKTUBHOCTD MOKa3ald aAAyKT (ysuiepeHa ¢ YeThIpbMs OCTaTKaMH MaJIOHOBOW KHCIIOTBHI.

D10 coenuHeHUE CHIKAIIO iponudepanuto kietok Hel.a mo 80 % mox nelicTBueM BHAMMOTO
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ceera (400700 HM) B IPUCYTCTBUHU KUCIOpPOAa. B CBS3M ¢ 3TUM aBTOPHI MPHIILIN K BHIBOIY,
YTO CHUHTE3UPOBAHHBIM KBaJApOMAJIOHAT (QyJUIepeHa HMEET IEPCIEeKTHUBbl B KauyeCTBE
dboTOoTEpaneBTUUECKOr0 arcHTa.

B pabore [131] B kadectBe (HOTOCEHCHOMIM3ATOPOB I (OTOMHAKTHUBAIIUU
Staphylococcus aureus (S. Aureus) ObLIN HCCHeAOBaHBI (PyIepeH-MOPOUPUHOBHIC AUAIBI,
UCCIIEIOBAHUS in Vitro MOKa3anu ux GOoTOTOKCHYECKoe eicTBrEe. POTOCEHCHOUTN3UPYIOIIast
CIOCOOHOCTHh BOAOPACTBOPUMBIX aMUHOAAIYKTOB (YJUIEPEHOB K WMHAKTUBALMU S. Aureus
Oblma uccienoBaHa B padore [132]. B pesynbrare uccnenoBaHus in Vvitro HaOmoganach
dbortounaynupoBanHas rudens S. aureus B npucyrcreuu 0,5 MkM ¢dymneponupponuauna Ceo.
Pe3ynbTaThl, mONy4YeHHBICE aBTOpaMU JaHHOM pPaOOTHI, YKa3bIBAIOT HA BO3MOXKHOCTb
ucnons3oBanus Gymieponupponuanna Ceo U1 GOTOMHAKTHBALIMU MUKPOOHBIX KIIETOK.

B pa6ote [133] uccrnenoBanack 3pheKTUBHOCTh B KaduecTBE (POTOCEHCHOUTU3ATOPOB
BOJIOPACTBOPUMBIX KapOOKCH(YIIEPEHOB: AU-, TpUC-, kBagpomanoHaTtoB Ceo U Cro. OnieHKy
MPOBOAMIIN TIO UX (OTOTMHAMUYECKOMY NeHCTBUIO Ha KieTku JuHuM Hela. Bee coennnenus
NOTEHIIMATLHO TPUMEHUMBI i (OTOAMHAMHUYECKOW Tepanuu;,; B paboTe ObLT H3y4YeH
MEeXaHM3M HX (QOTOTOKCMYHOCTH. Bblno mokazaHo, 4yto TpucMmanoHat Cro moaBepraercs
AHAOLUTO3Y KileTkamu TuHuU Hel.a B BUie HEOOIBIIMX KIACTEPOB, KOTOPbIE HAKATIIIMBAIOTCS
MPEUMYIIECTBEHHO B DJHIOCOMOMNOJOOHBIX opraHemiax. [loBeimeHHass >()PEeKTUBHOCTH
tpucmanioHata C7o MOXKeT ObITh OOBSICHEHA Je3arperamnueii HaHOYaCTUI[ B OpraHeiax ¢
oOpa3oBaHMEM MEJKHUX AacCOlMaTOB, BIUIOTH 1O OTAENbHbIX Mojekyn [134]. Ilpsmbie
U3MEPEHUsl pa3MepoB dacTHIl TpEX KapOokcudymiepeHoB C7o METOAOM TUHAMHYECKOTO
CBETOPACCESHMS B KOHLIEHTpauu 2,5 MKM B MUTATEIbHOM Cpejie MOKa3ally, 4YTO TPUCMAJIOHAT
C70 oOpa3yer dYacTHIBI C THAPOJWHAMUYECKAM JTUAMETPOM, MEHBIIUM, YeM JTU- |
kBazpomanioHaTsl C79. MeHbIIMe pa3Mepbl arperaToB MOryT crocoOCTBOBAaTh 0Opa30BaHUIO
ADK 1 yckopsATh (OTOMHAYIMPOBAHHYIO THOEIb KIETOK 3a CYET OOJIbINEiH TOBEPXHOCTH.

ABTopbl padot [135,136] u3ydanu BO3MOXKHOCTh MCIOJB30BAHUS BOJAOPACTBOPUMBIX
KaTHUOHHBIX TMPOU3BOJAHBIX (YyJUIEpEeHOB B KayecTBEe (OTOCEHCHOMIU3ATOPOB  JUIS
aHTUMUKpoOHOM DT nnst yHHuTOXKEHUS BO3OyAUTENEeH MHPEKINIA: OaKTepuil, MPOCTEUINX,
rpuOKOB W BUPYCOB. AHTUMHUKPOOHOE NEHCTBHE KATHOHHBIX MPOU3BOJHBIX (YyJUIEPEHOB
oneanBain in vitro nipu npoBeaeann OJT mytém mobaBieHUs K KIETOYHBIM CYCHEH3USIM
TPaMITOJIOKHUTEIIBHBIX METUITMIUIMHPE3UCTEHTHRIX S. aureus, TPaMOTPULIATEBHBIX OaKTepUit

Escherichia coli n tpuba Candida albicans. Pe3ynbTaThl HCCIEIOBAaHUS JEMOHCTPUPYIOT



35

BBICOKYIO AaKTHBHOCTh KAaTHOHHBIX TPOM3BOJIHBIX (ymuepeHoB, mnpuyéM HauOOIbIIas
aKTUBHOCTh XapaKTepHA JJIsi COCAMHEHUH C Oojiee BBICOKOW pacTBOPUMOCTHIO M MEHBIIEH
CKJIOHHOCTBIO K 00pa30BaHHIO aCCOLIUATOB.

1.6.4. AHTHOKCHIAHTHbIE U UTONPOTEKTOPHBIE CBOICTBA

CB0OOTHOpaIUKATIEHBIE MTPOLIECCHI SBIISIIOTCS HEOTHEMIIEMON YacThi0 OOMEHA BEIIECTB
BO BCEX KUBBIX cucTteMax. C oHON CTOPOHBI, H30BITOUHOE 00pa30BaHUE CBOOOIHBIX PAAUKAJIOB
MPUBOAUT K MOBPEKICHUIO KIETOYHBIX CTPYKTYP M MOKET IPUBECTU K PA3BUTHIO PA3THMYHBIX
3aboneBanuii. C Apyrod CTOpPOHBI, CBOOOJHBIE paJMKalbl, TeHEepUpyeMble (arouuTamu,
ABIIAIOTCS BaKHBIM (akTopoM Hecnenupuyeckoi HMMyHHOM 3amuThl. Kpome Toro,
CBOOOHOpAANKATBHBIC TTPOLIECCHl YYACTBYIOT B PEryJISIIUU MHOTHUX Ba)KHBIX OMOJIOTMYECKHX
MIPOIIECCOB, BKIIFOUAsi CUTHAJIBHYIO TPAHCIYKIIUIO, TTposndepaluio KiIeTok u amontos [137].

N3 Bcex ammyktoB (ymiepeHOB Haubosiee W3YyYECHHBIMH SIBISIOTCS (YIIICPEHOIbI,
UCCJICIOBAaHUIO HUX AHTHOKCHJAHTHBIX M LIMTONPOTEKTOPHBIX CBOMCTB MOCBSILEHO OOJbIIE
BCEro padoT.

ABTtopamu paboTel [138] OblIa TPOJEMOHCTPHUPOBAHA CIOCOOHOCTH (yIuIepeHoIa
Cs0(OH)24 3axBaThIBaTh HUTPOKCUJIBHBIM paaukai. [lpeaBapurenbHoe BBeAEHHE KpblcaM
Cs0(OH)24 mpemoTBpaimmano CHWKEHHME AKTMBHOCTH KaTallasdbl, TIyTaTHOHTpaHcdepassl u
[JIYyTaTHOHIIEPOKCU/Ia3bl, BBI3BAHHOE HUTPOKCUIBbHBIM panukanoMm. DymaepeHosn Ceso(OH)24
MPOSIBJISII  CBOMCTBA AHTHUOKCUJAHTA, CHMXKAsi WHTEHCUBHOCTh TMEPEKUCHOTIO OKHUCIIEHUS
Tunua0B. DPPeKTUBHOCTE QyIIEpEeHOIa CPaBHUMA C U3BECTHBIM aHTUOKCUAAHTOM MOHOJIOM.

B pabGote [139] mnsa wu3ydeHHs BO3MOXKHBIX MEXAaHHU3MOB 3all[UTHOTO JEHCTBUS
dbynnepenona wucnonszoBanach CCls-MHIYyIIMpOBaHHAsS MOJIENb TEMaTOTOKCUYHOCTH U
HE(POTOKCUYHOCTHU y KpBIC JIMHUU Sprague-Dawley. Kpbicam BBOJWIN
dymnepenon Ceo(OH)2224 (0, 1, 1,5 1 5 MI/Kr CyT) BHYTPHUBEHHO WJIM BHYTPHOPIOMIMHHO 32 3
nus 1o BozaeiictBus CCls. Uepes 24 u mocine BozaeiicTBus CCls oneHuBaiM TPOTEKTOPHBIN
s ekt ¢QynepeHona ¢ UCIONIb30BaHUEM OMOMApPKEPOB CHIBOPOTKH KPOBH W TOMOTEHATOB
Tkanei. BospeiictBue CCls 3HauUMTENBHO MOBBIIAIO  CHIBOPOTOYHYIO  AKTUBHOCTD
aJlaHMHAMUHOTpaHc(epaspl, acmapraTaMHHOTpaHC(EPas3bl, KOHIICHTPAIMIO MOYEBHUHBI H
KpeaTMHUHa B KpoBU. CyIECTBEHHO NOBBIIIAICS YPOBEHb MAaJOHOBOIO JUANbJAETHAA, B TO
BpeMsl KaK OTHOUIEHHME BOCCTAHOBJIEHHOTO TJyTaTHOHAa K OKHUCIEHHOMY TIJIyTaTHOHY B
rOMOTeHaTax TKaHeW ObuIo CHIKEHO. DymepeHos, SBISAACH JOBYIIKOH JUIsI CBOOOIHBIX

PadruKajloB, OKAa3bIBACT Heq)po— H I'CIIaTOIIPOTCKTOPHOC HeﬁCTBHe, 3amuiias KJICTKH IICYCHH U
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nouek ot Tokcuueckoro neictBus CCly. [IpoTexTopHoe aeiicTBre QyIIepeHoa 3aKi04aioch
B YBEJIMUYEHUHU COOTHOIIEHNS BOCCTAHOBIIEHHOI'O INIyTaTHOHA K OKUCIEHHOMY TJIyTaTHOHY, YTO
yKa3bIBaeT Ha TO, YTO (YJJIEPEHOI 3aIIUIIAET TKAHU U OPTaHbl OT OKUCIUTEIBHOTO CTpecca.

XO0poII0 U3BECTHO, UTO JTOKCOPYOHUIINH SIBIISIETCS] MPOTHUBOOIYXOJIEBBIM IIPENapaToM, HO
€ro MPUMEHEHUE OTPAHUYECHO M3-32 €r0 HU3KOM CEJEKTUBHOCTH M KapJUOTOKCHYHOCTH. B
ke pabot [140-143] B akcnepuMeHTax in vivo OblLTa MOKa3aHa MOTCHIMATbHAS 3alllUTHAsS
bynkuus pymiepenona Ceo(OH)24 Tpu TOKCHUECKOM BO3JEHCTBUM JOKCOPYOUIIMHA HA KIETKH
MIEYECHHU, MTOYEK U cep/ilia. ABTOPHI YCTAaHOBUIIH, UTO (yJIIEPEHOI MPOSIBISET CBOMCTBA renaTo-
, kapauo- u HedponpotekTtopa. B pabGote [144] mokasaHo, 4TO NPUMEHEHHE KOHBIOTaTa
nokcopyouninna ¢ ¢pymnepeHoM Ceo B SKCIIEPUMEHTAX in Vivo Ha MBITIIaX ¢ KapIIUHOMOM JIETKOTO
JIptonca NpUBOAMIIO K YBEIMYEHUIO MPOAOKUTEIBHOCTH KU3HU B 2,5 pa3a U YMEHBILIEHUIO
o0bema omyxoau Ha 63%, 10 CPaBHEHHIO C MHAMBHUAYAIbHBIM JOKCOPYOULIMHOM.

ABTOphl paboThl [145] cpaBHMIM aHTHOKCHJIAHTHOE JeWcTBUE (yiuiepeHona
Cs0(OH)18-20 1 acKOpOMHOBOMW KUCIOTHI. BBIJIO yCTaHOBIIEHO, UTO 002 COEAMHEHHS] HHTUOUPYIOT
npoiaudepanuo TIaAKOMBIIIEYHBIX KIETOK COCYJOB KPBIC W TJIAJKOMBIIIEYHBIX KIETOK
KOpPOHApHOU apTepur uyeioBeka. [IpuMeuarensHo, 4To QyaaepeHos B OOJbIIeH CTENeHU, YeM
acKOpOMHOBasi ~ KUCJIOTa,  WHTHOMpOBAI  aJNIOKCaH-UHAYIHMpPOBaHHOE  oOpa3oBaHue
CYNEPOKCUAHBIX AaHUOH-PATUKAJIOB M J0303aBUCUMO CHHUXXaJl aKTUBHOCTh ILIMTO30JIbHOU
npoTenHKUHa3bl C U TUPO3UHIPOTEUHKHUHA3HI.

B pa6ore [146] npoaeMOHCTPUPOBAHO, YTO (PYJUIEPEHOII B YCIOBUSAX in Vitro OJOKHPYET
NeHCTBUE TEPOKCHJa BOJOPOJA, KOTOPbIM MHIMOMpYyeT Mepenady CHrHajioB B HEHpOHax
TUIIIOKaMIIa KpBIC.

ABTOpBl paboThl [43] BHepBbIE MOKA3aIM KOPPEISIMOHHYIO 3aBHCHUMOCTh MEXKIY
pa3BUTHEM LUTOMETAJIOBUPYCHONH HMH(PEKIMH M WHTCHCHUBHOCTHIO MEPEKHCHOTO OKUCICHUS
JUNUA0B B THQUIIMPOBAHHBIX KJIeTKax ¢puOpo6acToB NETKOro yeaoBeka. bbuio ycTaHoBEHO,
410 aAnyKThl pyrnepeHa Ceo ¢ HATPUEBBIMU COJIIMU Y-aMUHOMACIISIHON U £-aMUHOKAIIPOHOBOM
KHCJIOT YMEHBIIAIOT CKOPOCTh 00pa30BaHMs MaJOHOBOTO JHAIBACTUAA B MUTOXOHIPHUSX.
1.6.5. PagnonpoTeKkTOpHBIE CBOICTBA

B pabore [147] cpaBauBanu > dextuBHOCTh Pymmieperona Cso(OH)24 (C = 10 u 100
MI/KT) U cTaHAapTHOTrO paauonporekTopa amudoctura (C = 300 mMr/kr) B 3amuTe KpbIC OT
BO3/JICHCTBUS HOHU3UPYIOLIETO U31yYeHHs. BblI0 yCTaHOBIEHO, YTO PaIMO3aLIUTHOE AEUCTBHE

¢dymiepeHona MpoOSBIAIOCH B ceNe3éHKe, TOHKOW KHIIKe M JETKuX. B cBowo ouepens,



37

aMU(GOCTHH TPEBOCXOAWS (PYJUIEPEHONI TIO0 PaJAMONPOTEKTOPHBIM CBONCTBAM TIPU 3alUTE
MeYeHu, cepana u noyek. OymiepeHon, no cpaBHEHUIO ¢ aMuPocTuHOM, Oosiee 3PHEeKTUBHO
MpeAO0TBpaIlajl pauallMOHHO-UHYIIUPOBAaHHOE CHUKEHUE YPOBHS JIEUKOLIUTOB.

B pab6ore [148] wusyuanace crnocoOHocTh dymiepeHona Ce(OH)zs yMeHbIIAThH
MOBPEXKJACHUS, BbI3BAaHHBIE BBICOKOPHEPTreTUYECKUMHU JJIEKTPOHAMHU TMpU JACHCTBUM Ha
MeMOpaHbl SPUTPOLIUTOB uesoBeka. bpiio oOHapyxeHo, yTo (yUIepeHON MPEnsTCTBOBA
MOCTPAIUAIIMOHHOMY TE€MOJU3Y, OTTOKY KaJlusl UM OKHUCICHHUIO THUOJOBBIX TPYII, a TaKXKe
NpeloTBpaliail TOBBIIICHUE TEKydecTh MeMOpaH U HU3MEHEeHHs] KoHdopMaiuii OerKoB.
[IpenrmnonoxuTenbHO,  pajuo3alllUTHBIE  CBOWCTBA  (yJUiepeHosa  OOYCIOBICHBI  €ro
crioco0HoOCTRIO TToromars ADPK.

B pabote [149] uccrnenoBaics 3axBaT CBOOOJHBIX PATUKAIOB U ITUTONPOTEKTOPHOE
neicteue ¢ymiepeHonoB Ceo(OH)s 12, Ceo(OH)s234 u Ceo(OH)ss. ¢ ncnonp3oBaHueM
kepaTuHouuToB uenoBeka (NaCaT), moasepruyTsix neictButo Y @-o6mydenus. B pesynbrate
YOB-o6nyuenus B kiaetkax NaCaT ObicTpo MOBBIIANCS YPOBEHb OKUCIUTEIBLHOTO CTpecca,
IPOUCXOIMWIO 00pa3oBaHHe IUKIOOYTAaHMUPUMUIMHOBBIX auMepoB B Mmoiekyine JHK u
KOHJICHCAllUsl XpOMAaTWHA. YcTaHOBIEHO, 4To mnoBpexaecHus NaCaT, Bwi3BanHbie Y-
00JIy4eHHEM TIOJIABJISIIOTCS BCEMH HCCIIEIOBAHHBIMHU (PYyJIIEpeHOIaMH, ITUTOMPOTEKTOPHOE
JIEUCTBUE KOTOPHIX CBsizaHO C moriomienrnem ADK.

1.6.6. B3aumoaeiicTBue ¢ 0eJiKaMu

®OyruiepeHsl 00pa3yloT HAIAMOJEKYISIPHbIE KOMIUIEKCHl ¢ OelkaMu, Kak ObUIO TOKa3aHO B
paborax [150,151]. B wactHocTH, B pabote [151] Ob11 ipoBe€H MOKUHT KapOokcudysuiepeHa
Cs c uetbipbMs Oenkamu (npoteasa BUY, dynnepen-crnenuduueckue anturena, YHCA u bCA)
u ObuTa OOHapy’KeHa BBICOKAs CTETIEHb TOMOJIOTHH CaiiTOB cBsi3biBaHus. Ha Puc. 17a npuBenen
obmuii Bua xkomiiekca YCA-kapOokcudyminepern. Ha Puc. 176 moka3zaHo B3auMoOJeHCTBHE

KapOOKcHu}yIIepeHa ¢ aMUHOKUCIOTHBIM pparmenToM Trp214 cybnomena I1A YCA.



Puc. 17. O6ummit Bug xommiekca UCA c kapOokcudymiepenom C; (a); B3auMoJIeHCTBUE

KapOoKcudyiepeHa ¢ aMUHOKUCIOTHBIM (parmenTom Trp214 cybonomena [IA UCA (6) [150].

B pa6ote [152] Gbuto uccnemoBano B3aummojaeiictBue 6enkoB BCA u y-rimoOynunHa
dbymnepenonom Ceo(OH)s4. brima o6Hapyx)eHa ciocooHOCTh Coo(OH)44 2 hexTHBHO TYIIUTH
BHYTPCHHIOIO ()JIyOPECICHIIMIO OETKOB 10 JHUHAMHYECKOMY MEXaHU3MY;, PacCUYUTAHHBIC
3HAUCHUs KOHCTAHT CBS3BIBAHUS W3 JAHHBIX IO TYHMICHUIO (IIYOPECUEHIIMA UMEIOT TOPSIOK
10*. BbLJIO yCTaHOBIIEHO, UTO CBA3BIBAHKE (PyILIEpEHOIIA ¢ OEIKAMHU ABISETCS SK30TEPMUUECKUM

mponeccom.
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I'naBa 2. JkcnepuMeHTAJbHAA YaCTh
2.1. Cunre3 u ugenTuurkanus aggykroB Cro-Lys u C7o-Thr

Jlns mpoBeneHust cuate3a aanykToB Cro ¢ L-mu3unom (Cro-Lys) u L-tpeonnnom (Cro-
Thr) ucnonszoBancs ¢ymnepen Cro (uucrora 99,9 mac. %) mpoussoactea 3A0 «UJIUII» (r.
Cankr-IlerepoOypr), L-nmu3un (Panreac, X4), L-tpeonun (Panreac, X4), Tonyon (Bexkron, OCH
22-5), nenonuzoBanHas Boja (18 MOwm-cm), ruapokcun Hatpus (BekToH, x4), aTanon (Pocowno,
95 %). Cuntes3 annyktoB Cro-Lys u Cro-Thr npoBoamics mo Metoauke, pa3padoTaHHON paHee

B Hamiei HayyHou rpynmne (Puc. 18).

0 NaOH, EtOH

T

R= -(CH2)4NH2; n=3
R = -CH(CH;)OH; n=2

Puc. 18. Cxema cunresa annyktoB QysmiepeHa C7o ¢ aMUHOKHCIIOTAMH.

Hagecku amunokucinots! (0,1 mons) u NaOH (0,2 mmonb) pactBopsiiv B 30 M1 BOABI.
[I1énoup Mcnonbp30BaNach Uil CO3AAHMS CUIBHOILIEIOYHONW CPEbl U NEPEBOIa AMUHOKHUCIIOTHI
B colieByl0 (hopMmy. 3aTeM K pacTBOpPY M00ABISUIM HACHIIEHHBIH pacTBOp ¢ymiepera Cro B
tonyosie (1 r B 600 mu) u stanon (200 mut) ang obecredeHus] B3aMMHOM pacTBOPUMOCTH (has.
Jlanee NONYyYEHHYIO pEAKIMOHHAs CMECh IEPEMEIIMBAIM HA MAarHUTHOW MeEIIaIKe IpH
KOMHATHOW TEMIEpaType B TEYEHUE CeMM JHeW. I3 peakuMOHHOW CMECH OTTOHSIIN
pacTBOpUTENIb HAa POTALMIOHHOM HcCHapuTesne U 00pa30BaBIIMICS OCAJOK PaCTBOPSUIA B BOJE.
3aTem OT(UIBTPOBBIBAIIM PACTBOP OT HEPACTBOPUMBIX ITpUMeEcel peareHToB. Jlanee mpoBoauiIu
NEePEeKPUCTAIUIM3ALNIO aJIyKTa QysiepeHa u3 atanona. [locie 3Toro moxy4eHHbI 0cagok ObLT
IPOMBIT 3TaHOJOM 10 HeUTpanbHOl peakuuu cpensl (pH = 7). IlonyuyeHHble coenuHeHUs
BeIcyIIMBaiIu npu 60 °C. BeIxoa nojy4eHHBIX MPOAYKTOB cocTaBuiI ~85 %.

Wnentudukanuss MONYYEHHBIX COCIWHEHHH MPOBOAWIACH MPH MOMOIIM KOMILIEKCa
(usuko-xumuueckux MetonoB: SC IMP-cnexrpockornuu (Bruker Avance 111 400 WB, CIIA)
metogamu CP/MAS (kpocc-nomnsipusanus/Bpamienne noj maruueckum yriom) u DE (mpsimoe
B0o30yxaenue), UK-cnexkrpockomnuu (Nicolet 8700, CILIA), Y ®-cnekrpockonuu (SOLAR CM
2203, benapyce), tepmorpaBumerpuueckoro ananmuza (NETZSCH TG 209 F1 Libra,
['epmanus), snemenTHoro ananu3a C, H, N (Euro EA-3000, UTtamust) u BeICOKOA()(HEKTHBHOM

xuakoctHo xpomartorpaduu (BOXKX, Shimadzu LC-20 Prominence, Anonus).
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2.2. DU3NKO-XMMHUYECKOe H3yUYeHHe PACTBOPOB, copepxamux aaayKrbl Cro-Lys u Cro-Thr

Boausie pactBopsl Cro-Lys u Cro-Thr roToBWIM ¢ UCHOJIB30BAHUEM AHATUTUUYECKHUX
BecoB (Sartorius CP224S, CIIA, Tounocts 1077 kr). Jing npoBeaeHus (QU3HMKO-XUMHYECKUX
UCCIEAOBAaHUN UCIOJIB30BAJIACh JEUOHU3MPOBAaHHAS BOAAa. OUYUCTKY BOJbI MNPOBOJUIN C
MCIIOJIb30BAHUEM YCTAHOBKH JUIsS MOJIy4E€HHs JeMOHM3MpoBaHHOM Boasl Millipore Simplicity
UV (CIIA).

N3mepeHus: MIOTHOCTEN pacTBOPOB MPOBOAMIOCH HAa aHAJIU3aTOpPE IJIOTHOCTH Anton
Paar DSA 5000 (ABctpus). IToropsiemocts n3mepenuii — 1-1076 r-cm 3, Tounocts nsmepenus
mwiotHocTH — 5-107% r-em>. Tounocts m3mepenus temmeparypsl — 0,01 K. Kamubposky
nprOopa MPOBOIUIH 110 BOJIE U CYyXOMY BO3JIYXY.

3naueHus Ba3kocTeil OunapHbix cucreM Cro-Lys — H2O u Cro-Thr — H2O B unrepBane
temneparyp (293,15 —333,15) K 6pu1u nonydens! Ha Mukposuckozumerpe Lovis 2000 M Anton
Paar (ABctpus). Kanmwmuigp kanuOGpoBaliu ¢ HCIOJIB30BAaHUEM JIEMOHU3UPOBAHHOW BOJIBI,
3aMOJIHSJIA 00pa3loM U 3aTEM TEPMOCTaTUPOBAIM B TeueHHEe 15 mMuH. TOYHOCTH KOHTPOJIS
temriepatypsl — 0,02 K, Tounocts onpenenenus Bszkoctu 0,5 %.

KoHueHTpannonHble 3aBUCUMOCTH MOKa3aTesiel MpeioMIIeHUs! BOJHBIX pacTBOpoB Cro-
Lys u C70-Thr npu temnepatype 298,15 K nmomyvanu ¢ ucrnonb30BaHHEM aBTOMATHYECKOTO
MHOTOBOJIHOBOTO pedpakTomerpa Abbemat WR / MW Anton Paar (ABcTpusi) npu JyIMHE BOJHBI
589,3 um. TounocTe u3zmepenust remnepatypsl — 0,03 K, TOUHOCTh onpeiesieHus: moKa3aTesns
npenomienus — 4107

[Ipubop Cyber Scan PC-300 (CILA) npumensnacs jsi ONPEACNICHHsS YAETbHOU
3NIEKTPOIIPOBOHOCTH  BOJHBIX PAacTBOPOB  (YJUIEPEHOBBIX aJAyKTOB. (OTHOCHTENbHAs
MOTPEIIHOCTh ONpeAENICHUs YIeTbHON 3JIEeKTPONPOBOIHOCTH cocTaBisiia 1 %.

HccnenoBanue MOBEPXHOCTHBIX CBOWCTB BOJHBIX PACTBOPOB (DYIJIEPEHOBBIX aJTyKTOB
npu 298,15 K npoBoauIoCch ¢ MCMOJIB30BAHUEM PA3JIMYHBIX (PU3HUKO-XUMUYECKUX METOJIOB,
TaKUX KaK METOJ I1acTuHbI Bunbrensmu, yrioBas Mukpockonus bptocrepa (BAM) u atomHo-
cwioBast Mukpockorust (ACM). Mopdonoruto mia€HOK, o0pa3yromuxcs Ha TOBEPXHOCTH
BOJHBIX PAacTBOPOB AJIyKTOB, HCCIEAOBANMU in Sifu C TOMOIIBIO YIIIOBOTO MHUKPOCKOMA
Bbproctepa (NFT, I'epmanusi), OCHaIlIEHHOTO TeIUi-HEOHOBBIM J1a3epoM MoIIHOCThi0 10 MBT.
JlononauTtensHo ObuTa U3yyeHa MOp(oiorus MIEHOK aTyKTOB, IEPEHOCUMBIX C TTIOBEPXHOCTHU

pacTBopa Ha TBEpPAYI TOMIOKKY Meromom Jlearmoopa — Illedepa. DxcnepuMeHTHI
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MIPOBOJIUIIMCH HA CKaHHMPYIOIIEM 30HI0BOM MuKpockorie Nano Scope IV (Digital Instruments,
CLIA).

Usmepenust pacnpenenenuss HaHouyacTul] Cro-Lys u Cr-Thr mo pasmepam u
ANEKTPOGOPETUYECKON MOJBUKHOCTH B BOJHBIX PACTBOpax MPOBOAMINA Ha mpubdope Malvern
Zetasizer 3000 (BenukoOpuTtanusi). 3HaueHUs] MHACKCA MOJIUIUCTIEPCHOCTU cocTaBisiin 0,24—
0,47.

2.3. U3yyenue 0uocomectumoctu aaaykrToB Cro-Lys n Cro-Thr

UccnenoBanus Obutn o1006pens! JIokanbHbIM 3THYeCKUM kKoMuteToM [lepBoro CaHkT-
[TeTepOyprckoro rocyJapcTBEHHOI0 MeIULMHCKOro yHuBepcutera um. akazd. M.I1. Ilarnosa,
HKCIIEPUMEHTAIIBHBIE MPOIIETYPhl COOTBETCTBOBAIM PYKOBOISIIUM MPUHIUIIAM YHUBEPCUTETA
Y 3TUYECKUM cTaHgaptam [153].
2.3.1. I'emocoBMeCTHMOCTDH
2.3.1.1. CioHTaHHBII TeMOJIN3

N3ydyeHre CHOHTAaHHOTO TeMOJI3a MPOBOJWIM NYTEM HM3MEPEHUS ONTHYECKOU
IUIOTHOCTH CYTIEPHATAHTOB MPH JJIUHE BOJIHBI 540 HM C TOMOIIIbIO MUKPOILJIAHIIIETHOTO pUaepa
Allsheng AMR-100 (KuTait). Jl5ia mpurotoBieHus: 00pa3ioB rOTOBHJIM CMECH, COIepKaIyto 1
M1 pactBopa annaykra ¢ymnepera Cro-Lys wmu Cro-Thr (C = 1-100 MxM) u 1 mn B3BecH
PUTPOIIMTOB B n30ToHUYeCcKOM pacTtBope NaCl. [Tocne atoro oOpasisl HHKyOHpoBanu npu 37
+ 0,2 °C B Teuenue 1 u 3 4, a 3aTem nentpudyruponanu B reueHue 1 mun npu 3000 06/MuH.
2.3.1.2. Arperanusi TpoMOOIIUTOB

[Tocne monydyeHus: HTHGOPMUPOBAHHOTO COTJIACUsl KPOBb JUISl MCCIIEJOBaHUS Opanu y
noHopoB (n = 8), B Bo3pacte 20—-30 neT, He mojy4yaBmuX B TedeHue 7—10 gHEl npemnaparTos,
BIUAIONIMX Ha (PyHKIUIO TpomOomuToB. KpoBb oTOupanu B BakytedHepsl (BD, CIIA),
cojJieprKalue B kauecTe ctabunuzaTopa mutpat Hatpus (C = 0,129 M) B COOTHOIIEHUH LIUTPAT
HaTpusi: KpoBb — 1:9. CTaOUIU3UPOBAHHYIO KPOBb EHTPUDYTUPOBaIHM 7 MUH TP KOMHATHOU
temrnepatype u 1000 o6/mun (150g). Yacte Goratoit TpomMOOUMTaMHU TUIa3Mbl OTOMpPAIA B
IUTACTUKOBYIO TPOOMPKY B KOJMYECTBE, HEOOXOTUMOM I BBIMOJHEHHUS aHanmu3a. U3
OCTaBILIEHCS KPOBHM TMOJy4aiud OeqHYH0 TpOoMOOIMTaMH I1a3My LEHTpU(PYTUPOBAHHEM B
teuenue 30 mun npu 3600 o6/mun (2500g). beanas TpomOoIMTaMH 1a3Ma UCIOIB30BANIACh
s kanmuOpoBku arperomerpa (SolarAP 2110, benmapycs). [lnasmy cTtangapTtu3oBaiu 0
IONYYeHUs KOHIEHTpauuu Ttpombouutos (2,00-2,50)-10'/n ¢ yuérom mobasienus

TCCTUPYCMBIX BCUICCTB.
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Arperaiuio TpoMOOIIMTOB B Ooratoil TpoMOOLMTaMU IIJIa3M€ HCCIEIOBAId C
MCIIOJIb30BAHUEM CIIEyIOIINX UHAYKTOpoB arperauuu: AJI® (koneunas koHuentpauus — C =
10 MxM), komnarena (koHeyHas KoHueHtpamms C = 2 MM ') W agpeHanvHa (KOHEYHas
xounenrpamus C = 10 mxr-mir '), (Chrono-Par Reagents, Chrono-Log Corporation, CIIIA).
BnusiHue annyktoB (ysuiepeHa Ha MHAYLHUPOBAHHYIO arperamnuio TpPOMOOLUTOB ONPEEsUIN,
cmemmBas B KrooBerax 270 Mk Ooraroit TpomOomutamu 1uiazMbl U 30 MK pacTBopa
HCCIIEIyEMOr0 BEIIECTBA INMPU KOHEUYHOW KoHUeHTparuu S5, 10, 25, 50, 75 u 100 mxM,
COOTBETCTBEHHO. MHIYKTOpHl BHOCWJIM B KIOBETHI 4epe3 5 MHUH MOCJE MHKYOalluu CMECH.
Arperanuio perucTpupoBajy 10 BbIXOAa KpUBOM Ha miaTo. JlaHHBIE MPEACTaBISAIM B BUIE
«cpeqHee + cTaHJapTHAs OITMOKA CPETHETOY.
2.3.1.2. Ilna3MeHHO-KOATYJISALIUOHHBII reMocTas

Bnusinue annykToB Cro-Lys u C7o-Thr Ha niaa3MeHHO-KOAryJsIIMOHHBIN TeMocTas OblLIo
U3Y4YCHO TpH J00aBJICHHH pPacTBOpa TECTUPYEMOro BemiecTBa B miasmy B Tecrtax AIITB
(axTHBHPOBAHHOE MapLHAIBHOE TpoMOoIIacTUHOBOE Bpemsi) u [1B (mpoTrpomMOnHOBOE Bpemsi).
Hcnonb3oBanuck Habopsl peareHToB i onpenenenus AIITB u IIB (Texnonmorus-Crannapr,
Poccus). Msmepenust npoBoaunu Ha koaryiaomerpe AIIl2-02-I1 (BKMO, Poccus). dns
MPOBEACHUSI UCCJIEAOBAHUN UCIIONB30BAIM KOMMEPUYECKYIO IUIa3My 3/I0pPOBBIX JOHOPOB
(Texnonorus-Crangapt, Poccust). g xax ol KOHIEHTpAIMU aJayKTOB MPOBOIWIOCH TPH
n3mepenus. s storo cmemmBany S0 Mk r1a3msel 1 S0 MKJI pacTBOpa BelleCTBa TP KOHEYHOU
koHeHTpanuu 5, 10, 25, 50, 75 u 100 mxM, nakyouposanu nipu 37 °C B Teuenue 60 c u, B
COOTBETCTBUU C TMPOTOKOJIOM HCCJIEI0BaHUSA, OMPENEIsId BpeMsi 00pa3oBaHMUsl CTyCTKa Ha
ananuzarope B Tectax AIITB u I1B.
2.3.1.3. CeasbiBaHKe ¢ a1b0YMHHOM

W3ydyenne cBsS3bIBaHUS aIAyKTOB (ysuiepeHa ¢ YeIOBEYECKUM CBIBOPOTOYHBIM
ansoymuHOM (UCA; buonor, Poccust) mpoBoawnu Ha ciektpodaroopumerpe Solar (benapycs).
Perucrpaiusi CieKTpoB SMHUCCHUM OCYIIECTBIUIACH B Auana3zoHe JuH BoJH 310450 M u
uHTepBane Temmeparyp 298,15-318,15 K; nnuna BomHBI BO30yxaeHus coctaBisia 290 HM.
Konnentpanust YCA coctaBiasiia 3 MKM, KoHueHTpauus aanayktoB d¢ymaepeHa Cro
BapbupoBainack B Auanazone C = 0,3—1,5 mxM c marom 0,3 MxM u B nuanazone C = 6,0-24,0
MKM ¢ marom 3,0 MmkM. M3mepeHust mpoBOIUINCH B OTCYTCTBUU U B MPUCYTCTBUH MapKEPOB

CaliTOB CBS3BIBAHUS, B KA4€CTBE KOTOPBIX ObUIM MCHOIB30BaHbl BapdapuH (Sigma, CILIA),
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uoynpoden (Sigma, CIIA), nurutonun (Sigma, CIIIA) ¢ koHeuHoi koHueHTparueid C = 3
MKM.
2.3.1.4. IcTrepa3Hasi aAKTUBHOCTD

Jlist OLIeHKM BIUSIHUS aJyKTOB (DyJUIepeHOB Ha 3cTepa3Hyro akTuBHOCTh YCA Obutn
IPUrOTOBIIEHBI pacTBOPHL: n-HUTpodenunanerat (HPA; Sisco Research Laboratories, Muaus)
B atanone, UCA, Cro-Lys u C7o-Thr B docharro-coneBom 6ydepe (PBS; Ilansko, Poccus) ¢
pH=7,02. ITocne cmenienus: pactBopoB, puHanbHasg KoHueHTpauus HPA cocraBuna 100 MxM,
UCA 3 mxM, C7o-Lys u C70-Thr ot 0 g0 24 MxM. CkopocTs rugposuza HOA omneHuBamu 1mo
o0pa3oBaHuto n-HUTPO(PeHoa CIEKTPOHOTOMETPUUECKUM METOAOM IPH AJMHE BOITHBI 405 HM.
B pesynbTare Obuin MoaydeHbl KHHETHYECKHE 3aBUCUMOCTH peakiuu ruaponnza HOA YCA B
OTCYTCTBHUE U B IPUCYTCTBUH aITYKTOB (PyJIEPEHOB.
2.3.2. AHTHpAIUKAJIbHAS AKTUBHOCTD

HccnenoBanne aHTHpaauKaibHOW akTUBHOCTH aaayktoB Cro-Lys m Cro-Thr co
CTaOMIBHBIM ~ panukanioM 2,2-gudenun-1-nukpunruapazunom (API; Sigma, CILIA)
npoBoawin Ha cnekTpodoromerpe Thermo Scientific Evolution 300 (CILIA). s sToro Obut
npurotosieH pactBop APIII B aranone ¢ konuentpanueii (130 mxM), pactBopsl agaykToB Cro-
Lys u C7o-Thr B Boze ¢ konnenTpanueii (200 MmcM). B kBapIieByro KIOBETY J0OABIISIIH PACTBOP
J@IIT (1 mi) u pactBop Cro-Lys unmu Cro-Thr (1 mi). B ktoBeTy cpaBHEeHHUs MOMEUIAIA CMECh
staHona ¢ Boaou (1:1). [ns monmydeHuss KMHETHYECKOM KpuBoul BoccTtaHoBieHust DI
PErUCTPUPOBAIIM ONTHUYECKYIO IUIOTHOCTh NpPH JJIMHE BOJIHBI 515 HM B TemmepaTypHOM
nuarnasone 298,15-318,15 K B temHOTE Yepe3 kaxayr0o MUHYTY B TeueHue 30 MUH, a Takxke
yepe3 6 ITHel rnocie Hayaia peakiuu. TouHocTs TepMocTaTupoBanus coctasisiia 0,1 K.
2.3.3. [INTOTOKCHYHOCTH U npoJupepanns
2.3.3.1. IUTOTOKCHYHOCTh

Nzyuenne nutorokcuuHocTH aaaykToB Cro-Lys u C7o-Thr Ob110 TPOBEACHO C TTOMOIIBIO
MTT-tecta (Opomuna  3-(4,5-numeruntuazon-2-un)-2,5-mudenunterpazonus;  Ilansko,
Poccusi) Ha knetkax mnouku sMmOpuoHa uenoBeka HEK 293 (0GaHk KIIE€TOYHBIX KYyJIBTYp
Wuctutyra uuronorun PAH). Knetku kynptuBupoBanin B COz-unkybarope npu +37 °C B
yBIQXXHEHHOH aTMocdepe, conepxameil Bo3ayx u 5 % CO: B nutarensHoit cpene DMEM
(ITansko, Poccus), conepxaieid 10 % TepMuyeckn MHAKTUBUPOBAHHYIO (PETAbHYIO ObIUbIO

1

ceiBopoTKy (Gibco, CIIIA), 1 % L-rnyramuna (ITansko, Poccust), 50 Eq-mn nenunuminHa

(IMansko, Poccus) u 50 Mxr-mu ' crpenromununa (Ilansko, Poceus).
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B pesynbrate BozaeiictBus HAJI(®)H-3aBHCHUMBIX KIETOUHBIX OKCH0penykTaz Ha MTT
o0OpasyeTcst OKpallleHHbIN TPOIYKT ((hopMazaH) C MAKCUMYMOM TOTJIOIICHUS TIPH JITTUHE BOJIHBI
540 HM, cozeprkaHle KOTOPOTO MPOMOPIHOHATBLHO KOJMYECTBY ) KHU3HECITOCOOHBIX KIIETOK.

JIns mpoBeNeHUs SKCHEpPUMEHTa KIETKA BBICEMBAIM B 96-TyHOUHBIM IUIAHILIET U
nomemain B TeueHne Houn B COz-MHKYOaTop: 3a 3TO BpeMs NPOUCXOIUIO MPHUKPEIICHHUE
KJIETOK K TOBEPXHOCTH JYHOK (B Kaxayro JyHKy BHocwim 5000 xietox B 200 MK cpembl
DMEM). [loacy€Tr ymucna KIETOK MPOBOJWIICA HAa aHAJIU3AaTOPE KU3HECIOCOOHOCTH KIETOK
BioRad TC10 (Bio-Rad Laboratories, CILIA), mocne dero B JyHKH ObLT T0OaBJIEH pacTBOp,
cojaepKanui aaaykTel QyuiepenoB. MHKyOarus KIE€TOK B IUIAHIETaX MpojoipKaiack 48 4 B
COz-unky6arope npu +37 °C. [lo okOHYaHMHM WHKYOAIIMOHHOTO IEpPHOJia KYJIbTYPaTbHYIO
cpeny DMEM cnuBanu nytém nHBEpTHpOBaHMs MaHmera. [lanee B myHku BHocwin 100 Mk
cpensl DMEM u 20 M1 MTT-peareHTa U IUIaHILIETHI C KIETKAMU HHKYOMpOBaiu B TeueHue 1
y B COz-unky6arope npu +37 °C. [locne ynaneHus HagocaI0YHON >KUIKOCTH TMOJIYYCHHbBIC
KpUCTAJLJIBl (popMaszaHa ObUIM pacTBOPEHBI B TeUeHUE 15 MuH npu nepememinBanuu B 200 MK
mumetmiicynbpokcuaa (Bekron, Poccus) Ha nynky. Jlanee u3Mepsuii ONTHYECKYIO TUIOTHOCTD
MOJIYYEHHBIX pacTBOpoB Ha miuaHmeTHoM puaepe Allsheng AMR-100 (Kutait) npu anmunax
BoJIH 540 M 1 690 HM. J{11s1 KOppekiu GpoHa U3 3HAYEHUN ONTHIECKOU TUIOTHOCTH Tipu 540 HM
BBIYMTAJIA 3HAYCHUS ONTHYECKOW TMUIOTHOCTH Tpu 690 HM HJisi COOTBETCTBYIOIIMX JIYHOK.
JlanHble OBLTM HOPMUPOBAHBI B IPOLEHTAaX 10 OTHOIIECHUIO K KOHTPOJIbHBIM KJieTKaM [ 152].
2.3.3.2. Kuterounas npouaudgepanus

Knerounyto mnponudepanuio OLEHUBAIM C HCIOJIb30BaHUEM cyibpopoaamuHa B
(Sigma, CIIA). Knnerku HEK293 BriceBanu Ha 96-1yHOUYHBI MUKPOILUIAHIIET B KOHIICHTPALIUU
2-10* knetok Ha nyHKy. KieTkn uHKyOMpoBany B TeueHue 48 4 B IpuCyTCTBHU anaayKkToB C7o-
Lys u C7o-Thr unu 6e3 HuX (KOHTPOJIB), a 3aTeM JA00aBsuH B Kaxayro JTyHKy 100 mxm 10 mac.
% TpuxsopykcycHou kucaotsl (Sigma, CIIIA). Ilnanmers nuakyOupoBanu npu 4 °C B TeUeHUE
1 4, mpombIBaJIM AUCTHIIIMPOBAHHON BOJIOM M CYHIMJIM MIPU KOMHATHOM Temmeparype. [locne
no6asnenus 100 mxi 0,057 mac. % pactBopa cynbdopogamuna B B 1 mac. % yKcycHOM KUCIOTHI
(Bekron, Poccust) mianmeTsl MHKyOMpPOBaJM MPU KOMHATHOM Temneparype B TedeHue 30 MUH
U TNpOMBIBAIM ueThlpe pa3a | Mac. % YyKCYCHOW KHCIOTHI JUIsl YAQJEHUS HECBA3AHHOIO
KpacuTtens. M3MepeHus: onTHYecKoi MIOTHOCTH MPOBOAMINCH MpU 510 HM ¢ HCTOIB30BaHUEM
wianmernoro punepa Allsheng AMR-100 (Kuraif) mocne no6asnenus 200 mxn 10 MM

oydepnoro pactsopa Tpuc (pH = 10,5; [Taa3ko, Poccust) B kax1yro TyHKY.
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2.3.4. BzaumopaeiicrBue ¢ JJTHK
2.3.4.1. CeaszbiBanue ¢ JJTHK

Y®-cnektpsl ornonieHus pactsopos Cro-Lys u JIHK (Fluka, CIIIA), C70-Thr u JIHK B
nuarnas3one JuiiH BoH 220-340 HM peructpupoBaiu Ha criekrpodoTomeTpe Beckman Coulter
DU 800 (CIIIA) oTHOCUTENBHO KOHTPOJIS B KBapLeBol kioBete (/ = 1 cm). Pabouune pacTBopsl
nosydanu cmermuBanueMm pactBopoB JIHK u Cro-Lys, C7o-Thr mpu koMHaTHOM TemmepaType.
Urorosele konuenrpauuu JHK cocrapumu 1,67-107%-3,89-10° monp-n!; koHnenTpanuu
aykToB — 4+107 Mosb-11 !, DKCIIEpUMERTHI IPOBOAUIKCH B (PU3HOIOTUUECKOM PACTBOPE.
2.3.4.2. ' eHOTOKCMYHOCTH

I'enotokcuuHocTh anaykToB Cro-Lys u Cro-Thr onenuBamace metomom JIHK-komer ¢
UCIIOJIb30BAHMEM MOHOHYKJIEAPHBIX KJIeTOK nepudepuueckoid kposu uenoeka (MKIIK) mpu
MOMOINM  IIEJIOYHOTO renb-anekTpodopesa [154]. JAHK-xomeTsl BHU3yanu3upoBain €
ucrnoib3oBanueM ¢uyopecuenTHoro mukpockona Micromed 3 LUM (Poccus). U3mepenus
muH xBoctoB JIHK-koMeT mpoBoaMIMCh € KCMOJIB30BAaHUEM IPOTPAMMHOIO OOECTIeYeHUs
CASP (Bepcust 1.2.2). Conepxxkanue JIHK B xBocTe u jummHa XBOCTa OBLIM ONpEEICHBI

HKCMEPUMEHTAIBHO; MOMEHT XBOCTa OBbLI paccuMTaH Kak mpoleHTHoe conaepxkanue JHK B

XBOCTE, YMHOXKEHHOE Ha JUIMHY MEK]y LIEHTPOM I'0JIOBBI KOMETHI U €€ XBOCTOM [155].
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I'naBa 3. O0cy:kaeHue pe3yJbTaTOB
3.1. Cunre3 u uaenTuukauus aagaykro Cro-Lys u C7-Thr
3.1.1. BC AMP-crieKTpoCKonmust

B kauectBe mpumepa Ha Puc. 19 npencrasnen SIMP-cnektp agmaykra Cro-Thr. Ananus
CIIEKTpa MO3BOJIAET oxapakrepuszoBath oopasen Cro-Thr: (/) nmuk B obmactu 177 M. A. MOXKeET
ObITh OTHECEH K aToMaM yriepoja (QyJIepeHOBOTO sIpa, CBS3aHHOTO C MOJEKYJION
amuHOKuCIOTH (Puc. 19, a); (2) unTeHCHUBHBIN MUK mpu 166 M. . COOTBETCTBYET aToOMy
yriaepoga B KapOOKCHIIbHOM rpyrmime aMuHOKHCIOTH (Puc. 19, 6); (3) nmuku ¢ XMMHUYECKUMU
casuramu 105 1 74 M. 1. MO’)KHO OTHECTH K aTOMaM yriiepojia QyJIepeHOBOTO sIIpa, CBI3aHHOTO
¢ atomoM Bomopoaa (Puc. 19, 6 u 6*), ogHOBpeMEeHHOE MPHUCYTCTBHUE JIBYX MUKOB MOXHO
00BSICHUTH MUTpAIIME aToMa BOJI0poia npu aTake L-tpeonnna no cBsizu C=C; (4) xuMuuecKkui
CIBUT, paBHbIK 62 M. 1., MOXHO HWISCHTU(HUIIMPOBATH KaK CUTHAJI aTOMOB YyTrJiepojaa B
aMUHOKHCJIOTE, CBSI3AHHBIX C TUAPOKCUIbHBIME Tpynmamu (Puc. 19, 2); (5) nuk okoino 45 m. 1.
MO>KET OBITh OTHECEH K aTOMaM YIJIepoja, KOTOpPbIe MPUCOeANHEHBI K aToMy a3oTa (Puc. 19, 0);
(6) MUK ¢ XUMUYECKUM CIIBUTOM 18 M. . OTHOCHUTCSI K aTOMY YyTrjiepojia METHUJIbHOUW TPYIIIbI
Monekyibsl L-tpeonuna (Puc. 19, e). J{nsa cpaBHenus Ha Puc. 19 npexncrasnens! crnektpsl BC
SAMP, nonydeHHble ¢ wucnoiab3oBanueM wmetomga CP/MAS nmns uwmctoro ¢ymiepena Cro
(KpacHbIN) U YUCTOTO TPEOHHHA (3€NEHBIN). 3HAUUTENbHOE CMEIEHUE XUMUYECKOTO CIIBUTra
aToma yryepoza (1o CpaBHEHHUIO ¢ YUCThIM L-Tpeonunom, Puc. 19, 0) MoxeT ObITh CBSI3aHO C
TEM, 4TO 3TOT aTOM CBSI3aH C aTOMOM a30Ta, MPUCOSTUHEHHBIM K PYyJUIEpEHOBOMY KODY.
3.1.2. UK-®ypbe cneKTpPOCKONUs

[Tonyuennbie nanHpie HMK-Oypbe CHEKTPOCKONMHU MO3BOJSAIOT OXapaKTEPU30BaATh
annykTtel Cro-Lys (Puc. 20, a) u Cro-Thr (Puc. 20, 6). Iluku B IIUHHOBOJIHOBOM 00JacTH
crekrpa (500-1100 cm ') coorBeTcTBYIOT KONeOanusam cBaseit C—C monexynsl (ymiepena. B

! HaxXoJUuTCA IIHK, COOTBGTCTBYI-OHII/Iﬁ BaJICHTHBIM KOJICOaHUSIM

uHtepBane 1335-1345 cm
cesaseit C—O. TTuk okono 1400-1410 cm™!' oTHOCHTCA K nedopManoHHbIM Konebanusam OH-
IPYII aMUHOKHUCIOTHBIX OCTarkoB. IIuk B unTepBane 1577-1585 cm™' MOXHO OTHECTH K
nedopMallMOHHBIM KOJIeOaHUSIM aMUHOTPYMIbl. MaJOMHTEHCUBHBIN MUK B 001acTu 28502950

cM !

OTHOCUTCSI K BaJICHTHBIM KOJEOAHUSIM METUJICHOBBIX TPYMHI B OCTATKAaX aMUHOKHUCIIOT.
Hakonen, mupokuii muk B uaTepsane 3300-3500 cMm ™! cOOTBETCTBYET BaJIEHTHBIM KOJIE0aHUIM

OH-rpynn aMMHOKHCIIOTHBIX OCTaTKOB.
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[ 1 1 1 | 1 I 1

200 150 100 50
XUMHUYECKHUU CIOBUT, M. 1.

Puc. 19. 3C SAMP-cnextpsr C7o-Thr (—), pymrepena C7o (—) u L-Tpeonuna (—), moaydeHHBIE
merogoM CP/MAS u 3C SIMP-cniektp agnykra Cro-Thr (—), nonydennsiii merogom DE.
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Puc. 20. UK-®ypbe ciektpsl anaykToB Cro-Lys (a) u C7o-Thr (6).
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3.1.3. TepmorpaBuUMeTPUYECKHIA AaHAIN3

Ha Puc. 21 npencraBieHbl pe3yabTaTbl TEPMOIPABUMETPUYECKOIO aHAIN3a aIIyKTOB
C70-Lys u C70-Thr.

(a)

T T T T
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e oA, )
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400 600 800 1000 1200
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Puc. 21. PGSYJ'IBTaTbI TEPMOTPABUMETPUUICCKOI0 aHaJIn3a: TEMIICpATypPHasaA 3aBUCUMOCTD ITOTCPU

Macchl anykToB Cro-Lys (a) u Cro-Thr (6) (crutommnas nuHusA) U quddepeHmanbias Kpupas
(MyHKTHpHAs JIUHUSA).
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Ha ocHOBaHMM TOJYYEHHBIX [aHHBIX MOXHO CJeNaTh CJeayrolue BbIBOAbI: (/) BHauaie
MPOUCXOAUT JAecopOIMs BOJABI W3 KPUCTAUIOTMAPATOB aIayKTOB (ysuiepeHos; (2) mnpu
JaNbHEHIIEM MOBBIIIICHUH TEMIIEPaTypbl IPOUCXOTUT Pa3NI0KeHNE aMUHOKUCIOTHBIX OCTaTKOB
aJNyKTOB,  CONpPOBOXKJAOIIeecs  MpoleccaMd  Jea30THUpOBaHUsA,  JIeTHApaTalud U
NeKapOOKCUIMpoBaHus; (3) IpHU 3HAUUTEIBHO OO0JIee BBICOKUX TEMIIEpaTypax MHPOUCXOIUT
YaCcTUYHOE OKUCIIEHUE QYIIIepEeHOBOTO KOpa.
3.1.4. Cnekrpockonusi B Y® u BUAUMOI 00J1acTH

Pe3ynbTaThl 37€KTPOHHON CIIEKTPOCKOMUU MpecTaBieHbl Ha Puc. 22. MoxHo cnenartb
BBIBOJIBI, UTO (/) B 2JIEKTPOHHOM criekTpe 00pa3iioB Cro-Lys u C7o-Thr oTCyTCTBYIOT BUIUMBIE
MOJIOCHI TIOTJIONIEHUS; (2) OTCYTCTBYIOT TUKU MOTJIOMIEHUS, XapakTepHbie s ¢pymiepena Cro B
obnactu 335, 385 u 472 um; (3) cpaBHEHHE CHEKTPOB CBHUAETEILCTBYET 00 OTCYTCTBUHU

HEMpOopearnpoBaBIIero ucxoaHoro ¢ymaepena Cro.

1.8 T T T T T T T T T

1,6 - .
1,4 | ;3. .

2 f 4

300 400 500 600 700 800

Puc. 22. DnektponHsle crekTpbl noriomieHus obpasnoB Cro-Lys (= - =), Cs-Thr (=) ¢

konuenrpanueii C = 0,1 r-am > u ucxomuoro ¢ymiepena Cro (pacTBOp B 0-KCHJIONE) C

xoHuenTpanueii C = 0,029 r-am > (---).
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Hecmotpst Ha TO, yTO cnekTpbl BoAHBIX pacTBOpoB Cro-Lys u Cro-Thr He sBisiroTCs
MH(OPMATUBHBIMU, OHU MOT'YT OBITh HCIIOJIB30BaHBI JJIs CIEKTPO(YOTOMETPUUECKOTO aHATIU3A

GyIIepeHOBBIX aITYKTOB B BOJIC U BOJHBIX pacTBopax [156].

3.1.5. Dy1eMeHTHBI aHATU3

PesynbraThl anemenTHOTO aHanm3a aaaykToB Cro-Lys u C7o-Thr mpeacraBnenst B Taou.
4, U3 KOTOPOW BHUIHO XOPOIIEE COOTBETCTBHUE MEXKIY PACUETHBIMH U SKCIICPUMEHTATHHBIMA
3HaYeHUsAMU. Ha OCHOBaHMM JaHHBIX JJEMEHTHOTO aHaju3a OBUI OmpeAci€H COoCTaB
CHUHTE3UPOBAHHBIX aIYKTOB: TpUC-aIAYKT B ciydae Cro-Lys (C70(CsH14N20:)3, CssH42NsOs, M
=1279,31 rmonp ') u 6uc-agmyxr B cydae Cro-Thr (C70(CsHoNO3),, C7sHisN20g, M=1078,99
r-mMoiap ).

Tabn. 4. Pe3ynbTaThl 371eMeHTHOTO aHaiu3a aaaykToB Cro-Lys u Cro-Thr.

TeopeTtndeckoe conepkanue, DKcrepuMeHTaIbHOE COoIepKaHue,
BemectBo Mmac. % Mmac. %
C H N C H N
Cro-Lys 82,6 3.3 6,5 82,6 £0,2 32+0,3 6,3+0,3
Cro-Thr 86,8 1,7 2,6 86,9 + 0,3 1,5+0,2 2,5+0,1

3.1.6. BOKX
Ha Puc. 23 npusenens! pe3ynabtathl BOXX Cro-Lys (Puc. 23, a) u C7o-Thr (Puc. 23, 0).
Ha ocHOBaHMM NIOJTyYEHHBIX JTaHHBIX BUAHO, YTO YUCTOTA ITOTYYEHHBIX COETMHEHUN COCTAaBISAET

He MeHee 99,5 %.
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Puc. 23. Pesynbpratel BOXX o6paszuoB Cro-Lys (@) u C7o-Thr (6).
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3.2. PU3UKO-XUMHYECKHE CBOICTBA BOAHBIX PacTBOPOB aayKTOB C70-LYys n C7o-Thr
3.2.1. I11oTHOCTH BOAHBIX PACTBOPOB

Ha Puc. 24 u Tabmn. 5, 6 npencraBiieHbl KOHIIEHTPAIIMOHHBIC 3aBUCUMOCTH TUIOTHOCTEH

BOJHBIX pacTBOpoB Cro-Lys (Puc. 24, a) u C7-Thr (Puc. 24, 6) B uatepBane temneparyp 1 =
293,15-333,15 K.

(@)

1,004

1,002 -

1,000 -

0,998

oM

2 0,996 -

T

0,994 -

0,992

0,990

0,988

(0)

C, ram>

Puc. 24. KoHlleHTpallMOHHAs 3aBUCUMOCTD INIOTHOCTH (p) BOAHBIX pacTBOpPoB Cro-Lys (a) u Cro-
Thr (6) mpu 293,15 K (IV), 298,15 K (I1I), 313,15 K (II), 333,15 K (/). C¢ 4, 1 Cc,

Lys —
o00wémubie koHneHTpauu Cro-Lys u C7o-Thr, cooTBeTCTBEHHO.
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Tabn. 5. TemnepaTypHasi U KOHIIEHTPAIMOHHASI 3aBUCUMOCTH IJIOTHOCTH () BOAHBIX PACTBOPOB

Cr0-Lys. C — o6bémuas konuentpanus Cro-Lys B BogHOM pacTBOpe.

p, T:CM >
Corm®  x,-10%  29315K  29815K  3I3,I15K  333,15K
0,00 0,0000 0,9982 0,9971 0,9935 0,9889
0,01 0,0014 0,9982 0,9971 0,9936 0,9889
0,03 0,0042 0,9982 0,9971 0,9936 0,9890
0,05 0,0070 0,9982 0,9971 0,9936 0,9890
0,10 0,0141 0,9983 0,9971 0,9936 0,9890
0,30 0,0422 0,9984 0,9972 0,9938 0,9891
0,50 0,0704 0,9984 0,9973 0,9938 0,9892
1,0 0,1408 0,9987 0,9976 0,9941 0,9894
3,0 0,4234 0,9998 0,9987 0,9952 0,9905
5,0 0,7070 1,0004 0,9995 0,9957 0,9910
7,0 0,9918 1,0017 1,0005 0,9969 0,9922
10,0 1,4212 1,0032 1,0020 0,9984 0,9937

Konnentpannonsass 3aBHCHUMOCTh CpeIHEro MoJsipHoro o0wéMa (7)) pactBopa
paccuuThIBaiace no Yp. l:
= 4
V= (1),

My,0 + 1, Lys(Thr

rae V' — 00bEM BOJHOTO pacTBOpa amuykra (ymiepeHa, My M Mg qoqny — KOJMYECTBA
BEIECTB BOJABI U ajuaykra pymiepena B 1 am® pacteopa. B coorserctBum ¢ Vp. 2 u 3 Obuin

PaccYUTaHbl NapHAbHbIE MOJIAPHBIE 00BEMBI KOMIOHEHTOB pacTBopa (Vy 0¥ Ve 1) [157]:

v oV
Vio =| - v . =l (2),
8nH o C70-Lys(Thr) an ‘
22 /T,P.n € -Lys(Thy) Coo s Jp p. 150
= v = v
Vo =V-x _ ¥ |y -V-x 3).
H,0 Cro-Lys(mhn) | Ay C70-Lys(Thr) H,0 ox
C70 -LyS(Thl‘) T.P H20 T,P

B xauectBe npumepa Ha Puc. 25, 26 mnpexacraBiieHbl KOHIIEHTPAalLMOHHBIE 3aBUCUMOCTH

napIuaibHbIX MOJSIPHBIX 006EMOB Cr0-Lys, C7o-Thr u Boasl ipu 298,15 K.
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Tabn. 6. TemnepaTypHasi U KOHIIEHTPAIMOHHASI 3aBUCUMOCTH IJIOTHOCTH () BOAHBIX PACTBOPOB

Cr0-Thr. C — o6bémuas konmentpaius C7o-Thr B BomrHOM pacTBope.

p, T:CM >

C,rmv™ xe p, o107 29315K 298,15K 313,15K 333,15K

0,00 0,0000 0,9982  0,9971 0,9936  0,9888
0,01 0,0017 0,9982  0,9971 0,9936  0,9889
0,03 0,0050 0,9982  0,9971 0,9936  0,9889
0,05 0,0083 0,9983 0,9971 0,9936  0,9890
0,10 0,0167 0,9983 0,9971 0,9937  0,9890
0,30 0,0501 0,9984  0,9973 0,9938 0,9892
0,50 0,0835 0,9986  0,9974  0,9939  0,9893
1,0 0,1670 0,9989  0,9977  0,9943 0,9896
3,0 0,5020 1,0001 0,9990  0,9954  0,9906
5,0 0,8383 1,0017 1,0005 0,9969  0,9922
7,0 1,1760 1,0031 1,0017  0,9981 0,9933
10,0 1,6851 1,0050 1,0038 1,0001 0,9953

CnemyeT OTMETHUTh  CIOXHBIM  XapakTep  KOHIEHTPAIIMOHHOW  3aBUCHUMOCTHU
napiuaibHOro MossipHoro o0séMa Cro-Lys u Cro-Thr.

Bricokue aOcomoTHBIE 3HAYEHHS MaplUaIbHBIX MOJIBHBIX OOBEMOB B pa30aBICHHBIX
pacTBOpax MOKa3bIBAIOT, UTO J00aBiieHUe Jake HeOombIuX nopiuil agnykToB Cro-Lys u Cro-
Thr mpuBOAWT K 3HAYMTETHLHOMY YIJIOTHEHUIO W CTPYKTYpHPOBAaHUIO BOJHOTO PAacTBOPA.
MOo’KHO cienaTh BBIBOJI, YTO MOJIEKYJIbl U3Y4aeMbIX (yJUIEPEHOBBIX aJyKTOB BCTPAUBAIOTCS B
CTPYKTYpPY BOJHOTO pactBopa. IlonoOHbie 3¢ dexTsl paHee ObUTM OOHApYX EHBI B OMHAPHBIX
CUCTEMaX, COJEpXKaIlUX Takue  BOAOPACTBOPUMBIE  aAIyKThl  (QYy/UIEpEHOB,  Kak
kapOokcunmupoBanubie  gymiaepeHsl.  (Ceo[ C(COOH)2]3, C70[C(COOH)2]3) [158,159],
dbymnepenonbl (Ceo(OH)2224, C70(OH)12) [160,161], amnykTsel nérkux ¢ymiepeHoB c¢ L-
AprUHUHOM (Co0(CsH13N40O2)sHs), L-tpeonnHom (Co0(C4HoNO3)z2), L-mu3unom
(C60(C6H14N202)2) u L-ruapoxcunponunoM (Ceso(CsHoNO3)2) [98,100,105,106].
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Puc. 27. KoHUEHTpallMOHHBIE 3aBUCUMOCTH IPOU3BOIHBIX (8_T B HMHTEpPBaJlE TEMIIEPATYP
P

ov. ov. oV, oV,
293,15-333,15 K: (@) () (%j , (1D (%j , (I (%j 1% ( 5;.15) ’
P P P P

ov. ov.
(6) I — (ﬂj 1 —[ﬂj s 1T — ((Wm“j . O —T04YKa SKCTPEMYMa.
o ), or ), o ),
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HOCKOHBKy IMPOU3BOJHLIC ITIOTCHIIMAJIA I'n66ca BrICIINX MOPAIKOB, KOTOPBIC ABJIAKOTCA
INEPBLIMU IMPONU3BOJHBIMU SHTPOIIMKU WA 06’béMa, 3HAYUTENBHO OoJee YYBCTBUTCJIBHBI K
H3MCHCHHIO CTPYKTYPBI pacTBOpa 110 CPaBHCHHUIO C YaCTHBIMHU IIPOU3BOIHBIMU 0oJiee HU3KOTO
ImopAaaKa, OBLIH OIIpCACJICHBI CMCIIAHHBIC IIPOU3BOAHBIC IIOTCHIIMAJIA I'u66ca BTOPOTIO IOpsAaKa.

B cooTBeTcTBHU C COOTHOIIEHUAMH MakcBea:

&G oG (ev) _ (es @)
opor  oIop \oT' ), oP ), ’
rae 5,17,3 — CpeIHM MOJISIpHBIA moTeHnuan ['nbOca, 0ObEM M SHTpONMHS pPacTBOpA,

COOTBETCTBCHHO.

Xopowo BuaHO, uto QyHKims (Y /T )p(Xc, 1ystiy) TIPOXOTMT HEPE3 MUHAMYM TIPH

6 "
KOHIIGHTpAaIlMK  aiuIykToB X 4 #4-107 u x5, #2107 npu Bcex paccMoTpeHHBIX

temneparypax (Puc. 27). Ilpu sTux xoHueHTpanusx B BOAHBIX pacTBopax Cro-Lys u Cro-Thr
IPOUCXOIUT pazzesieHue pa3 u moTeps yCTOMUMBOCTH. DTOT (aKT CBSI3aH CO CIONKHBIM THIIOM
accouuanuu Cro-Lys u C7o-Thr B BomHOM pacTBope U 00pa3oBaHUEM acCOLMATOB BTOPOTO THUIIA
C JIMHEMHBIMU pa3MepaMy B COTHU HAaHOMETPOB [ 105]

AHaJOTHYHbBIE PE3YNbTAThl OBUIN MOMYYEHBI MPU HCIIOIB30BAHUU JIPYTOil CMEIIaHHOMN

pou3BoIHOM nmoTeHuana ['udoca:

o°G B G (ov B Ole., 1yt 3 Oty 0

OPox  oxOP | ox oP oP Cro-Lys(Th) — V1,0 (%),

T,P T T

rae Vi — napuuanbHbIi MOJSIPHBINA 00BEM, (i — XUMHUYECKHI MOTEHIMaN i-T0 KOMIIOHEHTA.

Xopomo BuIHO, 4TO 3aBUCUMOCTh (OV/0X)pr(Xe, i) TAKIKE IPOXOAMT HeEpE3

MHHUMYM TIpH KOHIEHTPALMAX X 1y ~ 4-10° g Xe, the ~ 2-10° (Puc. 28).
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3.2.2. BA3KOCTH BOJIHBIX PACTBOPOB
Konnentpanuonnsie 3aBucumoctu nuHamudeckoit (7(C)) u xunematudeckont (#7ix(C))
BSI3KOCTH BOJHBIX pacTBOpoB Cro-Lys u Cro-Thr ipu 293,15, 313,15 u 333,15 K npencrabieHs
B Tabn. 7, 8. Habmromaercs yBennueHWe TUHAMHYECKON W KHHEMATHYECKOW BSI3KOCTH TPH
YBEJIMYECHUU KOHIIEHTPALMH aJAyKTOB B MHTEpBaye temneparyp 293,15-333,15 K.
TemmnepaTypHas 3aBUCUMOCTh TUHAMHYECKOM BI3KOCTH B OMHapHBIX cuctemax Cro-Lys—

H>0 u C70-Thr—H>0 onpenensnack Ha ocHOBe ypaBHeHUs DpeHkens — AHpaje:

£y
n=Ase” (6),
rac Ea — BHGpFI/IH AdKTHUBallUN BA3KOI'O TCUCHMNA, AS — HpCI{BKCl‘IOHeHHI/IaJILHHﬁ MHOXHUTCIIb.
I[J'ISI OHpeI[GJIeHI/IH 3HepFI/II/I AKTHUBaAlIUU BA3KOT'O TCUCHMNAI, a TaKKCE
MPEIPKCIIOHEHITUAIBHOTO0 MHOXKHTEIS TPUMEHsUIach orapudmudeckas hopma Yp. 6:

E 1
Inn=InA4, +—=2— 7).
n STR T ()

B pesynpTaTe OBLIM TOJNYYEHBI CIACAYIONINE 3HAYCHUS SHEPIHMH AKTHUBAIIMHU BS3KOTO
tedeHus (Ea) U MpePKCIIOHEHITNATIBHOTO MHOKUTENS (As) mist anaykTa Cro-Lys: Ea = 15,8 + 0,4
kJlx-Monb |, As = 0,0046 £ 0,0007 mITa-c; u C7o-Thr: E, = 15,2 £ 0,6 k/Ixx'Moab ', As = 0,0020
+ 0,0001 mlla-c. Takum o6pa3om, ypaBHenrne dpenkenss — AHApaae OyIeT CIeAYIOMUM s

ounapnoii cucteMbl C7o-Lys—H2O:

(1900+50)

1 =(0,0046+£0,0007)e 7 (8),

u st ouHapHoit cuctembl Cro-Thr—H>O:

(1830£70)

5 =(0,0020+0,0001)e 7 9).

TemneparypHas 3aBUCUMOCTD BSI3KOCTH B OnHapHBIX cucteMax Cro-Lys—H2O u Cro-Thr—

H>O Takxe Obuta onrucana ypaBHennem Bant-T'odda:

A

]/']]0 — 77T—AT (10),
r

5

WK B YUCIIeHHON dopme utst anaykTa Cro-Lys:

y, =102 1,2040,02 (1,
Ty

u aanykra Cro-Thr:

po =1 210,04 (12),
T
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rae y — koaddumuent Bsskoctu Baunt-T'ohda. Ha Puc. 29, 30 mokazaHa cpaBHUTEIBHO
BBICOKas CTaOMIbHOCTH Koa(puinenta Bsizkoctu Baut-I'odda ns Ounapueix cucteM Cro-Lys—

H>0 u C70-Thr—H20.

2,0 I . I . I . I . I . I

N
0,8 [ -
04 .
0’0 1 N 1 N 1 N 1 N 1 N 1
0 2 4 6 8 10
C, M >

Puc. 29. KonnenrpanmonHnas 3aBucUMOCTh koddduimenta Bsskoctu Bant-I'odbda (y,) mns

1 1 1
ounapuoit cuctemsl Cro-Lys—H>O. (A) (M)z; (V)(nm“)z;(0)(77313'15)4. C — o0bémHas

35315 33315 35315

KOHIIEHTpauusi BogHoro pactBopa Cro-Lys.



Tabn. 7. TemnepaTypHble 3aBUCUMOCTH AUHAMUYECKOU (7)) M KMHEMaTU4uecKou (#k) Bs3KOCTU B OmHapHOUl cucteme Cro-Lys—H20. p —

TJIOTHOCTH pacTBopa, C — 00bEMHAS KOHILIEHTpAIHS.

C,ram > n, mIla-c i, MM2-¢ ™!
293,15K 313,I15K 333,15K | 293,15K 313,15K 333,15K
0,00 1,0008 0,6542 0,4721 1,0027 0,6584 0,4758
0,01 1,0013 0,6550 0,4740 1,0031 0,6596 0,4799
0,03 1,0032 0,6560 0,4741 1,0048 0,6600 0,4795
0,05 1,0016 0,6553 0,4730 1,0034 0,6596 0,4789
0,10 1,0036 0,6563 0,4737 1,0053 0,6605 0,4790
0,30 1,0044 0,6569 0,4744 1,0060 0,6611 0,4800
0,50 1,0065 0,6580 0,4750 1,0081 0,6621 0,4801
1,0 1,0089 0,6600 0,4770 1,0101 0,6639 0,4820
3.0 10262 06716 04882 | 1,0259 06749 04929
5,0 1,0330 0,6747 0,4873 1,0325 0,6776 0,4914
7.0 10669 06927 04959 | 10651 06948 04997
10,0 1,0736 0,7021 0,5088 1,0702 0,7031 0,5120

€9



Tabn. 8. TemneparypHble 3aBUCUMOCTH AMHAMHYECKOU (77) U KUHEMATH4ECKOU (#7k) BA3KOCTH B OuHapHOU cucteme Cro-Thr—H20. p —

IJIOTHOCTH pacTBopa, C — 00bEMHAS KOHILIEHTpAIHS.

1, mIla-c Nk, MM2C !

C,rnm > 293,15K  298,15K  313,15K 333,15K | 293,15K 298,15K 313,15K 333,15K
0,00 1,0050 0,8937 0,6560 0,4688 1,0068 0,8963 0,6603 0,4741
0,01 1,0054 0,9087 0,6840 0,4872 1,0072 09114 0,6884 0,4926
0,03 1,0065 0,912 0,6845 0,488 1,0083 0,9147 0,6889 0,4934
0,05 1,0076 0,9135 0,6848 0,4886 1,0094 0,9162 0,6892 0,4941
0,1 1,0133 0,9149 0,6876 0,4903 1,0150 0,9175 0,6920 0,4957
0,3 1,0146 09161 0,6884 0,4907 1,0162 0,9186 0,6927 0,4961
0,5 1,0226 0,9231 0,6932 0,4941 1,0241 0,9255 0,6974 0,4994

1,0 1,0309 0,9298 0,6964 0,4962 1,0320 0,9319 0,7004 0,5014
3,0 1,0359 0,9334 0,7012 0,4977 1,0358 0,9344 0,7044 0,5024
5,0 1,0422 0,9407 0,7052 0,4982 1,0405 0,9403 0,7074 0,5021
7,0 1,0467 0,9432 0,7070 0,4999 1,0437 0,9416 0,7084 0,5033
10,0 1,0517 09475 07087 05018 | 10465 09439 07086  0,5042

v9
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£ 000 5

0 1 2 3 4 5 6 7 8 9 10 11
C,ram >

Puc. 30. Konnenrparnmonnas 3aBucuMocTh koddduimenta Bsskoctu Bant-I'odbda (y,) mns

1 1 1
ounapHoit cucrembl C7o-Thr—H2O. (A)(””“ST; V) (77311”]2;(0)('7291“}4. C — o00béMHas

31315 33315 33315
KOHIIEHTpalusi BoAHOro pactBopa Cro-Thr.
3.2.3. Pe¢ppakuuu BOJAHBIX PACTBOPOB
B Tabn. 9, 10 mnpencraBieHa KOHLEHTpalMOHHAs 3aBHCHUMOCTh IOKa3aTesen

npeaoMiIeHus BOAHBIX pacTBOpoB Cro-Lys u Cro-Thr mpu 298,15 K.



Tabun. 9. KonneHTpamonHas 3aBUCHMOCTD TIOKa3aTels mpeoMiieHus (7p), yaenbHoi pedpakiuu (), MossipHor pedpakiuun (R), BOTHBIX

pactBopoB annykra Cro-Lys, ynenbHas (7, i) U MOJApHAas (RC70—Lys) pedpakuu agnykra Cro-Lys mpu 298,15 K. C — oObEMHas

KOHLICHTPALIHS.
C,ram np ryem®r ! R, em® moup ! ety » V3T - iys» M MOTE !
0,0 1,332879  0,20624 3,71232 — —
0,01 1,332882  0,20623 3,71218 — —
0,03 1,332888  0,20624 3,71243 — —
0,05 1,332892  0,20623 3,71232 — —
0,10 1,332905  0,20624 3,71269 0,206 263
0,30 1,332951 0,20624 3,71342 0,206 263
0,50 1,332972  0,20624 3,71416 0,206 263
1,00 1,333113  0,20626 3,71635 0,226 289
3,00 1,333614  0,20631 3,72461 0,229 293
500 1333826 020635 373271 0,228 292
7,00 1,334460  0,20641 3,74119 0,230 294

10,0 1,335121  0,20647 3,75339 0,229 293

99



Ta6mn. 10. KonnentpanonHas 3aBUCHMOCTh TTOKa3aTelsl IpesIoMIIeHus (71p), YASTbHOU pedpakiiuu (), MOJsIpHOUN pedpakiumu (R), BOJHBIX

pactBopoB amnykra Cro-Thr, ynenbnas (1¢,tn) U MonspHas (Rc, .th) pedpakunn amnykra Cro-Thr mpu 298,15 K. C — oObémuas

KOHIICHTpAIIUS.

C,ram > np r,eM T R, eMMOIb ' Te p, MO T Ry, CMP-MOTB !
0,0 1,333359 0,20650 3,71700 — —
0,01 1,333365 0,20650 3,71704 — —
0.03 1333367 020650 371711 — —
0,05 1,333374 0,20651 3,71736 — —
0,10 1,333382 0,20650 3,71737 0,208 224
0,30 1,333433 0,20650 3,7181 0,206 222
050 1333473 020650 3,71883 0,206 221
1,00 1,333583 0,20649 3,72049 0,196 211
3,00 1,333961 0,20645 3,72711 0,190 204
5,00 1,334444 0,20641 3,73373 0,189 202
7,00 1,334820 0,20637 3,74036 0,188 202

10,0 1,335480  0,20630 3,75013 0,187 201

L9
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[Io modyYeHHBIM HSKCIEPUMEHTANIBHBIM JaHHBIM PACCUUTaHbl KOHIIEHTPALIMOHHbBIE
3aBUCHUMOCTH YAENbHON U MOJIApHON pedpakumu BoaHbIX pacTBOpoB Cro-Lys u Cro-Thr mpu

298,15 K ¢ ucnonszoBanuem ypaBHenus Jlopenna — Jlopenna:

2
-1 1
r= 5 (13),
Lt+2 p
R= el 14),
(nD +2) Yo, (14)
rae r, R — ynenbHas (em>r ') m monspuas (cm’-monb ') pebpakuum, M — cpenHss
MONeKylspHas ~ Macca  pactBopa: M =Xy0 Myo X, 1y M, sy (T-MOTB ).

KoHneHTpannonHbie 3aBUCUMOCTH MOJISIPHON | ylelnbHOU pedpakiuu mpencraBieHsl B Taom.
9, 10. CornacHo mpaBwily agAUTHUBHOCTH pedpakuuu pactBopa (Yp. 15, 16) MOXKHO Jerko
BBIYHUCITUTH MOJIAPHYIO (7) 1 yAenbHyto (R) pedpakiuto anayktoB Cro-Lys u Co-Thr, ucnonssys

3HAUEHUs pePpaKIUU BOJIbI:

1
r=(ry ,0 " Wh,0 T, Lys(Thr WC7O—Lys(ThI)) : ﬁ (15),

R= RH20 Yo T Rcm Lys(Thr) * Xy Lys(Thr) (16),
rne 7, Ri — ynenbHas u MoJisipHasi peppakiiu i-r0 KOMIIOHEHTA, Wi, X; — MaccoBasi © MOJIbHAsI
JOJIH i-TO KOMIOHEHTA.

Jst aptykra Cro-Lys 3Hauenue MOISIPHOH (Rc,-1ys) ¥ (¢, o-Lys) YACTBbHOM pedpakiuit
cocraBwn 275 £ 25 cv’-moms ! m 0,218 £ 0,020 cm* v !, g ammykra Cro-Thr 3HaueHHe
MOTISIPHOH (R hr) ¥ (¢ o-Thr) YACTBHOM pedpakimii cocTapumu 212 + 12 em’ Mo~ 1 0,198
+0,080 cm* 1!, C yuéToM HM3KOM TOUHOCTH 3HAYEHUM PePAKLUK IPU MAIIBIX KOHIIEHTPAIIHUAX
(CC70-Lys(Thr) <0,05 r-am ) oHM He HCTIONB30BANKCH /IS PACUETOB.

Kpome Toro, Obuta paccumtana mosspHas pedpakuus aanyktoB Cro-Lys u Cro-Thr ¢

MCIIOJIb30BAHUEM TPABUIIA AIIMTUBHOCTH Di3eHIopa (C y4€TOM aTOMHBIX pedpakiuii R;j) i-To

aToMa B j-i ()yHKUIHOHAIBHON TpyMIIE):
R* =88R, +42R,, +6Ry_yy  +3R o om +3Rp o) +3R. ~294£5 evP-moms™  (17),
R = 18R, +16R,; + 2Ry vy, +4R o o +2Ro ) +2R. = 22745 e o™ (18).

Pacxoxnenue B pacuére MONSApHOU pedpakiuyl CBA3aHO C BBHIOOPOM CHEKTPATBHBIX
mnni (Hy[A = 658,3 nam] u H,[A = 436,1 am]).

VY nenbnbie pedpakmun anaykToB Cro-Lys u C7o-Thr paccuntsiBasics mo Yp. 19 u 20:
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add
wi - R 0,230+0,0040M° 1! (19),
Cyo-Lys
add
wi o RT0.210+0,002 cMP T (20).
Cyo-Thr

3HaueHus yAelbHON U MOJISIPHOM pedpakiiuii, pacCuuTaHHbIE 110 MTPABUITY A ANTUBHOCTH
DM3eHII0pa, XOPOIIO COMIACYIOTCS C AAHHBIMHU, PACCYMTAHHBIMHU 110 [TOKA3aTENsAM NPEIOMIIEHUS
pacTBOpOB.
3.2.4. DJ1eKTPONPOBOAHOCTH BOAHBIX PACTBOPOB

B xadecTBe mpuMepa pacCMOTPUM JIaHHBIE TI0 AJIEKTPONPOBOAHOCTH BOJIHBIX PACTBOPOB
aanykra Cro-Lys. KoHnieHTpaimonHasi 3aBUCUMOCTb YAEJIbHOM 3JIEKTPOIPOBOJIHOCTH BOJIHBIX
pactBopoB Cro-Lys mpu 298,15 K paccunThiBanach M3 SKCHEPUMEHTAIbHBIX JaHHBIX II0

yJIeTbHMY COMIPOTUBIICHUIO PACTBOPOB (p) cormmacHo Yp. 21:

o= (21).
Yo

W3 monyuyennsix naHHbix (Tabn. 11) ciemyeT, 4To KOHIIEHTpallMOHHAs 3aBHUCHUMOCTD
yAEIbHOU 31eKTPOonpoBOIHOCTH k(Cwm) (Cv — MoOJISIpHAsi KOHIIEHTpAIUsi BOJHOTO PacTBOpa
C70-Lys) Bo3pacTaer c yBenW4eHHEM KOHIEHTpanuu. MousipHas 3JIEKTPONPOBOTHOCTH (A)
BOJIHBIX pacTBOpoB Cro-Lys paccuuteiBasiacey o ¥Yp. 22:

1000
CM

A (22),

rae Cv — MOJIIPHOCTb PacTBOPA, kK — y€IbHas AJIEKTPOIPOBOAHOCTh PACTBOPA.
DKcIepruMEeHTalbHbIE JJAHHBIE [T0 MOJISIPHBIM 3JIEKTPOIIPOBOAHOCTSIM BOJHBIX PACTBOPOB

C7o-Lys B muanasone konuenrpanuii (0 - 5 r-am >) npeacrasnensl B Tabn. 11. Onpenenenune

MOJISIPHOM 3JIEKTPONIPOBOAHOCTH B OECKOHEUHO pa30aBIEHHBIX pacTBopax (o) MPOBOAMIOCH

skcTpanonsuueit 3apucumoctu A(Cv''?) na Cuv'? = 0 cornacHo ypasHenuto OH3arepa:
A=y~ A-Cy 23

- M ( )7
rie A — HOCTOSHHAS B YCIOBUAX IKCIIEPUMEHTA.

Kaxymasics crenens aucconuaiuu (o) Oblia paccuutana mo Yp. 24:
o=— (24).

PacuérHble 3HAUEHUS KaXYIIEUCs CTENeHN AUCCOLMauu npeactasiensl B Tadim. 11 (Lo

=~ 0,9-10> Cwmrem*monb ). Anammus Tabn. 11 mokaselBaeT, 4TO BO BCEM JAMANAa30HE
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koHueHTpauuii Cro-Lys sIBAsieTCS 3JIEKTPOIUTOM cpefHei cuiibl. [{ns nuccouuanuu aagykra
MIpEeIoIaracTCs MPOTOHHBIM MEXaHW3M JUCCOIMAIUK COTJIACHO CIICIYIOIIEH CXEeMeE:
C,0(CsH,,N,COOH);H; 2 C;y(CsH,,N,COOH),H;CsH,,N,COO™ + H* (25).
ITo 3akony pazbaBnenus OcTBanbaa Obla pacCuyuTaHa KOHIIEHTPAIlMOHHAS 3aBUCHUMOCTD
KOHCTaHTHI Aucconuanuu Kq oT KoHleHTpanuu (6e3 yuéra ko3QUIeHTOB aKTUBHOCTU HOHOB

Y HEIUCCOITMUPOBAHHBIX MOJICKYIL: ; = y= = 1):

2
K, = % (26).

TepmonuHaMUYEeCKast KOHCTaHTa IUCCOLIHAIINHT (Kq"P™) paccYuThIBAIACh

skcTpanossiiuet 3aBucuMoctu Kd¢(Cm) B 001acTh 6€CKOHEYHO pa30aBICHHOTO PacTBOPA:
TEpM. __ 1:
K™ =lim, K, (27).

VYuutsiBas, uTo BoaHble pacTBopbl Cro-Lys 00pa3yroT acconuatbl © aMUHOKUCIOTHBIE
¢parMeHTbl MOTYT OBITh CKPBITBI IpHU OOpPa30BaHMM AaccOLMATOB B PacTBOpPE, 3HAUEHUE
KOHCTaHTBI AUCCOLMAanuu siBisgercs yciaoBHbIM. [ agaykra Cro-Lys 3HaueHue nokaszarens
TEPMOJAMHAMUYECKOW KOHCTAHTHI auccoruanuu (pKq™P) cocrabnset 3,4. [{ns cpaBHeHUs ¢
annyktoM Cro-Lys, 3Hauenune pKa. kapOokcwibHOW rpynmbl L-muswHa paBHo 2,18. Takum
00pa3zom, (pyIepeHOBBIN KOP YMEHBIIAET AUCCOIHMAINI0 KapOOKCHILHOM TPYIIbI U CHUKAET

KHUCIIOTHOCTh KapOOKCHIIbHOM rpymibl B coctaBe Cro-Lys.
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Tab6un. 11. DxcnepuMeHTaNbHbIE JaHHBIE MO 3JIEKTPOIPOBOJHOCTH BOIHBIX pacTBOpPoB Cro-Lys
npu 298,15 K. C — o6bémHas koH1eHtpanus, Cy — MOJspHas KOHIICHTPALMS, kK — yAeIbHas
AJNEKTPONPOBOJHOCTh, A — MOJISIpHAST SJEKTPONPOBOJHOCTb, O — KaXyIIasicsi CTENEHb

Jucconuanuu, Ks— KOHCTaHTa IucCoLMaluu

C, Cwm, K, A, Cm-em? Moup ! a pKa

rraM > Mok aM ° Cmeem !

0,0000 0,0000 — 900,0 1,000 3.4
(3kcTpanonanusa) (IKCTPAMOANN) (IKCTPATIOJISITIS )
0,0781  6,911-10° 4,899-107 708.8 0,787 3,7
0,1563  1,383-10* 8,301:10° 600,2 0,666 3,7
0,3125 2,765-10% 1,175-10°* 425,0 0,472 3,9
0,6250  5,531-10* 2,128-10* 384,7 0,427 3.8
1,2500 0,00111  3,673-10°* 332,1 0,368 3,6
2,5000 0,00221  6,419-10°* 290,1 0,322 3,5
5,0000  0,004425 8,942-10°* 202,1 0,224 3,5

3.2.5. IloBepXHOCTHBIE CBOIICTBA BOJHBIX PACTBOPOB

PaccMoTpum monyudeHHble pe3ynbTarthl Ha npumepe amnykra Cro-Thr. Ha Puc. 31
NpEeJICTAaBIICH NMPUMEP KMHETUYECKON 3aBUCMMOCTH U3MEHEHHSI TOBEPXHOCTHOI'O HATSKEHUSI B
BOJHOM pacTBope aamykra Cro-Thr. YCTaHOBIEHO OTCYTCTBHE MOBEPXHOCTHON aKTHBHOCTH
BoaHbIX pacTBopoB C7o-Thr (B muanazone koHumeHTpauuii 10 1 ra!) B Teyennme 16 u
KUHETUYECKUX SKCIEPUMEHTOB. 3a 3TO BpeMsl MOBEPXHOCTHOE HATSKEHHWE COOTBETCTBOBAJIO
IIOBEPXHOCTHOMY HATsHKEHHIO 9nuCcTOM Bobl (72,8 MH-M 1) B mpenenax TOYHOCTH U3MEPEHUS
(£0,5 mH-mM!). Tlocne sToro HaGmIOIANTOCH HE3HAYMTENHLHOE CHUKEHHME IIOBEPXHOCTHOIO

1

HATsDKEHUS BOAHBIX pacTBOpoB Cro-Thr mo 72,2 MH-M'. B 0onee KOHIEHTpUpPOBAHHBIX

pacTBOpax Ha6J'IIO,ZIaJ'IOCb 0oJIce 3HAUNTEIBHOE CHHKEHHUE IMMOBEPXHOCTHOI'O HATSXKCHHA.
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Puc. 31. Kunerndeckass 3aBUCHMOCTh M3MEHEHHUS MOBEPXHOCTHOIO HATSHKEHHS B BOIHOM
pactBope C7o-Thr: (m) 0,1 r-am 3, (0) 2 v >,

KOHILIEHTpaIIMOHHAs 3aBUCUMOCTb TIOBEPXHOCTHOTO HATSKEHHS BOMHBIX pacTBOpoB C7o-
Thr nokaseiBaer, uTo ¢ yBenudeHneM KoHuentpanuu Cro-Thr yBenuuuBaeTcs moBEpXHOCTHAS
AKTMBHOCTb M OJHOBPEMEHHO YMEHBIIAKOTCS 3HAYEHHS TIOBEPXHOCTHOTO HaTsKeHMs (cM. Puc.
32). JIIUTenbHBIA NEPUOA WHAYKIUM Ha KHHETHYECKMX 3aBMCHMOCTSAX IIOBEPXHOCTHOTO
HATSYKEHUS YKa3bIBAET HA TO, YTO aJCOPOLMOHHBIN CIIOM HEOAHOPOEH H, BEPOSTHO, COCTOMT U3
accolMaToB OTAENbHBIX Mojekyn ammykra C7o-Thr. B To xe Bpems, MeIJ€HHas CKOPOCTh
M3MEHEHUS MOBEPXHOCTHOTO HATSHKEHHMs BOMHBIX pacTBopoB Cr7o-Thr mokaseiBaer, uTO

KUHETHKa aicopOIuu He KOHTponupyercsa nuddysueit nu3 o0bEMHOMN (ha3bl K TOBEPXHOCTH.



73

T T T T T T T T T T T T //A_'_Tﬂj—v
74 | -
. i
72 b ®e * ° 4
[ ]
L Y -
70 -
|

= L i

an
= 68 -

ANy
66 - o
64 | -
o
62 1 " 1 " 1 " 1 " 1 " 1 " // |
0,0 0,1 0,2 0,3 0,4 0,5 123

C, F-,[[M73

Puc. 32. KoHueHTpaloHHas 3aBHCHMOCTh MOBEPXHOCTHOTO HATSKEHHsI BOJHBIX PAacTBOPOB
C70-Thr.

N3o6paxenus, noxydeHHsie ¢ momorisio BAM (Puc. 33), neMmoHCcTpHupyrOT 00pa3oBanue
MJIOTHOM TIEHKH, COCTOosIIEeH U3 acconuatoB annykra Cro-Thr. B cBoto ouepenp, nzo0paxeHue
MOBEPXHOCTHBIX IJIEHOK BOAHBIX pacTBOpoB Cro-Thr, monyuennoe ¢ nomonisio ACM, BbIsSBIISIET
oOpazoBaHuE HEMPEPHIBHOW aJCOPOIMOHHON TUIEHKH, COCTOAIICH W3 00JIacTel ¢ HU3KOM
IJIOTHOCTHIO U accounatoB Cro-Thr, umeromux MakcuManbHbIN TuHEHHbIN pazmep 200 um. B
KadyecTBe npumepa Ha Puc. 34 npeacraBieHo u3o0paxeHne TIIEHKHU, MOJYyYEHHOW U3 BOIHOTO

1

pactBopa Cro-Thr ¢ konnentpanueit 0,1 r-a ', monydeHHoe ¢ momonisio ACM. B nocnennem

cirydae oT4E€TIMBO BUAHBI acconrathl Cro-Thr ¢ muHeitHpiMu pazmepamu 15-50 M.
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(a)

(6)

Puc. 33. U306paxxennss BAM noBepXHOCTH YUCTOM BOBI (@) ¥ TOBEPXHOCTH BOJTHOTO pacTBOpa

C70-Thr (C =2 r-n ') uepe3s 2 4 nocie Hauana skcrepumenra (6).

Puc. 34. N3o6paxxenne ACM MOBEpXHOCTHBIX MIEHOK BOAHBIX pacTBopoB Cro-Thr (C = 0,1

r ).
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3.2.6. U30bITOYHBIEC TepMOANHAMUYECKHE PYyHKIIUT

Jisg pacdyéra M30BITOYHBIX TEPMOAMHAMUYECKMX (YHKIMH M TPaHUL] YCTOWYMBOCTHU
PacTBOPOB BOJOPACTBOPUMBIX anAykToB (ymiaepeHoB Cro-Lys, C7-Thr mo oTHOIIEHHIO K
¢da3zoBoMy pazfeneHU0 OblT TNPUMEHEH MOAXOJA, OCHOBAHHBI Ha HCIOJIb30BAHUU
nonyamnupuyeckoit monenn VD-AS (Virial Decomposition Asymmetric Model) BupuansHoro
pa3ioxeHus U30BITOYHOW MOJSIpHOM »Hepruu ['mbbOca pacTBOpa IO MOJBHBIM JIOJISIM
KOMITOHEHTOB [ 162—164]:

Gex o ==
=(n+n xixj A, =—t 28),
RT (m, z);; 142 Y (n, +n2),+j,1 ( )

rae G — nonHas MoJspHas u30bITouHas sHeprus ['mb6oca pacteopa, R = 8,31 kK !, T —
TeMIeparypa, n; ¥ X; — YHUCIIO MOJIeH U MOJIbHAs J0JIs i-T0 KOMIIOHEHTa (HWKHUU UHAEKC [
OTHOCHUTCS K aJAyKTy (yiepeHa, MHAEKC 2 OTHOCUTCS K BOJAE), Aj — BHUPHAIBHBIN

G@X

KOd(h(GUIIMEHT B Pa3iIoKEHUU M0 YHWCJIaM MOJeil KOMIIOHEHTOB (BEpXHHUE Mpeesbl

CyMMHpOBaHUsI B 0OIEM cCilydae HE JUMHUTHPOBAHBI U MOTYT OBITh HPOU3BOJBHBIMH), A;
OTOXAeCTBIIsIeTCs ¢ mpuBeACHHON (K R7T) HecmenupUYecKol SHEpruer B3aUMOJICHCTBUS i
4acTUIl 1-ro KOMIOHEHTA U j YaCTHUIl 2-TO KOMIIOHEHTA.

Cnenyer OTMETUTh, YTO MPHU HCIOJIB30BAaHWU TOJIBKO OJIHOTO 4YjieHAa B MOJA00HOM
PA3JIOKEHUN PEAU3YETCA XOPOLIO M3BECTHAS MOJEINb CTPOTO PEryJSPHBIX PacTBOPOB, MPHU
JOMYIIIEHUH TeMIEPaTypHOH 3aBUCUMOCTH €IWHCTBEHHOTO BUPHUAIBHOTO KOdhdUIIMEHTa —
MOJENb  KBA3UPETYJISPHBIX PAacTBOPOB, MPH  HUCIOJIb30BAHMM TPETbUX BUPHUAIBHBIX
KO3 PuIMeHToB — MoJIeab cyOperynsapHbix pactBopoB u monens EFLCP, nakonen, mpu
JIOIIOJTHUTEIIBHOM ~ MCIIOJB30BaHMM B PA3JIOKEHUM  BKJIAJa  DJIEKTPOCTATUYECKUX
HecnennpUIECKUX B3auMOJIeHCTBHI corfacHo Teopun Jlebas-Xiokkens — moxaens [Iutiepa B
Pa3IMYHBIX MOIU(DUKAIIHSIX.

OKCNEPUMEHTANIbHbIE 3HAYEHUs TMOHIKEHUS TeMIIepaTypbl 3aMep3aHus Jibja s
ounapubix cucteM Cro-Lys—H>O u Cro-Thr—H>O npencrasnens Ha Puc. 35, 36 u B Tabmn. 12,
13. Henuneiinoe noBeaenne ¢pyHkuu A7(x) yKka3plBaeT Ha HEHI€AIbHOCTh BOAHBIX PACTBOPOB
Cro-Lys u Cro-Thr. Kpome Ttoro, mis Ounapuoit cuctembl Cro-Lys—H2O u Cr0-Thr—H>O
MOHWKEHUE TEMIIEPATypbl 3aMep3aHus JibJa 3HAYUTEIBHO IIPEBBIIIAET COOTBETCTBYIOILIHE

3HAYCHUS, ITIOJIYUYCHHLIC I NICAJIBHBIX PACTBOPOB.
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AT.K

0,00000 0,00004 0,00008 0,00012

me-Lys

Puc. 35. Ilonmxenue temmnepatrypsl 3amep3anus jbaa (A7) ans 6uHapHoit cucteMbl Cro-Lys—

H>O. Xc, 1y — MOIBHAS OIS C70-Lys B BogHOM pactBope. [TyHKTHPHAS TUHUS COOTBETCTBYET

CHH)XCHHIO TCMIICPATYPhI 3aMCP3aHuA JibJla NACAIbHBIX PACTBOPOB HEAJICKTPOJIUTOB.

075 T T T T T T T T T

AT, K

0,0 el nlli . 1 A 1 A 1

0,00000 0,00002 0,00004 0,00006 0,00008
XC,-Thr

Puc. 36. [lonmwxkenue temneparypsl 3amep3anus Jbaa (A7) pist Ounapaoi cuctemsl Cro-Thr—

H2O. Xc, e — MOJIbHAS J1OJIS C70-Thr B BonnoM pactBope. [IyHKTHpHAS TUHUS COOTBETCTBYET

CHMXKCHHUIO TEMIICPATYPhI 3aMCpP3aHUA JIbaa UACATbHBIX PACTBOPOB HEIJIICKTPOJIUTOB.



Tabn. 12. Kpuockonnyeckue JaHHbIE U M30bITOUHbIE TEPMOJUHAMUYECKIE QYHKIMU OuHApHO# cuctembl Cro-Lys-H20. X - — MosbHas
70

mons Cro-Lys B BogHOM pactBope, AT — MOHIKEHHE TeMIepaTypsl 3aMep3aHus nibaa, In A0 m7H20 — Jorapu(pmbl aKTUBHOCTU U

HECUM.

KOd(HIIeHTa aKTUBHOCTH BObl, Inye | — norapudm xosddummenta akruBHocTH Cro-Lys B «HECHMMETPHYHOI» IIKae HOPMHPOBKH

KO2(pPHUITMEHTOB aKTUBHOCTH.

Xe, dys AT, K nay, Iny, o Inyehy,
1,083-10 ¢ 0,005 =5.86-10° =5,75-10° 3,38
2,166-107° 0,013 —-1,44-1074 —-1,42:1074 6,65
4,332-10°° 0,020 —-2,22:1074 -2,18-1074 12,9
8,66-107° 0,030 -3,33-107* -3,25-107* 24,3

1,73-107 0,050 -5,49-107* -5,32-107* 42,2
3,4610°3 0,075 ~8,22-10* ~7,.87-10° 66,0
6,92:107 0,11 —0,00122 —0,00116 72,5

1,38-10°* 0,16 —0,00178 —0,00164 73,1

LL



Tabn. 13. Kpuockonnueckue 1aHHble ¥ U30BITOYHBIE TEPMOAMHAMUYECKUE QPYHKIMN OuHapHoi cuctembl C7o-Thr-H20. X 1, — MoJibHas
70

nonst C7o-Thr B BogHOM pacTtBope, AT — MOHWKEHHE TEMIIepaTypbl 3aMep3aHUs JIbJa, lllaHzo, m7H20 — Jorapu(pmMbl aKTUBHOCTU U

HECHUM.

KO QHIIMEHTa AKTUBHOCTH BOIBI, N Y¢ 7y, — norapudm kospduumenta akruBaocTH Cro-Thr B «HECHMMETPHUHO#» IIKane HOPMUPOBKH

KO2(pPHUITMEHTOB aKTUBHOCTH.

Xc_ -Thr ALK In 0 Iny H,0 Inye
1,67-10°° 0,005 —-5,56-107° —5,40-107° 5,64
5,00-10°° 0,015 -1,67-107* -1,62-107* 16,2
1,00-10°° 0,025 —2,78-107* -2,68-1074 30,1
1,67-107 0,050 —-5,56-107* -5,40-107* 45,4
2,50-107 0,074 —8,22-107* -7,97-107* 59,5
3,33-107 0,110 —0,00122 —0,00119 68.5
4,17-107 0,155 —0,00173 —0,00168 72,9
5,00-107 0,205 —0,00228 —0,00223 73,1
6,67-107 0,315 —0,00351 —0,00345 62,8

8,33-107° 0,415 —0,00463 —0,00455 41,1

8L
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KoadummenTsr akTHBHOCTH BOJIBI PACCUNTHIBAIUCH 10 Y. 29:

—AH}, (AT —AC,AT?

(29),
R(T} AT

Ina, , =

rne AH {;20 — sHTanenud mwiasneHus abaa (5990 Ix-mons '), AC, — u3MeHeHHe U300apHOit

TEMI0EMKOCTH I Iipoliecca masjieHus nbaa (—38,893 ik -moms -K™), To' — Temneparypa
miaBaenus yucroro nsaa (273,15 K), AT = To' — T, T — TemnepaTypa Hauana mpolecca
KPUCTAJTU3AllUU B pacTBOpe, R — yHUBepcallbHas ra30Bas MOCTOSHHASL.

Ha ocnoBanuu Yp. 30 paccuntanbl K03 PUIIMEHTH aKTUBHOCTH BOBI:
1n7/H20 :1naH20 _lan20 :hlaHzo —In(l-x)) (30).

Tepmoannamuueckoe onucanue OuHapHsix cucteM Cro-Lys—H20 u Cro-Thr—H20 6bo
BBITIOJTHEHO C HMCIOJB30BAHUEM TMOTYIMIUPUUYECKON AaCUMMETPUYHON MOJIETN BUPHAIBHOTO
paznoxkenusi  (VD-AS). Drta  wMomenp  paHee  YCICNIHO  HUCIOJNb30Bajach IS
TEPMOJANHAMUYECKOTO OMNHMCAHUS BOIHBIX PACTBOPOB BOJIOPACTBOPUMBIX AJTYyKTOB JETKUX
dbynnepenos, Bkimouas kapookcunupoBanubie aanyKThl Ceo C(COOH):2]3 u C7o[ C(COOH):]3
[165], dymnepenonsl Ceo(OH)2224 u C70(OH)12 [166], amnyktel ¢ymiepenoB ¢ L-
amuHOKucIOoTaMu Ceo(CsH14N202)2, Ceo(CsHoNO3)2, C70(CsH14N202)3 [167]. st BOgHBIX
pacTBOpPOB  YIJICPOMHBIX HAHOKJIACTEPOB JIaHHAS MOJENb Obljla BIEpPBBIE TNPUMEHEHA
npodeccopom kadenpsr pusuueckoii xumuu CIIGITU(TY) H. A. YapsikoBeiMm [168].

Ha ocnoBe Mozenu VD-AS Obuin mosiydeHbI CIEQyIOIIME YpaBHEHUS Jid pacuera

M30BITOYHBIX TEPMOJAMHAMUUYECKUX (QYHKUMN B «<HECUMMETPUUYHOI LIKaje HOPMUPOBKH:

Iny™” = 2A,x, + 3A3x12 + 4A4x13 (31.1),
Iny5 = —A,x) —2A,x —3A,x! (31.2),
rac

A(T) = Zl‘,/%, (32).

['panu1bl yCTOWYMBOCTH PacTBOPOB aAIykTOB C70 MO OTHOIICHUIO K paseneHuto a3
ObLTH paccunTaHbl 0 Yp. 33 ¢ ucnonb3oBanueMm Yp. 31.1 u 31.2:
5 Gmix
mix RT 3 2
g =L =12A X +6Ax; +2A,x, +1=0 (33)

2
Oox;

[To monyyeHHbIM gaHHBIM Iny2(X1) ansa Ounapubix cucteM Cro-Lys—H20 u C7o-Thr—H>O

¢ ucnoib3oBaHueM wmozaenu VD-AS no VYp. 33 ObuiM MONydeHbl CIENYIOLIME 3HA4YEHMUS
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napamerpos A2 = 1,58:105, A3 = —1,40-10', A4 = 4,15-10'3 (Cro-Lys) u 42 = 1,73-106, A3 =
—1,55-10', A4 = 3,27-10'% (C70-Thr). B menoM, BbICOKHE YHCIIOBBIE 3HAYEHHS IapaMETPOB
HEYJIUBHUTEIBHEI, TIOTOMY 4YTO OHHM IPEACTABISAIOT COOOW CyMMy, COCTOSINYK) H3 ThICSY
CIaraeMbIX, COOTBETCTBYIOIIMX B3aMMOJCHCTBHIO HAHOKIACTEPOB C OONBIIMM KOIHIECTBOM
MOIEKYI BOABL PaccuuTaHHBlE KOHLEHTPALMOHHBIE 3aBUCHMOCTH  AKTHMBHOCTH U

koa(durmenToB akTuBHOCTH C70-Lys u C7o-Thr npencrasnens B Tada. 12, 13 u Ha Puc. 37, 38.

80 T T T T T T T

70 - -

60 - -

50 -

C,y-Thr

40 | -

HECHM.

30 - -

Iny

20 - -

10 -

N | N | N | N
0,0 0,4 0,8 1,2

4
Xc, e 10

Puc. 37. KoHueHTpanoHHasi 3aBUCUMOCTh Jiorapudma xkoaddummenta aktusHoct Cro-Lys (

HECHUM.

In Yc,,1ys) B BOJHOM PacTBOpE. X, 1y — MOJIbHAS 1071 C70-Lys B BOJHOM pacTBope.
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C,-Thr

40 -

HCCHUM.

Iny

20 -

" 1 " 1 " 1 " 1
0,0 0,2 0,4 0,6 0,8

4
X, e 10

Puc. 38. KonnentparmonHas 3aBUCUMOCTH Jiorapupma kodpdunnenta akrusHocTH Cro-Thr (

HECUM.

In Yc.,-mhr ) B BOJHOM PacTBOPE. X e — MOJIbHAS 11071t C70-Thr B BomtHOM pacTBoOpE.

Ha Puc. 39 u 40 mokasano nepeceuenne gynxumn F(x)=12A,x" +6Ax +2A,x +1 ¢ ocbio

o HEYCT.
a6cumcc. I[OHOHHI/ITGJILHO MOJHO CACJIaTh BBIBOJA, YTO B MHTCPBAJIC KOHLCHTpAIUM 10 X =

6,0 - 107° (Co-Lys) u x; " = 4,7 - 1075 (C70-Thr) naGmonaercst oGpazoBaHye CTAOMIBLHBIX
BOJIHBIX PAacTBOPOB (YIIEPEHOBBIX aIYKTOB. Touka mepecedeHus OCH OpJUHAT C HYJIEBBIM
3HauUCHUEM (YHKIIUU COOTBETCTBYET 3HAUCHUIO KOHIICHTPAIMH, TPH KOTOPOH MPOWCXOIHT
norepss CTaOWJIBHOCTH pacTBopa. [lmamazoH KoHIeHTpamuid xi1 > x1"Y°" COOTBETCTBYyeT

PaCCIIOEHUIO PacTBOPOB (PaCTBOPHI TEPAIOT YCTOMUNUBOCTH).
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160 -

120 B

0

40 4

F(x1)

I | s | . | s |
0,0 0.4 0.8 1,2

x,-10™

Puc. 39. Konuenrpauuonnas sasucumocts F(x,)=12A,x +6A.x7 +2A,x, +1 s 6unapuoit

cucreMbl Cro-Lys—H20. X; — monbHas gons C7o-Lys B BOZHOM pacTBope.
80 r T T T T T T T T
60 B
40 L xlileycr. |
20 -
/—; 0
53 -
N
oY
220 .
240 - .
-60 -
-80 -
-100 1 L 1 L 1 L 1 L 1
0,0 0,2 0,4 0,6 0,8
xl-IO'4

Puc. 40. Konuenrpauuonnas 3aBucuMocTh (yHkmuu F(x,) = 12A4x13 + 6A3x12 +2A,x +1 s

ounapnoii cucremsl C7o-Thr—H2O. X; — monpsHas nons Cro-Thr B BomHOM pacTBOpe.
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3.2.7. PacnipeesieHHe HAHOYACTHIL 10 pa3Mepy U {-NMOTEeHUHAJIBI

B Tabn. 14, 15 u Puc. 41, 42 mnpexacraBieHbl 3KCIIEPUMCHTAIbHBIC JaHHBIC IO
pacnpenenenuto accounatoB Cro-Lys u Cro-Thr mo pasmepam B BoaHBIX pacTBOpax npu 1 =
298,15 K. Ananu3 mOJIydeHHBIX 3HAUCHHM IIO3BOJIACT CHACNATh CIEAYIOIINE BBIBOIBI: (/)
MoHoMmepHble MoJekysbl Cro-Lys u Cro-Thr ¢ nuneitHpiMu pa3mepamu 2 HM HE ObUIH
oOHapy>keHbl BO BCEM JMana3oHe KOHLEHTpaluii; (2) B obnactu KoHueHTpauuii menee 0,5
r-aM > HabImozanock 00pa30BaHUE acCOLMATOB MEPBOrO MOPAAKA C JHHEHHBIMH pa3MepaMu
30-50 um u BTOporo nopsaka ¢ pazmepamu 100-300 uMm; (3) npu KoHUEHTparuax cBbiie 0,5
1M > Habroanock 00pa3oBaHue acCOMATOB TpeThero nopsaaka (700-900 M) u 4eTBEPTOro
nopsiika (5—6 mkm). OOpa3oBaHHE aCCOLMATOB TPETHETO MOPsIKAa COOTBETCTBYET IOTEpE
YCTOWYMBOCTH PACTBOPaMHU (PyIsIepeHOBBIX aJITyKTOB.

Cornactao Yp. 34 6b1I0 pacCUMTaHO KOJMYECTBO aCCOLUATOB i-TO TUIIA, YITAKOBAHHBIX B

acconuartsl (i + 1) -ro tuna Ni—i+1:

3

d,
]viﬁiﬂ B (’{1 ’ Kynak, (34)9

r1e Kyna. — QopManbHbIi KO3 (DUIIMEHT YITaKOBKH «MaNbIX cep» B «OONbITyIO chepy».
N3-3a cpaBHUTENBHO OOIBIIOTO pa3zMepa U oAuHaKoBoro 3apsaa yactuil Cro-Lys u Cro-
Thr B BOAHBIX pacTBOpax, MPHUBOMAINIECTO K OTTAJIKUBaHUIO, ObUT BbIOpaH KOX(GUIIMEHT
YIaKOBKH, COOTBETCTBYIOIIUN KyOnueckon suenke (Kyna. = 0,52). Jlns cpaBHEHuUs!, 3HaUCHUE
Kyna. = 0,74 cooTBeTcTByeT HambOojiee TJIOTHOM YIMakoBke cdep (rpaHeleHTpUpOBaHHAS

KyOHnueckast sraerka).
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6000 T T T T T T T T T T

5000

4000

=
= 3000

2000

1000

Puc. 41. KonnieHTpamonHas 3aBUCHMOCTD JIMTHEHHBIX pa3MepoB accoruaToB Cro-Lys B BogHOM

pactBope npu 298,15 K. CCm-Lys — 00bémHas konuentpaius C7o-Lys B BOJHOM pacTBope.

10 T T T T T T T
Ingy,
8 .
Ing,
— 6 i
=
= ®
5‘5;
= 4 -
= Ing
2 .
Ing,
0 .
N 1 N 1 N 1 N 1 N 1 N 1 N 1
-12 -10 -8 -6 -4 -2 0 2

-3
lnCCm_Thr, In[T-mm ]

Puc. 42. KoHnieHTpamroHHas 3aBUCUMOCTb JIMTHEWHBIX pa3MepoB accoraToB C7o-Thr B BogHOM

pactBope nipu 298,15 K. Ccm_m — o0bémHas konueHtpamus Cr-Thr B BogHOM pacTBope.



Tabin. 14. Pacnpenenenue accounaroB Cro-Lys 1o pazmepam B BoaHbIX pacTBopax npu 298,15 K. 6, — cpennuii nuameTp accoiuaToB i-ro

THIIA. M—»j — CPCAHCC KOJIUYICCTBO aCCONUATOB C70-Lys I[-TO THUIIA B accouna’raxj-ro THIIA, Cl — JI3€Ta-MOTEHIMAJIBI aCCOLUATOB I-TO THUIIA.

C, o, O,HM  Ji, HM o, HM ov, Nosi Nom2 Nows  Nowa Nz Nz Niog (i, ¢, v,
r'aM > HM MKM MB MB MB
0 2 — — — — — — — — — — — — — —
0,01 — 40-60 150-300 — — 810> 4-10° — — 50 — 170 —20 — —
003 — — 150-300 — 5-6 — 4-10° — 1,510°0 — — 170 —20 — =50
005 — — 150-300 — 5-6 — 4-10° — 15100 — — 170 —20 — —50
01 — — 150-300 — 5-6 — 4-10° —  1,510°0 — — 170 —20 — =50
03 — — 150-300 — 5-6 — 4-10° —  1,510° — — 170 —20 — —50
05 — — 150-300  700-900 5-6 — 4-10° 9-10° 1,510°0 — 20 170 —20 =30 =50
1,0 — — 150-300  700-900 5-6 — 4105 9-10° 1,5-10° — 20 170 —20 -30 —50
30 — — 150-300  700-900 5-6 — 4-10° 9-10° 1,510° — 20 170 —20 =30 =50
50 —  — 150-300  700-900 5-6 — 4-10° 9-10° 1,510° — 20 170 —20 =30 =50
70 —  — 150-300  700-900 5-6 — 4105 9-10° 1,5-10° — 20 170 —20 -30 —50

10,0 — — 150-300  700-900  5-6 —  410° 910 1,510° — 20 170 —20 -30 50

¢8



Tabmn. 15. Pacnpenenenue accounaroB Cro-Thr mo pazmepam B BogHbIX pacTBopax npu 298,15 K. 6, — cpennuit nuameTp accomuaToB i-ro

tumna. N;—.; — cpeaHee koandecTBo accoruatoB Cro-Thr i-ro Tuma B accoruaTax j-ro THIa, {; — JA3eTa-MOTSHITHAIbI aCCOIUATOB i-T'0 THIIA.

C,rraMm>  Jo,HM OLHM O, HM  Om, MKM - Noo1-107 Nooo 1074 No—3- 107 Ni—2: 107" Np3-102 G, mMB G, MB (i,
MB

0 2 — — — — — — — — — — —
0,001 — 30-50 100-200 — 2-8 3-30 — 3-1000 — —20 — —
0,01 — 30-50 100-200 — 2-8 3-30 — 3-1000 — —20 =35 —
0,1 — 30-50 100-200 — 2-8 3-30 — 3-1000 — —20 —35 —
0,2 — 30-50 100-200 — 2-8 3-30 — 3-1000 — —20 =35 —
0,3 — 30-50 100-200 — 2-8 3-30 — 3-1000 — —20 —35 —
0,4 — 30-50 100-200 5-6 2-8 3-30 2-3 3-1000 — —20 =35 —
0,5 — 30-50 100-200 5-6 2-8 3-30 2-3 3—-1000 — —20 —35 —
1,0 — — 200—400 5-6 — 30-200 2-3 — 1-10 —20 =35 =55
3,0 — — 200—400 5-6 — 30-200 2-3 — 1-10 —20 =35 =55
5,0 — — 200-400 5-6 — 30-200 2-3 — 1-10 —20 —35 —55

98
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Kpome TOro, Ha OCHOBE OKCIEPUMEHTAIBHBIX 3HAUYEHUH 3JIeKTpodopeTrnueckoi
MOJIBIDKHOCTH  OblIa  TOJydyeHa KOHLIEHTpAIlMOHHAs 3aBUCUMOCTh  (-TIOTEHIMANa C
UCII0JIb30BaHNEeM ypaBHEHUS ['enbMronbiia — CMOTYXOBCKOTO, TOCKOJIBKY B CiIydae BOAHBIX
pactBopoB Cro-Lys u Cro-Thr xa >> 1 (a — panuyc yacTuisl U k — oOpaTHasi BeJIMYMHA

ne0aeBCKOM NTMHBI WM OOpaTHAas TOJIIKUHA IBOWHOTO SJIEKTPUUECKOTO CJIOs):

Uty
§== (35),
&8,
rIe ue — OJIEKTpodopeTHdecKas IOJBHKHOCTb, & — OTHOCHUTENIbHAS IUDJIEKTPHIECKAs

IMPOHUIOACMOCTD paCTBOpaA JICKTPOJINTA, &9 — AUIJICKTPHUUCCKAA IIPOHULACMOCTb BaAKyyMa, 7] —
JUHaMHU4YCCKas BA3KOCTHb )I(I/II[KOﬁ CpCAanl.
HMoHnnHas cuiia BOJHOTO pacTBOpa ObLIa OIIpCACJICHA 110 AUCCOLMUAIINH (by.]'lﬂepeHOBBIX

aJTyKTOB. 3HaueHUsl 1€0aeBCKOM JUTMHBI OBUTH OMPEICIICHBI [0 CICAYIONIEMY YPaBHEHUIO:

5= eg,D

(36),

K
rne D — xoaddunuent auddy3uu npoToHa, ¥ — yAelbHas dJIEKTPUYECcKasi MPOBOJAUMOCTb, &
— OTHOCHUTENIbHasg JAMAJIEKTpUYecKass MPOHUIIAEMOCTh pacTBOpa JNEKTPOIHUTA, & —
TURJIEKTPUYECKasl MPOHUIAeMOCTh Bakyyma. CorjacHo pacu€ram JebaeBCKUE JTMHBI UMEIOT
MOPSIIOK €TMHUI] HAHOMETPOB.

AHanu3 npejactaBieHHbIX naHHbIX (Puc. 43, 44) noka3bIBaeT, 4TO BO BCEM JUAIa30HE
KoHIeHTpanui pacTBOpbl Cro-Lys u Cro-Thr o6nanaroT arperatuBHON ycToHYnBOCTHIO. Kpome
TOT0, pachpeleNeHne (-MOTEHI[MAJIOB COOTBETCTBYET paCHpEeeICHUI0 HAHOYACTHIl IO

pazMmepam.
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20 F é/” .

-30 |- Sl .

¢, MB

Sy

250 i

-60 L 1 L 1 L 1 L 1 L 1
6 4 2 0 2

lnCCm_Lys, In[r-om ]

Puc. 43. KoHiueHTpallMOHHAs 3aBUCUMOCTbH (-TOTeHIHanoB acconuatoB Cro-Lys B BogHOM

pactBope npu 298,15 K. CC70-Lys — o0bémHas koHHeHTpanus agaykra Cr-Lys B BomgHOM
pacTBope.
0 T T T T T
ol . o000 i
g ' é/ll 1
40 .
é]ll
60 |- m
-80 L 1 L 1 L 1 L 1 L 1
6 4 2 0 2

lnCCm_Thr, In[r-am ]

Puc. 44. KoHueHTpallMoHHas 3aBUCUMOCTH (-TMOTeHIMaNoB acconnatoB Cro-Thr B BogHOM
pactBope npu 298,15 K. CC70-Thr — o0béMmHast koHNeHTpanus agaykra Cr-Thr B BomHOM

pacTBope.
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3.2.8. Koppeﬂﬂm/m IKCHEPUMEHTAJBHBIX TAHHBIX IIVIOTHOCTH U BA3ZKOCTH
TeMnepaTypHLIe N KOHOCHTPAIIMOHHBIC 3dBUCHMOCTHU INIOTHOCTH MU BA3KOCTHU OBLIH

OMUCAHbI C UCIOJIB30BAaHUEM CJIEAYIONIEH MOJIUHOMHUATBHON (PYHKUIMH 4YETBEPTOTO MOPSIKA,

M(T, x):

4 4
M=A4+)b-T'+>b,-C’ 37),
i=1 Jj=1
rne M — cBOHCTBO pacTBopa (IUIOTHOCTb, AMHAMHMYECKas BA3KOCTh), C — o00BbEMHAas
koHueHrpanus Cro-Lys m Cro-Thr, T — aGcomotHas Temmnepatypa, A, b (i = 1-8) —

SMITMPUYCCKUC ITapaMETPhI, PACCUYUTAHHBIC C NCITIOJIB30BAHUEM MCTOd HAMMCHBIINX KBA/IPaTOB

B iporpamMme MATLAB. Ilony4ueHHbIe pe3yabTaThl IpeAcTaBieHbl Ha Puc. 45, 46 u B Taou. 16.
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(a)

1.004

1.002 1

1.000
- 0.998
=
Q 0.996
i
R0.994
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340

(6)

1.004
1.002
1.000

T 0.998

CM

-, 0.996

P T

0.994

0.992

0.990

0.988

340

Puc. 45. Temnepatypnas (7) u koHuentpainuontas (C) 3aBUCUMOCTb TUIOTHOCTH (p) BOTHBIX
pactBopoB Cro-Lys (@) u Cro-Thr (6). DxcniepuMeHTaNbHbIE JaHHbIE — KpacHbe Chephl,

pacu€THbIE TaHHbIE — MOBEPXHOCTH.

(a)



(6)

‘l

’ Q?Af ~3

b
|‘
‘“‘m i aoeae
oAy, lh\n [T T
p .
R 595 m‘“m\n SR '\“‘m\“\
kvt “‘:s“ ey m\ ls “\\!m:gt\s
NIN‘ ﬂ'l\\
Ranasig e THTRA Mi“s{g-ws
mahln“ﬂm ‘ \“n“ ku\\

LL“
i .mm“
“ wm:mim'\‘n\s
\‘
I ‘-.‘l e

m.

.Em

Nh
0
‘M‘mm“ﬂ\\\ ooy
[N Vg
d%a‘e“““‘\\\“\‘l‘: n\u“\l\hw\
e nm.\m \\\“\.\.\ R
o \{‘ l, “‘“‘m‘“m Nu&}
nn\\ H
F R \\\\ l‘k!
L
mEgs \\\ m\“‘
Sepaanan
T sn“l‘\‘ne.\
o o Mu‘\

6

o,
Baaos

i “‘h\m‘sw“‘
N MR ‘ m“‘“\u{:‘
:w.:_uma.‘:,\u km...mm\.m.nm\ i
l

B e
Hmlusm\\i
lan‘m.\“nm\\‘

\\\.

thf
\‘\\
Bitag
\m\'{ “
u., ERERL

"l‘\h“*\\\

340

Puc. 46. Temneparypnas (7) u koHuentpaunonHas (C) 3aBUCUMOCTb BA3KOCTHU (#) BOJHBIX
pactBopoB Cro-Lys (@) u Cro-Thr (6). DxcriepuMeHTaNbHBIE JaHHbIE — KpacHble Chephl,

pacu€THbIE TaHHbIE — MOBEPXHOCTH.



Tabn. 16. Koppensuumonusie mnapametpol A, b; (i =

KOHLIEHTPALMOHHBIE 3aBHCMMOCTH ILUIOTHOCTEN (p) M JMHAMUYECKUX BA3KocTed (7) Bomubix pactBopoB Cro-Lys u Cro-Thr. R? —

KO3((ULIHEHT JeTEpMUHALINH.

1-8) mommHOMHUaNbHOTO YypaBHEHHs (35), ONUCHIBAIOIIETO TEMIIEpATypHBIE U

CBOICTB A b1 b b3 by bs bs b7 bs R?
0
pacTBopa
Cro-Lys
p/ r"CM > 6,805-100 —1,007-10" —7,006-10 -1,231-100 —1,607-100 2,774-10°''  0,9994
0,761 1,518:107 0,00185
4 4 7 6 8 8
n / mlla-c —3,495-10 -7,976:100 —1,361-100  7,096-10°'° 0,9990
9,253 0,0109 —0,0035 6,434-107* 5 —0,0109 5 ; 5
C70-Thr
p/ rcMm > 6,035-10" —1,101-10" -1,621-100 —1,187-100 2,843-10° —2,538:107' 00,9994
1,052 1,536:107 1,151-10°8
4 6 5 6 2 8
n/wmlla-c 47,50 —6,863-10" —6,067-100  2,455-10° —3,533-10° 0,9988
0,0283 —0,0103 0,00147 —0,263

5

5

6
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3.3. buocoBmectumoctb agayKToB Cro-Lys u C7o-Thr
3.3.1. 'emocoBMeCTHMOCTD

3.3.1.1. CnoHTAHHBII TeMO0JI13

Jlnst otieHKu 6rocoBMeCTUMOCTH aaayKToB Cro-Lys u C7o-Thr u3ydanu ux BiausHue Ha
CIIOHTAHHBIN reMoiu3. B ciiydae BemiecTB, COBMECTUMBIX C KPOBBIO, MEMOpaHa 3pUTPOIUTA
OoCTa€TCsl HETMOBPEKIEHHOW M COACPKUMOE KJIETKH HE BBICBOOOXKTaeTcs. B srom ciydae
ToKCUYHOCTh C70-Lys u Cro-Thr onpenensiu myTéM OlleHKH BRICBOOOAMBILIETOCS FEMOTJIO0MHA.

Pe3ynbrathl porieHTa reMoJin3a dPUTPOIIUTOB, MHKYOUPOBaHHBIX ¢ aamaykramu Cro-Lys
u Cyo-Thr, mpeacraBiaensl Ha Puc. 47. Bennmunna remonmsa coctaBiser MeHee 5 %, d9TO

CBHUJIETEIIBCTBYET O TEMOCOBMECTUMOCTH IOJIyYEHHBIX HAHOMATEpHUAIJIOB [ 169].

(@)

T'emounus, %
H
HH

0,5 H

0,0
Kontpons 1 5 10 25 50 75 100

(0)

20

L

Konrpons 1 5 10 25 50 75 100
C, MM

,_H

Temonus, %
=
T
{
,_\_‘

Puc. 47. Bnusaue annyktoB Cro-Lys (a) u Cro-Thr (6) Ha crioHTaHHBIA reMOJIM3 MOCTE

MHKyOanuu B Teuenne 0 — 1 4, m — 3 4.
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3.3.1.2. Arperanusi TpoMOOIIUTOB
PesynbraTel usmepenus BiusHus agaykroB Cro-Lys m Cro-Thr Ha arperanuio TpoMO0IMTOB
YyeJloBeKa B MPHUCYTCTBUM MHAYKTOPOB arperauudyd TpoMOOLMTOB mpeacTaBieHsl B Tabm. 17.
Annykt Cr-Lys B nuanazone koHueHtpamuid 10-100 MxkM  mpoJeMOHCTpUpOBa
AQHTUArperaHTHYI0 aKTUBHOCTH B TecTtax AJID-, KonareH- M agpeHaJIMH-UHAYLHHPOBAHHOU
arperaiuu. B To sxe Bpems agnykt Cro-Thr o0nanaeT anTHarperaHTHOH akTUBHOCTBIO B TE€CTaxX
Ha arperamuio TpoMOOLUTOB, BbI3BaHHYI0 AJ[D 1 Ko1areHoM B Auana3oHe KOHIEHTpaun 1-
100 mxM. Hanporus, arperanus, BbI3BaHHAs aJpPEHAJIMHOM, HE HMMEET CTATHUCTUYECKU
3HaYUMBIX U3MEHEHUH B UCCIIEAYEMOM JIMAIIa30HE KOHLEHTPALH.
3.3.1.3. [Li1a3MeHHO-KOAryJIALIMOHHBII reMoCcTa3
[TonyueHHble AaHHBIE MO M3ydeHUIO BIUsAHUS amgaykToB Cro-Lys m Cro-Thr Ha mokazarenu
IJIa3MEHHO-KOaryJIIMOHHOTO TeMocTasa npeacrtasieHsl B Tadn. 18. Aanyktel Cro-Lys u Cro-
Thr 1eMOHCTPUPYIOT HaJTMYKE aHTUKOATYJISIHTHBIX CBOMCTB, KOTOPBIE CTATUCTUYECKH 3HAUUMO
OTJINYAIOTCS TIO CPaBHEHUIO ¢ KOHTposeM, yBenuuuBass AIITB u IIB npu Bcex M3ydeHHBIX

KOHOCHTpAIHAX.



Tabn. 17. Bmusuue Cro-Lys u Cro-Thr na AJI®, kosnareH, aJpeHaIuH-UHIYIUPOBAHHYIO arperamuio TpOMOOIMTOB B Ooratoii

TpOM6OI_II/ITaMI/I I1asme.

Awmrmmutyna, %

C (apnykTta), MKM

ATyKT HNupykrop KonTpoas 10 25 50 75 100
AJlD 70,2 +2,8 66,1 +£1,5* 66,7 £ 1,3* 70,7 £ 1,4* 62,4+ 1,8* 66,7 £ 1,0*
C7o-Lys Konnaren 87,0£2,1 66,9 +£2,1* 77,4 +2,5% 77,6 £4,2* 76,3 £1,8* 73,3 £2.4%
AJnlpeHaJInH 79,8 3,8 82,4+39 78,0+ 5,1 73,8 +0,9* 73,2 +£1,7* 72,5 £ 1,4%
AJlD 65,0+ 1,8 60,3+1,1 55,8 £1,3* 53,4+ 1,9* 47,7+ 1,3* 459 +1,3*
C70-Thr Komnnaren 744+ 1,7 70,3 £2,7 64,6 £1,7* 60,2+ 1,1* 54,1 +1,3* 54,0 £1,8*
AJnlpeHaJInH 71,8 +4,9 71,2 +44 68,8 £5,3 69,2 +4)5 69,4+ 54 65,4+5,1

* — CTaTMCTUYECKU 3HAYMMO MO OTHOLIEHUIO K KOHTpoJo (p < 0,05)

S6



Tabn. 18. Biusaaue Cro-Lys u C7o-Thr Ha moka3aTenu nia3MeHHO-KOAryJSIIHOHHOTO TeMOCTa3a.

C (apnykTta), MKM
Annykr Tect Hopma KonTpoub 1 5 10 50 75 100

Bpewms cBépThiBanus, C

AIITB, ¢ 2840 32,8+1,0 36,8+0,5 395+14" 403+0,9" 42,5+12° 468+2,0° 449+1,8"

Cro-Lys
Y IIB, c 13—-18 17,3+1,8 189+1,7" 17,4+2,1° 19,0+23" 20,6+0,7° 24,7+18" 28,6+ 1,7
CoTh AIITB, ¢ 2840 36,5+0,9 456+0,8° 46,0+1,7° 473+1,5 483+1,6° 526+25 578+1,3"

70= T
IIB, ¢ 13—-18 13,6 £ 1,5 20,1+1,4" 213+2,00 21,0+2,1° 221+12° 21,1+1,5° 212+0,6

* — CTaTHUCTUYECKU 3HAYMMO MO OTHOLIEHUIO K KOHTpoJo (p < 0,05)

96
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3.3.1.4. CeasbiBanne ¢ YCA

UCA umeeT Tpu OCHOBHBIX caiiTa CBA3bIBaHUS JUTaHIO0B: (/) caiiT I, pacmonokxeHHBIN B
cyonomene IIA (caiit cBs3piBanus Bapdapuna); (2) caitt 11, pacnonoxxkennsiii B cyogomene [11A
(caiit cBs3biBaHus uOynpodena); (3) cait II, pacmonmoxkenHslii B cyomomene IB (caiiT
CBSI3bIBaHUSI TUTUTOHUHA). [{ns uaentudukanuu caintoB cBs3biBanus Cro-Lys u C7o-Thr ¢ HCA
ObUTH MPOBENICHBI SKCIIEPUMEHTHI 110 KOHKYPEHTHOMY CBSI3bIBAHUIO B IMIPUCYTCTBUU MapKEpOB
caiiToB CcBA3bIBaHUS. [IJis ompeesnieHusl KOHCTAHT CBs3bIBaHUA (Kb), a TakkKe CTEXHUOMETPUU

peakuuu cBA3bIBaHus (71) ObUIO UCTIOIB30BaHO ypaBHeHUe CKkaTuapaa:
F,-F

7 =I1gK, +nlgQ (38),

lg

rne Fo — wunteHcuBHOCTh (ryopecnenuun UCA B orcyrctBue Cro-Lys u Cro-Thr, F —
uHTeHCUBHOCTh (uiyopecueHunn YCA B mpucyrctBun Cro-Lys u Cro-Thr, QO — monsipHas
koHueHtpanus Cro-Lys i C7o-Thr.

Ha Puc. 48 mnpencrtaBnenst ganubie 1o cBsa3biBaHuio YCA ¢ Cro-Lys u Cro-Thr B
F,-F

KoopauHaTax Xuiia ( lgT ot 1gQ). Buano, uto B cmydae Cro-Lys u C7o-Thr monyuennas

3aBUCUMOCTh UMEET TOUYKY Mepernda, 9To COOTBETCTBYET HATMYHIO JIBYX CANTOB CBS3BIBAHUSI.

IIpu 5TOoM B KOHIEeHTpanuoHHoM auanasone C = 0,3-107°-1,5-10" M nporcxoauT CB3bIBaHUE

C TIEPBBIM CalTOM, a B KOHIIEHTpalMOoHHOM auanazone C = 6-107°-24-10"° M — co BTOpbIM.
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1,0 4

0,5 4

0,0 4

Ig[(F, ~ F) / F]

1,0 b _

-1,5 E 1 A 1 A 1 A 1 A =

Puc. 48. 3aBucumoctsb B koopanHatax Xwumia mporecca cBsa3piBaHuss YCA ¢ Cro-Thr (m) u Cro-
Lys (®): ® — niepBbIil y4acToK; © — BTOpOM y4acTOK; ® — TOYKa Ieperuoa.

[Tapametpsr cBs3biBanust Cro-Lys u Cro-Thr (n u 1gKp) co BTopeiM caiitom UCA
OTIPENIECTSUINCh KaK Pa3HOCTh YIJIOBBIX KOA((UIIMEHTOB MPSIMBIX W BEIWYHH OTPE3KOB,
OTCEKAEMBIX MPSAMBIMH ISl IBYX KOHIEHTPAMOHHBIX quana3onos: C = 6-107°-24-10°Mu C
= 0,3-10°1,5-10°% M. W3 mnonyuennsix pmannbix (Tabm. 19) Bumwo, uro: (/) B
KOHLIEHTpanuoHHoM juanazone C = 0,3-107°-1,510°% M gna Cy-Thr mabmrogaercs
ymenblueHue 1gKy u n B mpucyrctBun Bapdapuna, aist C7o-Lys — B IpUCYTCTBUN AUTUTOHUHA,
(2) B KoHUEHTpanronHoM auanasone C = 6-107-24-107° M mabmrogaercs ymenbinenue 1gKy u
n nas Cro-Thr B mpucyrcTBum aurutonuHa, ansi Cro-Lys — B mpucyrctBum ubynpodena.
Hcxons w3 BenmunmH KOHCTaHT cBsizbiBaHus (Tabm 20) moxno 3akmounTh, 4Tto Cro-Thr
obpasyer mpounslii kommuiekc ¢ UCA B cybmomene ITA u cnabo B3auMOACHCTBYeT C
cyonomenoM IB, Cro-Lys o6pasyer mpounsiii komriekc ¢ UCA B cy6nomene IB u cimabo

B3auMOIecTBYeT ¢ cyomomenom IITA.



Tabu. 19. 3nauenus norapudmoB KOHCTAHT cBsi3biBanus (1gKp) u crexuomerpus peakuuu cBsizbiBanus (1) Cro-Lys u C7o-Thr ¢ UCA.

Mapxkep C=310"-1,510°M C=610°2410"M
caiita 1gKs, 1gM ™! 1gKy, IgM™!
Cro-Lys Cr0-Thr Cro-Lys Cr0-Thr Cro-Lys C70-Thr Cro-Lys C70-Thr
bes mapkepoB | 4,26 +0,03  5,52+0,03 | 0,84 +0,01 1,08 = 0,06 1,93+0,05 036+0,12 | 0,35+0,08 0,15+0,02
Bapdapun 424+0,20 2,78+0,07 | 0,89+0,03 0,50+ 0,02 2,08+ 0,18 0,34+0,13 | 0,37+0,04 0,22+0,05
No6ynpodpen | 4,85+0,35 5,67+0,11 | 0,97+0,01 1,14 + 0,08 1,16 0,11 0,31+0,07 | 0,22+0,02 —
JIMruTOHWH 3,75+0,17  5,07+0,12 | 0,78 £0,02 1,05+0,03 | 2,11+0,13 0,26+0,02 | 0,38+0,05 —
Tabmn. 20. 3naueHuss KOHCTAHT CBs3bIBaHUS (Kb) 1 ymncia caitoB cBsizbiBaHus (1) Cro-Lys u C7o-Thr ¢ UCA.
T,K C=310"-1,510°M C=610°2410°"M
Ky 103, M Ko, M!
C7o-Lys C70-Thr Cro-Lys Cr0-Thr C7o-Lys Cr0-Thr Cro-Lys Cr0-Thr
298,15 18,20 £ 0,09 331,13+ 0,33 | 0,84+0,01 1,08 + 0,06 85,88 +20,1 6,76 + 0,08 0,35+0,02 0,15+0,02
303,15 | 194,98 + 3,82 14,45+0,79 | 0,99+ 0,06 0,83 +0,13 67,63 £13,3 38592+0,15| 0,17+0,04 0,22+ 0,06
308,15 | 1412,54+£22,1 7,08 £0,23 1,14+ 0,04 0,78 £ 0,04 51,75 +10,7 7815,38+0,9 | 0,33+0,02 0,25+ 0,03
313,15 | 5128,61+17,39 4,47+ 0,48 1,27 £ 0,03 0,77 + 0,08 14,57+6,7  10053,1+0,1 | 0,19+0,03 0,31 +0,08

66
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W3MeHeHust SHTaNbOUN W SHTponuH peakiuu cBsizbiBaHus Cro-Lys u Cro-Thr ¢ HCA

paccuuThIBaioCch o ypaHeHuto Baut-I'odda, npenedperas Bnusiarem temnepatypsl (Puc. 49):
nK, =——+— (39),

rae AH u AS — u3MeHeHue SHTANBIINN U SHTpOoNuu peakuui cBasbiBanus Cro-Lys u Cro-Thr ¢
UCA, R — yHuBepcayibHasi ra30Bas MOCTOSIHHAsI, 1 — a0CoJII0THAS TeMIlepaTypa.

N3menenus sneprun ['nb6ca (AG) peakuun cBsizbiBanusi Cro-Thr u Cro-Lys ¢ UHCA B
temrepatypHom auamazone 303,15-318,15 K 6s110 paccuutano no gpopmyiie:
AG=AH -TAS (40).

Otpunarensubie 3HaueHue AG (Tabn. 21) B untepBanie temmneparyp 303,15-318,15 K
CBUJETENBCTBYIOT, uTO cBsizbiBaHuEe C7o-Thr u Cro-Lys ¢ UCA sBnsieTcst TepMOAMHAMHYECKH
BBITOJHBIM IpolieccoM. B mepBom koHIeHTpanroHHoM auamnas3one st C7o-Thr u Bo BTOpom
KOHIIEHTpauHnOHHOM auanas3one mist Cro-Lys AH u AS nuMeroT oTpunarenbHble 3HAYCHUS, YTO
SBIIICTCSA XapaKTEPHBIM JUIsi 00pa30BaHUsl BOJOPOJHBIX CBS3EH, CIIEIOBATENbHO, CBS3BIBAHUE
C70-Thr B cyomomene IIA u Cro-Lys B cybomomene IIIA ¢ UCA mnpoucxomuT 3a CUET
AMUHOKHCIIOTHBIX OCTaTKOB. B mepBoM KoHIleHTpanmoHHOM nuamnazoHe ans Cro-Lys u BO
BTOPOM KOHIIeHTparmoHHOM auana3zone st Cro-Thr AH u AS uMEOT MONOXKUTENbHbIS
3HAYEHUS], YTO SIBISIETCS XapaKTEPHBIM NSl TUAPOGOOHBIX B3aUMOJICHCTBHM, CIEA0BATEILHO,
ces3piBanne C7o-Thr u Cro-Lys cyomomene IB ¢ UHCA nmpoucxomut 3a cu€T QyiuiepeHOBOTO

Kopa.
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(@)

2 1
0,00320 0,00325 0,00330 0,00335
7! K!

(0)

A

o L I . I . I . I
0,00320 0,00325 0,00330 0,00335

Tl K*l

Puc. 49. 3aBucumocts InKj Cro-Lys (a) u C70-Thr (6) o o6paTnoii Temneparypsl (77'): m —

IIEPBbIN y4aCTOK; A — BTOPOM y4acCTOK.



Tabn. 21. Tepmoaunamuueckue napametpsl cBsizbiBaHus Cro-Lys u Cro-Thr ¢ UCA. AH — u3MeHeHue sHTanbluu, AS — U3MEHEHHE

sHTponuu, AG — u3MeHeHue >Hepruu ['nooea.

C=3107-1,510°M C=610%2,410"M
ATyKT AH, AS, AG, AH, AS, AG, xJ1x-Monp !
T,K KJIK-MOJIb | Jox-momp K kJIK - MOIb ! kJIK MO ! Jx-momp K
298,15 —23,6 £ 8,1 —11,6 £3,7
303,15 324 + 48 1168 + 156 294+52  —927+21 272415 102447
by Sosts 35346, —8,845,7
31315 41,1450 75427
298,15 —288+t11,7 —-3,2+0,7
Coo-Thr 303,15 —172 £ 54 —482 £ 17 —26,4 £ 8,2 148 £ 35 507+ 11 -5,8+0,5
308,15 —24,0+ 10,1 —-8,3+0,3

313,15 21,6 £11,9 —10,9 +£2,7

a0l
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3.3.1.3. DcTepa3Hasi aKTUBHOCTh
Jnis  ompeneneHuss KOHCTAHTBI CKopocTH Tuapoimza H®DA Obuto UCTHOIB30BaHO
YpaBHEHHE PEaKIIUU TIEPBOTO MOPSIIKA:

m(l_ﬁjz_m @1),
1.86

rae 1,86 — onTudeckas IIIOTHOCTh pacTBOpa n-HUTpodeHosa ¢ koHueHTpanue 100 MxM; A,
— OITUYEeCKas TUIOTHOCTh PEaKIMOHHOW CMECH B MOMEHT BpeMeHH f; Ao — ONTHYecKas
IJIOTHOCTh PEaKIIMOHHOW CMECH B HayajJbHBIH MOMEHT BPEMEHU; Kk — KOHCTAHTa CKOPOCTHU

1

pCaKIuu, MHH ', f— BpCMs C Hadajla pCaKIIUMKU, MHUH.

Jlnist onpeiesieHusi KOHCTaHThI CKOPOCTH (k) MOCTPOEHBI 3aBUCUMOCTH ln(l —Wj oT

t. B kauectBe nmpumepa Ha Puc. 50 nmpuBeneHsl gaHHble sl peakuuu ruaponnza HDA

aIbOYMHUHOM B OTCYTCTBHE U B IPUCYTCTBUU 24 MKM C7o-Lys u 24 MkM Cro-Thr.

0,00

hd ' I I I I I I
b §
‘e
e
-0,02 gg
Ase?®
= -0.04 a,te, .
® Al L *
- A, %00
= -0,06 - AjD%e 1
< * I E-RIN
]
f AE 0"
VQN-o,og— AREDDQOO i
~ A O TS
| A A OO 3
—, -0,10 |- Lalo A
_= A
0,12 | -
-0,14 s
| L | L | L | L | L | L |
0 5 10 15 20 25 30
t, MUH
At — AO
Puc. 50. Kunetnuueckue 3aBucumoctu In I_W peaxmun ruaponnza HOA ansbymuHoM

B oTcyTCcTBUE ( A) U B IpucyTcTBUU 24 MKM C70-Lys (O0) 1 24 MKkM Cro-Thr (#).



104
3arem u3 rpauKoOB ObUIN MMOTYYEHBI 3HAYCHHSI KOHCTAHT cKopocTu peaknuu (Puc. 51).
U3 Puc. 51 Buano, uto C70-Lys u C7o-Thr B ucclieIoOBaHHOM KOHIIEHTPAIIMOHHOM JHAra3oHe

HE3HAUYMUTEJIbHO YMEHBIIIAIOT 3CTepa3Hyto akTUBHOCTh YCA.

k10%, mun!
[\

0 0,3 1,2 2,1 3 9 15
C, MM

Puc. 51. 3naueHus koHcTaHT ckopoctu peakuuu ruzaponaunza HOA YCA B orcyrcTBHE U B
npucytcrBun Cro-Lys (cBetno-cepsiit) u Cro-Thr (TEMHO-cepbIit).
3.3.2. AHTHPAIUKAJIbHAS AKTUBHOCTH

Mexanusm peakiuu JPIIT" ¢ aMuHOKHCTOTHBIME afyKTamu Qysuiepera Cro BKIIOYaeT
B ce0sl 1Be cTajuu: ObIcTpast cTaaus — Iepenaya BOJOPOAA OT aMUHOKHUCIOTHOIO OCTaTKa
pamukany JI®II'; mennennas cramus — HykieoduinbHas ataka paaukana Ha C=C cBs3b
dbymnepenoBoro kopa. Ilpenmonaraemslii MexaHu3M peakiuu Ha mpumepe agaykra Cro-Thr

npencrasieH Ha Puc. 52.
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Puc. 52. [Ipeanonaraemsiii Mexanu3Mm B3aumozeicTus anaykra Cro-Thr ¢ JIDIIT.

J1J1st KONMMYEeCTBEHHOM OIIEHKH CKOPOCTH PEAKIIUU MKy aJiyKToM dymepera u JJOIIT
ObUTa WCIOJNIb30BaHA JIBYXCTAJIWWHAs KHHETHYECKass MOJENb TICEBIONEPBOrO TMOPAIKA,
MIPEJICTaBICHHAsS YPAaBHEHHUEM:

n=4) 42),

(Aoo - Ao)
rae Aw, A, Ao — ONTHYECKHE TUIOTHOCTH PacTBOpa CHYCTS «OECKOHEYHOCTH» (LIeCTh JHEU
nocjie Hayaja SKCIepUMEHTa), B MOMEHT BpPEMEHU [ U B HayaJbHbIH MOMEHT BPEMEHH,
(Aoo B At)
(Aoo - Ao)

COOTBETCTBEHHO. 3aBUCUMOCTSH 1N OT BpEMEHM TpejicTaBieHa Ha Puc. 53.

W3 TaHreHCOB yria HaKJIOHA JBYX YYaCTKOB KMHETHYECKUX KPUBBIX OBLIA PACCUUTAHBI
KaXyIuecs KOHCTaHThI ckopoctu (Tabm. 22). Buano, uro anaykt Cro-Lys oGmamaet GombImeit
aHTUpAJUKaIbHONW aKTUBHOCTHIO, ueM Cro-Thr. Ananuz mureparypst [170,171] mokasan, 4to
3HAUYEHMS] KOHCTAHT CKOPOCTEN MEepBOM U BTOPOM CTAUU COMOCTABUMBI C IPYTUMHU aITyKTaMHU

byiepeHoB.
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Puc. 53. Kuneruueckas 3aBucumoctb BocctanoBienust DI agnykramu Cro-Lys (m) u Cro-
Thr (o) npu Temniepatype 298,15 K.
Tabn. 22. 3HaueHust KOHCTaHT ckopocTH BoccTtaHoBieHus DI apaykramu Cro-Lys u Cro-Thr

B CpaBHCHHUH C JIUTCPATYPHBIMU JaHHBIMHA.

BemiectBo k1, My ko, MuH"!
Cro-Lys 0,0313 £0,0021 0,00238 + 0,00009
C70-Thr 0,0112 +£0,0006 0,00127 +0,00004

Ceo-Gly [171] 0,0352 0,00112
Coo-Hyp [171] 0,0835 0,00131
Ceo-Met [171] 0,0301 0,00112
Ce0-Cys [171] 0,0931 0,00105
Ceo[C(COOH)]5 [171] 0,0311 0,00100
Cs0(OH)30 [170] 0,0063 0,0014

Ceo (C = 100 MxM) [170] - 0,0007
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3.3.3. IIpoaudepanus 1 IUTOTOKCUHYHOCTH
3.3.3.1. lIpoandepanus
AHalli3 MOJYyYEHHBIX JaHHBIX MMOKa3ajl, 4YTO B U3YYEHHOM Juarna3one KoHueHrpanui (C

= 0,1-100 mxM) amayktr Cro-Lys BbeI3BIBaeT 0ObIlIee YMEHBIICHUE TposMpepanuu KISTOK

muann HEK293 no cpasaenuto ¢ Cro-Thr (Puc. 54).

100 -

[*) [ee)
(e ()
I I

1

[Tponmudeparnus, %
ES
I

0 0,1 1 10 100

C, MkM

Puc. 54. 3aBucumocTs kiieTouHoOU nponupepannu ot konueHTpanuu Cro-Lys (cBeTi0-cepslii) u
C70-Thr (TéMHO-cepBIif).
3.3.3.2. IIUTOTOKCHMYHOCTH

[urotokcuueckoe aeiictBue anaykToB Cro-Lys u C7o-Thr (C = 0,1-100 MkM) Ha KIETKH
muann HEK293 usmepsinocs ¢ ucnonp3zoBanneM MTT-pearenTta, KOTOpPbIA UCHOAB3YETCS IS
olleHKH MeTalbonndyeckor akTuBHOCTH KieTok. HAJI®-H-3aBucumMble OKCHAOpETyKTa3HbIC
dbepMeHThl, BcTymaromme B peakuun ¢ MTT-peareHTOM, OTpaXarOT KOJIHMYECTBO
YKU3HECTIOCOOHBIX KJIETOK MPHU JCUCTBUH ITUTOTOKCHYeckoro areHTa (Puc. 55). B coueranuu c
naHHbIME 110 Tiponndeparu (Puc. 54) MmoxxHo cnenats BbiBog, uTo Cro-Thr siBisieTcs mMeHee

TOKCUYHBIM aJTYKTOM 110 cpaBHEHUIO ¢ C70-Lys B oTHOIIeHUU JTuHuK KieTok HEK293.
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100 .

60 -

40 -

MeTtabonuueckast akTUBHOCTb, %o

0 0,1 1 10 100

C, MM

Puc. 55. 3aBucumocts MeTabonuueckoit akTuBHOCTH KeTok TuHuU HEK293 oT koH1IIeHTpaun
C70-Lys (cBeTno-cepsiit) u Cro-Thr (TéMHO-CepBIif).
3.3.4. Bzaumopaeiicteue Ha JIHK
3.3.4.1. CeasbiBanue ¢ JJHK

Crektpsl nornomenust JIHK B mpucyrctBun Cro-Lys 1 C7o-Thr npusenenst Ha Puc. 56.
Jns uzydenns cBsizbiBanus Cro-Lys u C7o-Thr ¢ IHK 6b11 ucnons3oBaH MeTO] 3JIEKTPOHHON
cnekTpockonuu noraomenus. M3 Puc. 56 BuaHO, 94T0 HAaOMIOAETCS CHIIBHBIA TUIIEPXPOMHBIN
abdext npu nodaBaenun Cro-Lys u Cro-Thr x JJHK (Puc. 57), npu 3TOM HE TMPOUCXOIUT
3aMeTHOTO M3MeHeHus nojockl noromnieHus JJHK. ['unepxpomusm oObsACHSIETCS HaTudueM
HeKoBasleHTHBIX B3aumopeiictBuii Cro-Lys u Cro-Thr ¢ JIHK: BHemrHmii KOoHTakT 3a cyer
o0pa3oBaHusl BOJAOPOJIHBIX CBS3€H M CBSI3bIBAHHWE HAa MOBEPXHOCTH OOPO3AOK 3a mpeaeiaamMu
cnupamu JITHK. OTcyrcTBHE 6aTOXpPOMHOTO MM TUIICOXPOMHOTO CIIBUTOB CBUAETEIHCTBYET O
TOM, YTO UMEET MeCTO 00po310uHOE CcBsi3bIBaHUE aaayKToB Cro-Lys u C7o-Thr ¢ JIHK.

KoncranTa cBsizpiBanus (Kp) Oba paccuntana mo ypasHeHuto Bynspa — [lummepa:

[AHK] _ [JIHK] 1
& & _5b_5f +Kb(8b_gf) (43)

a
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rae [AHK] — xonumentpanus JHK, €., e, e — xaxymmuiics xo3)PUIMEHT SKCTUHKINH,
KOA(h(GUIKUEHT SKCTHUHKIUU IS aJAyKTOB M KOA(M(OUIMEHT SKCTUHKUMU IJs aJIyKTOB B
CBA3aHHOM (OpMe, COOTBETCTBEHHO. 3HaueHue &f a1 Cro-Lys cocrasnger 10 M 1-em ™!, na
C70-Thr — 3-10° M 1-em L.
Koncranra cBsizsiBanus (Kp) 6b11a nosrydena u3 3asucumoctu [[JAHK] / (e — er) — [ AHK]
(Puc. 58). Jlanee ObutH paccuyMTaHbl 3HAUYCHHS U3MEHEHHUI sHepruu [ 'mdOca B3auMoAeHCTBUS

Cr0-Lys u C70-Thr ¢ JHK, ucnions3ys ¥Yp. 44:
AG =—RTIK, (44).

3HaueHne KOHCTAHT CBSI3bIBaHUS U M3MeHeHust dHepruu [ nuo6ca B3anmoeictBus Cro-Lys u Cro-

Thr ¢ IHK npencrasnenst B Tabm. 23.
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Puc. 56. Cuexrpsl nornomenus JJHK (C = 1,67-107%-3,89-1078 M) B npucyrcteuun Cro-Lys (@)
1 C70-Thr (6) (C=4-108 M).
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0.8 ——————

0,6 -

220 240 260 280 300 320 340

A, HM

Puc. 57. Cuektpbl mornomernus pactsopos: 1,67-10°% M JJHK (-); 1,67-10° M JJHK B
npucyrcteun 4-107 M Cro-Lys (- - -); 1,67-107* M JHK B ipucyrctBuu 4-1078 M C7o-Thr (---*).

24 F

N
[\S)
T

[AHK] / (¢, — &) -107°

1,2 . 1 . 1 . 1
2 3 4

[[THK], monp-1 '-10°®

Puc. 58. 3aBucumocts [JIHK] / (¢a — &r) ot [JIHK] B3aumonetictBust C7o-Lys (m) u C70-Thr (0) ¢
JHK.
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Tabu. 23. 3naueHust KOHCTAHT CBs3bIBaHUS (Kb) M U3MeHeHus sHeprun [ 'nd0ca B3anmoieicTBus

C70-Lys u C70-Thr ¢ JIHK.

Beniectso K107, m-monp ™! AG, xJ1x-Monp !
Cro-Lys 7,83 £0,74 —45,1 £4,0
Cr0-Thr 5,70 +£ 0,49 —44.3 £ 3,8

3.3.4.2. 'eHOTOKCHYHOCTD

Cpennue 3HaueHus npoueHTHoro coaepxanus JJHK B xBocTe KOMETBI, IMHBI XBOCTA U
MOMeHTa XBocTa kKoMeThl, HaOmogaeMbie B MKIIK yenoBeka B npucyrctBun H>O» (100 MM,
MOJIOKUTEIbHBIN KOHTPOJIb) U agaykToB Cro-Lys um Cro-Thr, mpeactaBienst B Tabn. 24.
KonuuectBo noBpexaenuii JJHK B MKIIK uenoBeka B npucyrctBur H2O2 10CTOBEpHO BhILLIE,
YeM B KOHTPOJBHBIX KJIETOK (OTpULATENbHBIA KOHTPOsb). AanykTbl Cro-Lys u Cro-Thr npu
caMoi BBICOKOM m3ydeHHOM koHIeHTparuu (100 MkM) mokaszanu J0CTaTOYHO BBICOKOE B %
JAHK xBocTta, nnuHe xBocta u MomeHTe xBocTa JJHK-koMer mo cpaBHEHHIO C KOHTPOJIEM.
Pesynbratsl mokaspiBatoT, uTo C7o-Lys u C7o-Thr nozozasucumo mospexaarot JHK MKIIK
yenoBeka. B kauectBe mpumepa Ha Puc. 59 mpencraBnenwsr dortorpaduu JJHK-xomer B

npucyrctBun H20O:2 (monoxxurensHeiil KoHTpoJib), PBS (oTpunatensHbiii KOHTpoib) u Cro-Thr.
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(0)

Puc. 59. JIHK-xomeTsl mocne anekTpodope3a KIETOK B MUKporese. (a) — MOJIOKHUTEIbHBIN

koHTpoJib (H202), (6) — otrpunarensusiit KoHTposb (PBS), (6—3) — Cr0-Thr (C = 1-100 MxM).



Tabn. 24. Biusuaue annyktoB Cro-Lys u Cro-Thr Ha % xBoctoBoit JJHK, niuny XxBocTa 1 MOMEHT XBOCTA.

Otpunatens-  [lomoxxutenbHbIN Konuenrpanus, MM
Nsyuaemas HBIM KOHTpOJb  KOHTPOJb (H202, 1,0 5,0 10,0 25,0 100,0
XapaKTepHUCTUKA (PBS) 100 mxM)
Cr0-Lys
Xsoct JJHK, % 25,46 2,74 155,87 5,22 23,44 +237 29,56 £ 3,11 47,93 +4,23 60,74 £ 5,26 83,77+ 13,56
Jnuna xBocta, MkM 90,41 + 14,11 189,56 £23,73 94,59+ 11,28 101,13 +17,66 134,19+19,01 157,7+24,34 177,2+25,6
MowmeHT xBocTa 23,02 + 0,39 29547+ 1,24 22,17+0,27 29,89+ 0,55 64,32 + 0,80 95,79+ 1,28 148,44 + 3,47
Cr0-Thr
Xsoct JJHK, % 14,39+ 2,74 75,64 +£ 5,22 10,34 £ 2,24 17,73 +2,85 15,64 +2,86 2423 +440 42,87+11,92
Jnmuna xBocra, mkm 70,29 £ 13,20 117,31 +36,94 71,57 +10,33 80,87 £ 15,24 95,51+4,08 105,7+16,12 157,9+21,0
MomeHT xBocTa 10,11+ 0,36 88,73 £ 1,93 7,40 £0,23 14,34 + 0,43 14,94 + 0,12 25,61 +£0,71 67,67+ 2,50

148!
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OcHOBHBIE pPe3yJIbTATHI H BHIBOJbI

1. PazpaGoTansl MacmiTabupyeMble OJTHOCTAIUMHBIE METOIUKH TOJYYEHHSI BOAOPACTBOPUMBIX
annyktoB ¢ymiepena Cro ¢ L-nmu3unoM u L-TpeoHMHOM, TpHUBOAAIIME K OOpa3oBaHUIO
KOHEYHOTO TpOAyKTa ¢ BbIxogoM Oosiee 85 %. IlomydenHole coequHeHUsT ObUIH
UACHTHQUIMPOBAHBI C UCIOIb30BAHUEM KOMILUIEKCA (PU3HKO-XUMHUYECKUX METOJIOB AHAIU3A:
BC SIMP-, UK-, YV ®-CcIeKTpOCKOIHS, TEPMOTPaBUMETPUUECKHI aHAJIN3, DIICMEHTHBIN aHAIN3 U
B2XX.

2. [TpoBeneno pusuko-xuMuUecKoe uccienopanue aaayktos ¢pymiepena Cr ¢ L-nmu3unom u L-
TPEOHWHOM: U3YYEHBI INIOTHOCTH, BA3KOCTH, TOKA3ATEIU MPEIOMIICHHUS, JIEKTPOIPOBOAHOCTH,
MOBEPXHOCTHBIE CBOICTBA, HM30BITOYHBIE TEPMOAUHAMHUYECKHE (YHKIIUHU, paclpeiesieHre
HAHOYACTHI] 1O pa3Mepy U (-moTeHnuansl. OOHapykeHo, uTo aanykTel ¢ymiepena Cro ¢ L-
JIM3UHOM U L-TpeOHHHOM HMEIOT OOJIbIINE OTPULATENIbHbBIE 3HAUEHUS TapLIUaIbHBIX MOJISPHBIX
00BEMOB B BOJHBIX pACTBOpPaX, YTO CBHUIECTEILCTBYET O CHIIBHOM CTPYKTYpHUPOBAHHUH
pacTBOpPOB. Y CTAHOBJIEHO, YTO BOJHBIE PACTBOPHI MPOU3BOJHBIX (YIJIEPEHOB ACCOLIMUPOBAHBI.
Pa3mep accoumaroB Bappupyercs or 30 HM 10 6 MKM B 3aBUCHUMOCTH OT KOHIICHTPALUH.
VYCTaHOBJIEHO BBINOJHEHUE IMpaBWia AJJAUTUBHOCTH YAEJIbHBIX M MOJIAPHBIX pedpakuui
BOJHBIX PACTBOPOB BELIECTB. 3HAYEHMSI KOHCTAHT JUCCOLMALIMM JAEMOHCTPUPYIOT, YTO
M3YYECHHbIE aJTYKThI SIBJSIIOTCS CI1A0BIMH 3JIEKTPOJIUTAMHU.

3. C nomompto Mosenu VD-AS 6bla onpeienieHa KOHIEHTpalus aJ/lyKTOB, COOTBETCTBYIOILAs
HoTepe YCTOWYMBOCTHU 10 OTHOIIEHUIO (pa3oBOMY pazaeseHuto BogHbIMU pactBopamu Cro-Lys

i Cro-Thr (229" = 6,0- 1075 u x!%%, = 4,7-1075).

4. IIpoBeaeHO U3ydeHUe B3aUMOICHCTBUS aAyKTOB PyneperHa C7o co CTaOUIBHBIM pauKalIoM
J®III'. IlomydeHHbIE KOHCTAHTBI CKOPOCTH PEAKLUHU IIOKA3aJId, YTO HM3y4aeMble aJIyKTbl
0o0naal0T  aHTUPAJUKAIBHOM  AaKTHUBHOCTBIO,  KOTOpas  CONOCTaBMMa C  TaKUMH
BOJIOPAacCTBOpUMBIMU agaykramu ¢ymiepeHa Ceo, Kak (QymiepeHosbl, KapOOKCHIUPOBAHHBIC
¢bynnepens! u npousBoaHbie Ceo ¢ L-aMuHOKHCTIOTaMHU.

5. N3yuena 6uocoBMecTUMOCTh aanykToB Cro-Lys u C7o-Thr, a ”MEHHO: T€MOCOBMECTUMOCTh
(CTIOHTaHHBI TEMOJINM3, arperamnuss TPOMOOIMTOB, IJIa3MEHHO-KOAryJISLMOHHBII TeMocTas,
CBA3BIBAHHE C YEJIOBEUECKUM CHIBOPOTOUHBIM albOYMHUHOM M €ro 3CTepa3Hasi aKTUBHOCTH),
BJIMSIHME Ha KJIETOYHBIC JIMHUU (LIUTOTOKCUYHOCTD, Tponndepanus), a Takke Biusaue Ha JJTHK
(csizpiBanue ¢ JIHK u renoroxcuunocts). Iloka3aHo, YTO CHHTE3MPOBAaHHBIE aJTyKThl

O6HaZ[aIOT aHTHanCFaHTHOﬁ u aHTHKanYHHHTHOﬁ AKTUBHOCTBIO; OSKCICPUMCHTHI I10
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CBSA3BIBAHMIO aA1YKTOB C70 C 4ETIOBEUECKUM CHIBOPOTOUYHBIM aIbOYMUHOM CBUAETEIHCTBYIOT O
TOM, 4YTO 3HAYE€HHS KOHCTAHT a(UHHOCTU ONTUMAJBHBI JJIA BBINOJHEHUS albOyMUHOM
TpaHCTIOpPTHOU (pyHKIMHU B KpoBOTOKE: C70-Thr 00pa3yeT mpodHsbIii KOMIUIEKC B cyoomene 1A
u ciabo cBs3biBaercs ¢ cyogomenoM IB; Cro-Lys 06pa3yeT mpouHbIii KOMILIEKC ¢ CyOI0MEHOM
IB u cnabo cBsaswiBaercsa ¢ cyomomenom IITA. TlpomeMoHcTpupoBaHa, yMepeHHas IIUTO- U

TeHOTOKCUYHOCTh aiyKToB C70-Lys u Cro-Thr.
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baaroxapnoctu

Brlpaxkato  GmaromapHOCTh Hay4yHbIM  pyKoBoguTensM mpodeccopy CeMEHOBY
Koncrantnany Hwukonaesuuy u mpodeccopy Illapoiiko Bragumupy BragumupoBuuy 3a
HAyYHOE PYKOBOJACTBO, OOCYXJCHHE M pEJAaKTUPOBaHHE HAy4YHBIX CTaTeid W TE3HCOB
KOH(EepeHIH, a Takxke 3aBeayrolleMy kadenpoil xumuu TBEpROro tena MHCTUTYyTa XUMHH
CIIoI'Y, mpodeccopy Mypuny Mropio BacunseBuuy U KOUIEKTUBY KadeIphl 32 OpraHU3aIlHIo
HAy4YHOU pabOoThI U 00CYXEHHUE MOTYyYEHHBIX PE3YJIbTATOB AUCCEPTAUOHHON paOOTHI.

Unentudukanusa u pusuko-xummuueckoe uzydenue aanyktoB Cro-Lys u Cro-Thr Oputn
NPOBEJIEHbl C HCIOJb30BaHUEM OOOpPYAOBAHMS PECYPCHBIX LEHTPOB «V/IHHOBALIMOHHBIE
TEXHOJIOTMM  KOMIIO3UTHBIX  HaHOMarepuaiaoB», «MarHUTHO-pE30HAHCHBIE  METOMbI
ucciaenoBanuss», «MeToapl aHaln3a COCTaBa BEIIECTBA», MEXIUCHUINIMHAPHBIN PECYPCHBIN
LEHTP 1o HaITpaBJICHUIO «HanorexHonorun», «TepmorpaBumeTpuyeckre u
KaJJOpUMETPUUECKHEe METOJIbI UuccienoBaHus», «lLleHTp IuarHocTUKM (QYHKIIMOHATBHBIX
MaTEepUaIOB Il MEAULIMHBI, (apMaKoJOTUU U HaHOANIEKTpoHUKW» Hayunoro mapka CIIOI'Y.
N3ydyenre OMOCOBMECTHMOCTH CUHTE3WPOBAHHBIX COCIUHEHUN MPOBOAMIOCH Ha Kadenpe
o01ield 1 OMOOPTraHMYECKON XUMHUU U B Ja0OpaTOpUH OMOMEIUIIMHCKOTO MaTepUaIOBEACHUS

[ICII6I'MY wum. akaxn. U. I1. [TaBnosa.
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Introduction

At present, one of the most dynamically developing areas of modern science is the
chemistry of nanostructures - particularly, fullerenes and their derivatives. This is due to the fact
that compounds of the fullerene series (the only soluble form of carbon) exhibit unique
physicochemical and biological properties that determine the prospects for their use in various
fields of science and technology (materials science, mechanics, engineering, construction,
electronics, optics, medicine, pharmacology, agriculture, food and cosmetic industries, etc.) [1—
4]. It should be noted that one of the most promising areas for the use of fullerenes is
biomedicine. It has been shown that light fullerenes Ceo and C7o exhibit high antioxidant activity,
have a radioprotective effect, penetrate cell membranes, modulate transmembrane ion transport,
etc. [5,6]. Fullerenes can be the basis for the creation of new high-tech medical materials and
drugs, but their application is limited due to incompatibility with water and aqueous solutions.
As is known, fullerenes are soluble in nonpolar organic solvents, while they are practically
insoluble in water (<107 ' g-L 1) [7,8].

Synthetic approaches, that make it possible to obtain water-soluble fullerene adducts, the
most promising of which are polyhydroxylated fullerenes, carboxylated fullerenes, fullerene
adducts with amino acids and peptides, that have been developed in recent years, is a great
achievement in the fullerenes chemistry [1,2,5,6,9]. The promise of these compounds is
associated with a wide range of their biological activity. An analysis of the publications shows
that water-soluble fullerene adducts exhibit antitumor [10], antiviral [ 11-13], antibacterial [14],
antioxidant [15], and neuroprotective [16,17] properties, photodynamic [18,19] and
membranotropic [20-22] activity.

Thus, the development of new scalable, express methods for the synthesis of water-
soluble fullerene derivatives, the study of their physicochemical properties (density, viscosity,
electrical conductivity, particle size distribution, {-potential, phase equilibria, etc.), as well as
the study of biocompatibility (haemocompatibility, DNA binding, antioxidant activity,
cytotoxicity) are of great relevance.

Objective

The aim of the work is to develop methods for the synthesis, to study the physicochemical
properties of water-soluble adducts of fullerene C7o with L-lysine and L-threonine, which have
the potential to be used in nanobiomedicine.

Achieving this goal includes solving the following tasks:
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Tasks

l.

Development of one-step procedures for the synthesis of C7o fullerene adducts with L-lysine
and L-threonine.

Identification of the synthesized Cro fullerene adducts with L -lysine and L -threonine using
a complex of modern physicochemical methods: '*C NMR, FTIR, UV spectroscopy,
thermogravimetric analysis, elemental analysis, HPLC.

Study of the physicochemical properties of aqueous solutions of the synthesized Cro
fullerene adducts: temperature and concentration dependences of density, viscosity,
refraction, electrical conductivity, surface properties, excess thermodynamic functions,
nanoparticle size distribution, and { -potentials.

Study of the biocompatibility of the synthesized water-soluble C7o fullerene adducts,
including the study of haemocompatibility (spontaneous haemolysis, platelet aggregation,
plasma coagulation haemostasis, binding to human serum albumin and its esterase activity),
the effect on cell lines (cytotoxicity, cell proliferation), as well as interaction with DNA

(binding to DNA and genotoxicity).

Scientific novelty of the results

L.

For the first time, single-stage procedures for obtaining water-soluble adducts of fullerene
C7owith L -lysine and L -threonine have been developed, which make it possible to obtain
the final product with a yield of more than 85%.

An experimental data array on the study of the physicochemical properties of Co fullerene
adducts with L-lysine and L-threonine solutions was obtained, as the basis for their further
application in biology and medicine.

For the first time, the semi-empirical model VD-AS (Virial Decomposition Asymmetric
Model), based on the virial expansion of the Gibbs molar energy in mole fractions of
components in solution, and the boundaries of stability relative to phase separation of Cro
fullerene adducts with L-lysine and L-threonine were determined aqueous solutions.

Based on experimental data on haemocompatibility, effects on cell lines, and effects on

DNA, it was shown that the studied adducts are biocompatible and non-toxic.

Reliability and approbation of research results

The results of the PhD work were published in five scientific articles in peer-reviewed

journals of the first and second quartiles and reported at four international and all-Russian

scientific conferences.
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threonine. The dissertation is presented on 130 pages of typewritten text, contains 59 figures, 24
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biocompatibility of the obtained compounds, the preparation of scientific publications, and the
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Chapter 1. Literature Review
1.1. General information about fullerenes

Let us consider the structural characteristics of two typical representatives of the fullerene
series: Ceo and C7o. There are two types of bonds in the 7,-Ceo cluster: 71 (only five-membered
rings) and 2 (common for five- and six-membered rings). Calculation methods lead to the
conclusion about the difference between the bond lengths 1 and r», which corresponds to the
experimental data, according to which 71 = 1,401 A; r» = 1,45 A. It follows from the results of
theoretical studies that among the Ceo polyhedral isomers, the icosahedral structure is the most
stable. The stability of /,-Ceo 1s associated with the presence of 12 equivalent corannull structural
fragments. Each corannull fragment contains a five-membered cycle surrounded by five
hexagons, which ensures the isolation of five-membered cycles. Qualitative considerations about
the energy unfavorability of structures containing adjacent five-membered cycles are confirmed

by the calculations [26].

Fig. 1. Structure of the Ceo (left) and C7o (right) fullerene molecules [27].

According to the literature data [28], the diameter of the carbon core is 7,1 A, bond
lengths: C=C 1,391 A, C-C 1,455 A, distance between Ceo molecules in the crystal: 3,1 A,
density: 1,65 g-cm™. Spectral characteristics: electron affinity is 2,6-2,8 eV, ionization potential
is 7,6 eV, band gap is 1,9 eV, oscillation frequencies: 528, 577, 1183, 1429 ¢m™!, refraction
index: 2,2 (630 nm) [28].

The structure of the C7o cluster was determined by electron diffraction [29]. It is
determined that it has an ellipsoidal shape, described by the Ds;, symmetry group. There are 8
groups of different C—C bonds in the molecule, the lengths of which vary from 1,37 A to 1,47 A
(Fig. 1, Tab. 1). The shortest bonds connect the vertices of two different pentagons, the longest

ones are located in 5-membered cycles. The "height" of the molecule is 7,8 A. The equatorial
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part of C7 has a diameter of 6,94 A. The Ds; -C7o cluster can be obtained from the two halves of
the Ceo cluster by inserting five pairs of carbon atoms in the equatorial plane, while it contains
only isolated five-membered rings. C7o fullerene, like other fullerenes, obeys the rule of isolated
pentagons, i.e. all five-membered rings in these compounds are surrounded by six-membered
rings [30].

Tab. 1. Characteristics of C—C bonds in the C79 molecule (Fig. 1) [29].

Designation in Number of
No. Figl bonds in a Link group Bond length, nm
molecule
1 a 5 hexagon - hexagon 0,141 £ 0,002
2 b 20 hexagon - pentagon 0,139 £ 0,001
3 c 10 inside the pentagon 0,147 £ 0,002
4 d 20 inside the pentagon 0,146 £ 0,002
5 e 10 pentagon - pentagon 0,137 + 0,002
6 f 20 inside the pentagon 0,147 £ 0,002
7 g 10 pentagon - pentagon 0,137 + 0,002
8 h 10 inside the pentagon 0,146 + 0,001

The structures of higher fullerenes (n > 84) were determined in [31]. Fullerenes with even
more atoms, including extended fulleroid carbon structures, are discussed in [32]. The results of
quantum-chemical calculations of large clusters indicate the stability of fullerenes with
icosahedral symmetry, such as Cs40. However, the formation of giant fullerenes of the spheroidal
type is unlikely, since they must contain a fairly significant part of the “empty space” inside
themselves. It is difficult to imagine that during the synthesis of giant clusters, impurity atoms
or smaller clusters consisting of carbon atoms will not enter their internal cavity. Some of the
giant fullerenes may be cylindrical or form more complex network structures. Such carbon
clusters (tubulenes, barrelenes, capsulenes, etc.) are considered in [32].

1.2. Fullerenes adducts with amino acids preparation

Due to the tension in the structure of fullerenes, they are characterized by relatively easy
addition reactions: nucleophilic addition, radical addition, cycloaddition, electrophilic addition,
electron transfer reactions, etc. A generalized scheme illustrating the functionalization reactions

of fullerene Ceo is shown in Fig. 2.
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Fig. 2. Chemical properties of Ceo fullerene [68,69].

The most promising for further practical application of water-soluble light fullerenes
adducts with amino acids, peptides, as well as fullerenols and carboxylated fullerenes, has been
carried out for many years at the Department of solid state chemistry of the Institute of Chemistry
of St. Petersburg State University in the Professor I. V. Murin’s scientific group. The main
approaches to the synthesis of these compounds are summarized in several reviews [1,2,5,6].

Let us consider the main methods for obtaining adducts of fullerenes with amino acids.
The first studies of the reactivity of Ceo and Cro light fullerenes showed that fullerenes easily
react with primary and secondary amines through the nucleophilic addition reaction [27,33].

In the [34-45], one-step synthesis procedures for the Ceo adducts with the following
amino acids and peptides were proposed: glycine, p-aminobenzoic acid, w-aminocaproic acid,
y-aminobutyric acid, L-proline, L-alanine, methyl-L-alaninate, DL-serine, D-arginine, L-
arginine, f -alanine, valine, cystine, phenylalanine, folacin, carnosine and glutathione by the
mechanism of nucleophilic addition in an alkaline environment. All compounds obtained were
characterized using physicochemical methods (IR spectroscopy, mass spectrometry, 'H NMR,
13C NMR spectroscopy, elemental analysis, dynamic light scattering and transmission electron

microscopy). The general synthesis scheme is shown in Fig. 3.
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Fig. 3 General scheme for the synthesis of fullerene Cso adducts with amino acids [34—45].

Through a one-stage process of interaction of fullerene and amino acids in an alkaline
medium, Ceo fullerene with glycine and L-lysine sodium salts were obtained: Ceo(Gly-
ONa)s 10H20, Ceo(Lys-ONa)s-10H20, as well as adducts of mixed composition: Ceo[(Gly-
ONa)3(Lys-ONa)>- 10H20 and Ceo[(Gly-ONa)3(Asp-ONa),Arg-ONa]-10H20. The structures of
the obtained compounds were characterized by IR spectroscopy, mass spectrometry, 'H, 13C
NMR spectroscopy [46].

The method for obtaining crystalline hydrates of Cso adducts with amino acids with the
chemical formula Ceo(H)3 {NH(CH2),COOH}3-xH>O, where n = 5-7; x = 810 in a solution of
o-dichlorobenzene and polyethylene glycol from fullerene and potassium salts of the
corresponding amino acids was patented. The adducts were identified by IR spectroscopy,
elemental and thermogravimetric analysis [47].

In [48], methodology synthesis of water-soluble fullerene adducts from CsoCls has been
described - during the synthesis, five chlorine atoms are replaced by amino groups, one chlorine
atom remains in the adduct or is replaced by hydrogen (Fig. 4). The same authors in [49]
describes the synthesis of water-soluble pentaadducts of Ceo fullerene with phenylalanine, serine,
f -alanine and y-phenylbutyric acid, during which five chlorine atoms were replaced by amino
acids, one chlorine atom by hydrogen. The resulting adducts have five highly polar groups
introduced into one of the hemispheres of the fullerene core. Meanwhile, the second hemisphere
remains unchanged and highly hydrophobic. Such a molecular structure (Fig. 5) distinguishes
these compounds from the vast majority of other water-soluble fullerene adducts. The resulting

adducts were characterized by 'H and '*C NMR spectroscopy.
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Fig. 4. Synthesis of adducts from CeoCls scheme [48].

As a result of 1,3-dipolar cycloaddition of azomethine ylides to Ceo (Prato reaction),
fulleroproline adducts were obtained. The reaction scheme is shown in Fig. 6. The obtained
adducts were identified using ! H, 1*C NMR spectroscopy, as well as optical spectroscopy [50].
In this work, ways of using the [51] Prato reaction for the synthesis of adducts of fullerenes with
amino acids containing from four to five methylene bridges were proposed. The resulting
adducts were characterized by 'H, 3*C NMR spectroscopy and mass spectrometry.

The paper [52] describes the synthesis of Cso adducts with aspartic and glutamic acids.
The authors carried out the condensation of N-substituted fulleropyrrolidine with L-aspartic and
L-glutamic acids containing protected a-amino- and a-carboxyl groups. Their structures were
characterized by mass spectrometry, UV, IR, and "H NMR spectroscopy.

In [53], a new approach to the synthesis of fullerenes functionalized with amino acids and
peptides by hydrophosphination using secondary phosphineborane as a crosslinking agent was

proposed. The resulting products were identified using 'H, 3C and *'P NMR spectroscopy.
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(3
Fig. 5. Structure of Ceo pentaadducts with phenylalanine (7), serine (2), f-alanine (3),
synthesized from CeoCle [49].

Fig.6. Synthesis of fulleroproline by the Prato reaction scheme [50].
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1. 3. Thermodynamic properties of fullerenes and fullerene adducts
Enthalpies of combustion (AH°, kJ-mol™') and enthalpies of formation (A¢°, kJ-mol ')

of Ceo fullerene at 298,15 K and standard pressure, as well as changes in entropy (AsS°,
kJI-mol 1K), Gibbs energies (AtG°, kJ-mol™!) and the logarithm of the equilibrium constant
(1gK+") of the formation of Ceo fullerene from graphite are given in Tab. 2.
Tab. 2. Enthalpies of combustion (AH°) and formation (A¢H°) of Ceo fullerene at 298,15 K and
standard pressure, as well as the change in entropy, the Gibbs energy and the logarithm of the
equilibrium constant of the formation of Ceo fullerene from graphite [54].

AH®, kJ-mol ! AsH®, kJ-mol ! AsS?, kJ-mol 1-K ! AG°, kI'mol™"  1gK{

—25937 £ 16 2327 £ 17 420,8 1,2 2202+ 17 - 0,386

Analysis of the experimental data on the temperature dependence of the heat capacity
(Fig. 7) demonstrates that Ceo can exist in three physical states: glassy crystalline modification
(KIII), crystalline (KII) and plastic (KI). The curve (Fig. 7) shows the interconversions KIII —
KII (86 K), and KII — KI (260,7 K). KI crystals have a face-centered cubic lattice, at the nodes
of which spherical Cso molecules rotate freely, that is, there is an orientational molecular disorder
characteristic of plastic crystals. When KI crystals are cooled, the face-centered cubic lattice is
rearranged into a simple cubic lattice and the orientational ordering of Ceo at the lattice sites
occurs. Further cooling leads to a transition to the glassy modification of KIII. Thus, in the
temperature range 7 = 0-340 K, two transitions take place: second-order (disordering of
molecules in the crystal lattice) and first-order (transition from a simple cubic lattice to a face-

centered cubic lattice).
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Fig. 7. Ceo fullerene heat capacity temperature dependence.
Based on the experimental data on the temperature dependence of the isobaric heat
capacity [54], the thermodynamic functions of Ceo fullerene were calculated [54—60].
Tab. 3 shows the C7o fullerene thermodynamic functions values.
Tab. 3. The values of the enthalpies of combustion (A.H°) and formation (AtH°) of C7o fullerene
at 298,15 K and standard pressure, as well as the change in entropy, Gibbs energy and the
logarithm of the equilibrium constant of the reaction of formation of C7 fullerene from graphite
at the same conditions [61].
AH kJ'mol ' AfH, kJ-mol ! AsS®, kJ-mol -K™! ArG°, kJ-mol™ 1gK¢°
—30101 + 10 2555+12 62,94 + 1,41 2536+12 —445

According to the literature data, fullerene Cro is characterized by polymorphism, and at
present there are data on several crystalline modifications. KI crystals form a hexagonal lattice,
in the nodes of which fullerene molecules rotate almost freely. When KI crystals are cooled to
the region of existence of KII crystals, the lattice is rearranged, remaining hexagonal. At the
same time, the orientational ordering of C70 molecules in the crystal lattice occurs. With a further
decrease in temperature, the hexagonal lattice is rearranged into a monoclinic one, and complete
orientational ordering of C70 molecules in KIII crystals is achieved. When KIII crystals are

cooled in the temperature range 7= 19-45 K, an anomalous change in heat capacity occurs due
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to successive phase transitions and the presence of a mixture of several crystalline phases [60],
while two intervals of such a change are visible (Fig. 8). The phase transition temperatures
correspond to the maximum value of the apparent heat capacity. The considered transitions KIII
— KII and KII — KI are non-exothermic, there are no breaks in the curves of the dependence
of Cpon T on the curves of apparent heat capacities in the transformation range. Both transitions
are accompanied by a change in the crystal structure of C7, which is one of the criteria for first-
order transitions; however, they are accompanied by a change in molecular orientation from
complete order in KIII crystals to complete disorder in KI crystals, which are usually referred to
as second-order transitions. Thermodynamic functions of fullerene C7o in a wide range of

temperatures are presented in [61,62].
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Fig. 8. Cyo fullerene heat capacity temperature dependence [60].

An analysis of the literature shows a limited number of works devoted to the
thermodynamic study of Ceo and Cro fullerenes adducts. To date, the isobaric heat capacities of
the crystal solvate CesoCl30°0,09Cl2 [63], dimeric complex [(MesSi);Ceo]2 in the temperature
range from 0 to 480 K [64], crystal complex [(n®-PhCH(CH3):).Cr]*[Ceo]” in the temperature
range from 0 to 310 K [65], CsoH36 hydrofullerene in the temperature range from 5 to 340 K
[66]. Using the Knudsen effusion method, the authors of [67] studied the temperature
dependence of the saturated vapor pressure of the CsoF 15 derivative in the temperature range 7=

591-671 K. The authors of the [68] determined the standard molar enthalpy of combustion and
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calculated the standard molar enthalpies of formation in the solid and gaseous states of the CeoFas
derivative. The series of the papers [69—-72] presents the enthalpies of combustion and formation,
as well as isobaric heat capacities and standard thermodynamic functions (enthalpies, entropies,
and Gibbs energies) of Ceo and C7o fullerenes. In works[73—77] the temperature dependences of
the i1sobaric heat capacity of CooCHCOOH monocarboxylated fullerene were studied in the
temperature range from 6,8 to 326 K [73], Cso(OH)40 fullerenol in the temperature range from 5
to 326 K [74], C70(OH)12 fullerenol in the temperature range from 9,2 to 304 K [75],
Cs0(CsH13N4O2)sHs fullerene adduct with L-arginine in the temperature range from 5 to 328 K
[79], Ceo(CsH13N202)2H> fullerene adduct with L-lysine [73] in the temperature range from 13
to 326 K, and also the values of standard thermodynamic functions were calculated. As an
example, in Fig. 9 shows the temperature dependence of the isobaric heat capacity of the Ceo
adduct with L-arginine obtained by adiabatic vacuum calorimetry in comparison with the
calculated data obtained using the DFT method in the DMol® program within the harmonic
approximation. At low temperatures, good agreement was obtained between the calculated and
experimental data for two isomers of the Ceo adduct with L-arginine (for the Ceo(CsH13N40O2)sHs

molecule with a uniform (Fig. 9, a) and equatorial (Fig. 9, b) functional groups distribution).
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1.4. Physicochemical properties of fullerene adducts

Let us consider the works devoted to the study of the physicochemical properties of
adducts of fullerenes with amino acids. An analysis of the literature shows that the following
areas can be singled out, devoted to the physicochemical study of adducts of light fullerenes:

(1) physicochemical study of fullerene adducts by quantum chemistry and molecular
dynamics methods;

(2) physicochemical study of fullerene adducts solutions, as well as the establishment of
a correlation between the structure, physicochemical properties and biological activity.

Let us briefly dwell on the works devoted to the application of computer simulation
methods to the study of fullerenes adducts with amino acids. Ahmadian et al. [78] calculated the
electronic structure of the complex based on metallofullerene CeoAl and glycine by DFT method.
To carry out the calculation, the authors used the SIESTA package with a numerically defined
basis, normalizing pseudopotential Troullier—Martins and the PBE functional (considering
polarization for valence electrons). During the calculations, the authors carried out a complete
optimization of the geometry of the systems under consideration, and the energy of interaction
of Gly with CeoAl was determined from the differences in the total energies. As a result of the
calculations, it was shown that the effect of aluminum on the electronic structure of the CeoAl
system is very significant due to the formation of molecular orbitals with fullerene, while the
electronic structure of glycine does not participate in the formation of molecular orbitals with
fullerene. The authors also concluded that glycine preferentially binds to the fullerene backbone
through the amino group with the formation of an unstable complex with an interaction energy
of —2,54 kcal-mol ~'.

Andreeva et al. [ 79] were calculated the changes in the standard thermodynamic functions
(Gibbs energy, enthalpy, entropy) of the formation reactions of amino - CsoHn(NH2)n) and
carboxamide (CsoHn(NH2)a(CO2)n) Coo derivatives with varying degrees of substitution (Fig. 10).
To carry out calculations, the authors used a hybrid method of the density functional theory
(M11) implemented in the Gaussian 09 program. The authors showed that the reaction of
interaction of polyaminofullerene with carbon dioxide is completely determined by the enthalpy
contribution to the Gibbs energy. The authors noted that as the number of amino and
carboxamide groups increases, the free energies of hydration of molecules increase, and due to
strong electrostatic interactions, carboxamide adducts can exhibit a certain degree of aggregation

(cluster formation) in aqueous solutions.



n=13,5,6,8,9

Fig. 10. Reaction for the formation of amino- (CeHn(NH2)n) and carboxamide
(CsoHn(NH2)a(CO2)n) Coso adducts scheme [79].

Basiuk et al. [80] were calculated the non-covalent interaction energies of 20
proteinogenic L-amino acids with Ceo fullerene in vacuum and water (PCM model). For
calculations, the DFT method, implemented in the DMol®> module from the Materials software
package Studio with PBE functional and Grimme correction (correction for non-covalent
interactions) based on DNP, was used. The authors carried out geometry optimization both for
the amino acids themselves and for complexes with fullerene. As a result of the study, it was
found that the highest interaction energy corresponds to the Cgo with L-methionine conjugate (in
vacuum and in water), and the lowest interaction energy corresponds to Ceo with L-threonine
conjugates (in vacuum) and Ceo with L-phenylalanine (in water).

Dolinina et al. [81] studied the interaction of biologically active 1,4-isomers of Cso
containing substituted proline and substituted ethyl group (Fig. 11) with water molecules by
DFT method in Gaussian program 03. The equilibrium conformations of the considered adducts
were determined using the B3LYP functional and the 631G* basis. As a result of the study, it
was shown that the presence of functional groups reduces the contact area of the fullerene core
with water molecules, however, the presence of a non-functionalized (hydrophobic) part of the
fullerene molecule promotes the formation of associates, which is confirmed experimentally.
X=C,H40H;Y= Pro-COOMe
X=C,H40NO,;Y= Pro-COOMe
X=C,H,40H;Y= Pro-COOCH,0NO,

X=C,H,0ONO,;Y= Pro- COOCH,0ONO,
. X=C,CH(ONO,)CH,0NO,(S);Y= Pro-

COOMe
6. X=C,Hy-carnosine; Y= Pro-COOMe

e W=

Fig. 11. Fullerene adducts isomers containing substituted proline and substituted ethyl group

[81].
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Ganji et al. [82] theoretically studied a model system based on the Cso molecule, in which
one carbon atom was replaced by a boron atom, and determined the mechanism for the addition
of'a glycine molecule to the CsoB fullerene modified with boron and the unmodified Ceo fullerene
using the DFT method. For calculations, the authors used the SIESTA program and the PBE
functional. As a result of the studies, it was shown that the electron density of the glycine
molecule 1s shifted to the fullerene core when the latter 1s modified with boron, while in the case
of unmodified fullerene, there is practically no shift in the electron density from the amino acid.

Jalbout et al. [83] provided a theoretical study of van der Waals interactions of Ca@Ceo
metallofullerene with amino acid molecules by the DFT method implemented in the DMol?
program (BLYP functional, DND basis). The authors found that an excess negative charge is
generated on the fullerene surface (due to the location of the calcium atom inside the fullerene
core), which plays a significant role in the interaction of such a system with amino acid
molecules.

The authors of the publication [84] studied the mechanism of enantioselective addition of
L-histidine to Ceo fullerene and its derivatives (Fig. 12). The PM3, HF, and MP2 methods were
successively used for calculations. The dipole moments, total energy, charge states, vibrational
frequencies, and band gap calculated by the authors form an idea of the interaction of the L-
histidine molecule with fullerene and its derivatives. The authors also found that the formation

of complexes based on fullerene derivatives with L-histidine occurs due to hydrogen bonds.

L.R'=H:R’=H
2. R'= COOHC,H;; R? = C,H;
3.R'=H; R* = C(CH,)

Fig. 12. Reaction of enantioselective addition of L-histidine to Ceo fullerene and its derivatives
scheme [84].

Luzhkov et al. [85] calculated the dissociation constants of the Cso with L-alanine (Ceo-
L-Ala) monoadduct in the gas phase and in aqueous solution using the HF and DFT methods in
the Gaussian 03 program using the PCM model. The authors calculated the stability of the Ceo-
L-Ala adducts isomers and showed that the carboxyl group is a stronger acid than the CH group
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(formed by the addition of protons to the fullerene core). At the same time, hydrogen bound
directly to the fullerene core, is also relatively easily split off and imparts a significant negative
charge to the fullerene core. Amino group of adduct Ceo-L-Ala is electrically neutral (pKa. (NH)
= —1,44), while the carboxyl group is negatively charged in the physiological pH range. The
calculation of the dissociation constants of the carboxyl and CH groups showed that pKa
(COOH) = 4,2 and pKa. (CH) = 5,8. The obtained results are in good agreement with the
experimental data.

Basiuk et al. [86] studied non-covalent interactions of oligopeptides glycine and L-
alanine with fullerene Cso using DFT and molecular mechanics methods. The authors studied
the effect of the peptide chain length (containing up to 10 amino acids), as well as various peptide
conformations on non-covalent interaction with fullerene. For calculations of the electronic
structure by the DFT method, the GGA - BLYP and LDA - VWN functionals were used; in the
course of calculations by the molecular dynamics method, force fields AMBER, MM+ were
used. As a result of the study, the authors calculated the heats of formation of complexes of
peptides with Ceo and determined the points of closest contacts of the interacting molecules.

Naderi et al. [87] using the DFT method with the B3LYP functional in the Gaussian 98
program, the formation energies of Css fullerene complexes with glycine were calculated. The
instability of such complexes during interaction both through the nitrogen atom and through the
oxygen atom of the amino acid is shown.

Theoretical studies of the molecular structure, vibrational spectra, solvation mechanisms,
as well as optical properties and electrical conductivity of C20(OH)g, Ceo(OH)n (n = 8, 12, 24,
36, 44), C70(OH), (n = 14, 16, 18, 20) fullerenol solutions were carried out in [88-95].

An analysis of the literature shows that the number of works devoted to the experimental
physicochemical study of aqueous solutions of light fullerenes adducts with amino acids and
peptides, as well as to the study of phase equilibria in systems containing these adducts, is small.
Let us briefly dwell on the main results obtained. The authors of the [96—-100] were studied the
physicochemical properties of aqueous solutions and phase equilibria in systems containing light
fullerenes adducts with glycine, L-alanine, L-arginine, L-lysine, L-hydroxyproline, L-threonine.
The authors obtained concentration and temperature dependences of density, refractive index,
electrical conductivity, viscosity, associates size distribution, and excess thermodynamic

functions.
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In the works [96,101,102] the degree of association of fullerene derivatives depending on
the concentration and nature of the substituent for aqueous solutions of the following fullerene
derivatives were studied: Cso adducts with amino acids (glycine, L-alanine) and peptides (glycyl-
L-glycine, glycyl-L-alanine, glycyl-L-valine and L-alanyl-L-alanine) containing a free carboxyl
group [96]; methyl esters of peptide-containing maleimidofullerenes (N-maleimidofullerenyl-L-
valyl-L-valine, = N-maleimidofullerenyl-DL-alanyl-L-leucine, = N-maleimidofullerenyl-DL-
alanyl-DL-alanine, N-maleimidofullerenylglycyl-L-valine, N-maleimidofullerenyl-L-valyl-L-
valyl-L-valine) [101]; mono- and disubstituted Cso adducts with propionic, y-aminobutyric and
w-aminocaproic acids (sodium salt of N-monohydrofullerenyl-w-aminocaproic acid, N-
monohydrofullerenyl-y-sodium aminobutyrate, L-N-sodium monohydrofullerenylpropionate, N-
2- hydroxyethylfullerenyl-w-sodium aminocaproate, methyl N-2-hydroxyethylfullerenyl-w-
aminocaproate, N-2-hydroxyethyl fullerenyl-y-sodium aminobutyrate, methyl L-N-2-
hydroxyethylfullerenylpropionate, = methyl = L-N-2-nitroxyethylfullerenylpropionate,  2-
nitroxyethyl L-N-2 nitroxyethylfullerene propionate, 2-nitroxyethyl L-N-2
hydroxyethylfullerenyl propionate) [102].

Timofeeva et al. [103] conducted a study of the of Ceo adducts with amino acids and
peptides  (N-monohydrofullerenyl-DL-serine, =~ N-monohydrofullerenyl-L-arginine,  N-
monohydrofullerenyl-DL-alanyl-DL-alanine and N-monohydrofullerenyl-L-alanine)
association degree in aqueous solutions depending on pH, ionic strength, concentration and
nature of the substituent.

Ceo fullerene adducts with amino acids and peptides (DL-serine, L-alanine, L-arginine,
DL.alanyl-DL-alanine and glycyl-L-arginine) were studied in [104].

Our scientific group carried out a comprehensive study of solutions and phase equilibria
in systems containing individual light fullerenes adducts with L-arginine, L-lysine, L-
hydroxyproline, L-threonine [97-100,105-107]: concentration and temperature dependences of
density, refractive index, electrical conductivity, viscosity, size distribution of associates, excess
thermodynamic functions.

The obtained results allow us to draw the following conclusions:

(1) high compatibility of fullerene adducts with amino acids with water and aqueous
solutions has been determined. As an example, in Fig. 13 shows the temperature dependence of
solubility in the binary system Cso adduct with L-arginine (Cso(CsH13N4O2)sHg) — H2O in the
temperature range of 293,15-333,15 K [105]. Dependence of solubility on temperature in the
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Fig. 13 clearly shows that the solubility of the adduct varies from tens to hundreds of grams per
liter (depending on temperature).

Fig. 14 shows, for example, the solubility isotherm in the ternary fullerenol system
Co0(OH)2224— NaCl — H>O at 25°C, obtained by isothermal saturation in ampoules [108]. It can
be seen that the diagram consists of two branches corresponding to the crystallization of
fullerenol Cso(OH)22-24:30H20 crystalline hydrate and anhydrous sodium chloride, and contains
one invariant point of the eutonic type (point E in Fig. 14), corresponding to the joint saturation
with both of the above solid phases. At the same time, on the Ceo(OH)2-24 fullerenol
crystallization branch the effect of salting out is observed, and on the branch of crystallization

of sodium chloride - salting in.
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Fig. 13. Ceo adduct with L-arginine (Ceso(CsH13N4O2)sHs) solubility in water temperature
dependence at the temperature range 293,15-333,15 K [105].

(2) in dilute solutions, water-soluble adducts of fullerenes with amino acids, as a rule,
have large negative partial volumes, which indicates compaction and structuring of solutions
[5,99,100,106,109]. As an example, Fig. 15 shows the dependence of the partial molar volume
of the adduct Ceo-Gly (Ceso(C2H4NO2)4Hs) on its mole fraction;

(3) it has been shown [99,105,106] that fullerenes adducts with amino acids in aqueous
solutions are relatively weak electrolytes. In particular, pKpte™ (Cgo-Arg) = 7,2 [105]. pKpher™
(Ceo-Thr) [106] = 4,87; pKp™™ (Ceo-Lys) = 3,7 [99];
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Fig. 14. Solubility isotherm in the ternary system NaCl — Ceo(OH)22-24 - H>O at 25 °C [108].
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Fig. 15. Dependence of the partial molar volume of Ceo-Gly (V¢ ) on its mole fraction in the

temperature range 278,15-323,15 K [109].
(4) it was found [99,109] that aqueous solutions of fullerene adducts with amino acids

are strongly associated (associate sizes range from tens of nm to thousands of nm in the
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concentration range from 0,01 to 10 g-L™!). As an example, in Fig. 16 shows the size distribution
concentration dependence of Ceo-Gly (Cso(C2H4NO2)4H4) associates [109]. There is no Ceo-Gly
monomeric molecules with linear dimensions of about 2 nm in the entire range of studied
concentrations of solutions. In the concentration range C = 0,01-0,3 g-dm 3, the solution
contains first-order associates with a linear size of 30—50 nm. Second-order associates with a
linear size of 100—400 nm, along with first-order associates, were detected in the concentration
range C = 0,3-0,5 g-dm™. In more concentrated solutions (C = 0,5-10 g-dm %), in addition to

second-order associates, there are third-order associates with a linear size of 1-2 pum.

Ing,

Ing,

-12 -10 -8 -6 -4 -2 0 2 4
InC, In[g-dm3]

Fig. 16. Size distribution concentration dependence of Ceo-Gly (Cso(C2H4NO2)4H4) associates in
aqueous solutions at 298,15 K. C - volume concentration of Ceo-Gly [109].
1.6. Biological activity of fullerenes and their adducts
1.6.1 Toxicity of fullerenes and their adducts

The first studies of the toxicity of fullerenes appeared in 1995-1996. It was found that
Ceo fullerene at a concentration of up to 1 mg/ml practically does not affect the viability of human
leukocytes when incubated for 5 hours; at the same time, after 24 hours, there was a decrease in
the viability of leukocytes by 35% [110]. Intraperitoneal injection of a high dose (about 4-5 g/kg)

of a suspension of Ceo fullerene in saline, stabilized with Tween-80 and sodium carboxymethyl
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cellulose, to male Swiss mice did not cause either death of mice or any changes in the behavior
of animals for 8 weeks of observation [111].

In the study [112], male rats were intragastrically injected with ceo fullerene in the form
of an aqueous dispersion containing 1% starch and 0.1% Tween-80 for 1 and 30 days at daily
doses of 2000 and 250 mg/kg of body weight, respectively. There were no statistically significant
differences in hematological and biochemical parameters of the control and experimental groups
after single and multiple injections of the drug. During the experiment, no animal mortality was
observed. At autopsy, pathomorphological changes in the internal organs were not recorded.
Fullerene was detected by HPLC after extraction with toluene in the stomach, small intestine,
liver, lungs, spleen, kidneys and blood. The amount of detected fullerene compared to the
administered doses is much less, which indicates its removal from the body. The authors suggest
that fullerene nanoparticles penetrate from the gastrointestinal tract of rats into the bloodstream
and then are transported to secondary organs without a pronounced toxic effect under
experimental conditions.

In the [113] oral administration of Ceo fullerene dissolved in olive oil (0.8 mg/ml) to rats
in repeated doses (1.7 mg/kg of body weight) not only does not cause chronic toxicity, but almost
doubles the duration of their life. The effects of Ceo solutions in olive oil in an experimental
model of CCls-induced toxic hepatitis in rats suggest that the effect of Ceo on lifespan is
associated with the suppression of oxidative stress.

The mechanisms of cytotoxicity of a suspension of Ceo fullerene in water, as well as
fullerenol Cso(OH)n (the composition of fullerenol is not specified) in relation to cell cultures of
mouse fibrosarcoma, rat glioma and human glioma were studied [114]. In contrast to fullerenol,
which mainly exhibits antioxidant, cytoprotective, and low proapoptotic activity at a
concentration of 1000 pg-ml~!, Ceo in suspension apparently has a strong prooxidant activity
leading to rapid necrotic cell death at a concentration of 1 ug-ml.

The authors of [115] noted a statistically significant decrease in the viability of human
epidermal keratinocyte cells after 24-h incubation with Ceo(OH)s2 fullerenol (C = 42,5 pg-ml™).

The results [116] of the action of C 6o fullerene adduct with modified glutamic acid GIuEG
for 12 and 24 hours on the HeLa cell line (human cervical carcinoma cell line) showed that Ceo-
GIuEG has low cytotoxicity and high biocompatibility.

In the review of 2004 — 2012 publications [117] a comparative assessment of the toxicity

of Ceo and it adducts on mammalian cells and tissues in vitro and in vivo is presented. It was
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shown that the cytotoxic effect of fullerene Cso during its irradiation is due to hyperproduction
of ROS, while in the absence of irradiation, the toxic effect of fullerene Ceo consists in damage
to cell membranes, reorganization of the cytoskeleton, and initiation of autophagic digestion of
cellular components. Nevertheless, as the authors note, the cytotoxic and cytoprotective effect
of Ceo dispersions and it adducts depends on the concentration and conditions of the experiment.
1.6.2. Fullerenes biodegradation

Fullerene is known to form epoxides, hemiacetals, and hydroxylated adducts in
biological systems [118—121]. During the biodegradation of fullerenes, the intermediate
formation of fullerenols occurs predominantly [122—-124].

Under the action of peroxidases, in particular, myeloperoxidase, eosinophil peroxidase
and lactoperoxidase, in vitro can cause deep degradation of fullerene molecules Ceo [125,126].
Nanosized dispersions of Cgo obtained by mixing Ceo in a toluene solution with water using
ultrasound were subjected to biodegradation [127]. The reaction of fullerene with hypochlorite
generated by myeloperoxidase leads to the destruction of the fullerene core, the signs of which
are the disappearance of the absorption bands characteristic of the fullerene core in the UV,
visible and IR regions of the spectrum [126].

Photodegradation of fullerene Cso under the action of Fenton's reagent was studied in
the work [128]. The first stage of the process was the hydroxylation of the fullerene molecule,
the subsequent transformations of which lead to polycyclic saturated adducts upon core
opening. The resulting polycyclic fragments during ring opening lead to the formation of
various hydroxyl-substituted a,m-dicarboxylic acids, the decarboxylation of which leads to the
formation of acetic acid, ethanol, propylene and other products.

1.6.3. Photosensitivity and pro-oxidant properties

In an aqueous medium, fullerene derivatives tend to form associates due to the
hydrophobicity of the fullerene core. Associates are more intensively accumulated by tumor
cells compared to normal tissues due to the increased permeability of the vessels that feed the
tumor and the relative immaturity of the lymphatic system [1]. Due to their photodynamic
activity, fullerenes and their adducts are potential antitumor agents in the treatment by
photodynamic therapy (PDT). PDT is a method of local light activation of a photosensitizer
that accumulates in a tumor and in the presence of tissue oxygen, leading to the development

of photochemical reactions that destroy tumor cells [129].
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The biological effect of Ceo fullerene adducts with folacin, L-phenylalanine and L-
arginine in relation to tumor cells of the HelLa line was studied [34]. It was shown that when
these cells were irradiated with visible light, there was a decrease in the mitochondrial membrane
potential, cell viability, activity of the enzymes superoxide dismutase, catalase and glutathione
peroxidase, which ultimately lead to the activation of caspase-3 and the launch of the apoptosis
program.

Biological effect of adducts Cso(NH2CH2COOH), obtained under different conditions
on cell lines HeLLa and LmS8 (cell line of mouse osteosarcoma) was studied [45]. As a result of
the research, it was found that the Cego-Gly adduct under irradiation (4 = 500—600 nm) causes
dose-dependent death of the Lm8 cell line and induces apoptosis of the HeLa cell line. Under
the light exposition, Ceo-Gly passes from an excited singlet state to an excited triplet state. Then
singlet oxygen instantly reacts with proteins, nucleic acids and membrane phospholipids,
which leads to damage to macromolecules, cell membranes and cell death.

It was shown [49] in in vitro and in in vivo experiments that Ceo fullerene adducts with
L-phenylalanine, L-serine and B-alanine and y-phenylbutyric acid inhibit the proliferation of
glioblastoma cells and reduce its growth rate in Danio rerio fish under artificial lighting day-
night. It was found that the adduct of fullerene Cso with L-phenylalanine inhibits the growth of
glioblastoma without slowing down the recovery of neurons and without affecting neural stem
cells.

Css fullerene adducts with two, three, and four malonic acid residues were tested as
photosensitizers for PDT on the HeLa cell line [130]. Of all the studied adducts, the fullerene
adduct with four malonic acid residues showed the highest efficiency. This compound reduced
HeLa cell proliferation by up to 80% under the action of visible light (400—700 nm) in the
presence of oxygen. In this regard, the authors came to the conclusion that the synthesized
fullerene quadromalonate has prospects as a phototherapeutic agent.

Fullerene-porphyrin dyads were studied as photosensitizers for photoinactivation
Staphylococcus aureus (S. aureus) [131]; in vitro research showed their phototoxic effect. The
photosensitizing ability of water - soluble aminoadducts of fullerenes to inactivate S. aureus
was studied in the work [132]. As a result of research in vitro photoinduced death of S. aureus
was observed in the presence of 0,5 uM Ceo fulleropyrrolidine. The results obtained by the
authors of this work indicate the possibility of using Ceo fulleropyrrolidine for

photoinactivation of microbial cells.
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Efficiency as photosensitizers of water-soluble carboxyfullerenes: Cso and Cro di-, tris-
, quadromalonates was investigated [133]. The assessment was carried out according to their
photodynamic effect on HelLa cells. All compounds are potentially applicable for
photodynamic therapy; the mechanism of their phototoxicity was studied. C7o trismalonate was
shown to be endocytosed by HeLa cells in the form of small clusters that accumulate
predominantly in endosome-like organelles. The increased efficiency of C7o trismalonate can
be explained by the disaggregation of nanoparticles in organelles with the formation of small
associates, up to individual molecules [134]. Direct measurements of particle sizes of three C7o
carboxyfullerenes by dynamic light scattering at a concentration of 2.5 puM in a nutrient
medium showed that Cro trismalonate forms particles with a hydrodynamic diameter smaller
than C7o di- and quadromalonates. Smaller aggregates may promote ROS formation and
accelerate photoinduced cell death due to the larger surface area.

Possibility of using water-soluble cationic derivatives of fullerenes as photosensitizers
for antimicrobial PDT for the destruction of infectious agents: bacteria, protozoa, fungi, and
viruses was studied [135,136]. The antimicrobial activity of cationic fullerene derivatives was
evaluated in vitro during PDT by adding Gram -positive methicillin-resistant S. aureus, Gram-
negative bacteria Escherichia coli and Candida albicans. The results shows high activity of
cationic fullerene derivatives, and the highest activity is characteristic of compounds with a
higher solubility and a lower tendency to form associates.

1.6.4. Antioxidant and cytoprotective properties

Free radical processes are an integral part of the metabolism in all living systems. On the
one hand, excessive formation of free radicals leads to damage to cellular structures and can lead
to the development of various diseases. On the other hand, free radicals generated by phagocytes
are an important factor in nonspecific immune defense. In addition, free radical processes are
involved in the regulation of many important biological processes, including signal transduction,
cell proliferation, and apoptosis [137].

Of all the fullerene adducts, the most studied are fullerenols; the study of their antioxidant
and cytoprotective properties is the subject of most works.

The authors of the work [138] demonstrated the ability of Cso(OH)24 fullerenol to capture
the nitroxyl radical. Preliminary administration of Ceo(OH)24 prevented the decrease in the

activity of catalase, glutathione transferase and glutathione peroxidase caused by the nitroxy
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radical. Ceo(OH)24 fullerenol showed antioxidant properties, reducing the intensity of lipid
peroxidation. The efficiency of fullerenol is comparable to the well-known antioxidant ionol.

In work [139] to study the possible mechanisms of the protective action of fullerenol, a
CCls-induced model of hepatotoxicity and nephrotoxicity in Sprague-Dawley rats was used.
Rats were injected with Cso(OH)22-24 fullerenol (0, 1, 1.5 and 5 mg/kg day) intravenously or
intraperitoneally 3 days before CCls exposure. 24 h after exposure to CCly, the protective effect
of fullerenol was assessed using biomarkers of blood serum and tissue homogenates. Exposure
to CCly significantly increased the serum activity of alanine aminotransferase, aspartate
aminotransferase, the concentration of urea and creatinine in the blood. Significantly increased
the level of malon dialdehyde, while the ratio of reduced glutathione to oxidized glutathione in
tissue homogenates was reduced. Fullerenol, being a trap for free radicals, has a nephro- and
hepatoprotective effect, protecting liver and kidney cells from the toxic effects of CCls. The
protective effect of fullerenol was to increase the ratio of reduced glutathione to oxidized
glutathione, which indicates that fullerenol protects tissues and organs from oxidative stress.

Doxorubicin is well known to be an anticancer drug, but its use is limited due to its low
selectivity and cardiotoxicity. In the series of works [140—143] in experiments in vivo, the
potential protective function of Ceo(OH)24 fullerenol was shown in the toxic effect of
doxorubicin on the cells of the liver, kidneys and heart. The authors found that fullerenol exhibits
the properties of a hepato-, cardio- and nephroprotector. It was shown [144] that the use of the
conjugate doxorubicin with Ceo fullerene in experiments in vivo in mice with Lewis lung
carcinoma led to a 2,5-fold increase in life expectancy and a decrease in tumor volume by 63%,
compared with individual doxorubicin.

The authors of the work [145] compared the antioxidant effect of Cso(OH)13-20 fullerenol
and ascorbic acid. Both compounds were found to inhibit the proliferation of rat vascular smooth
muscle cells and human coronary artery smooth muscle cells. It is noteworthy that fullerenol, to
a greater extent than ascorbic acid, inhibited alloxan-induced formation of superoxide anion
radicals and dose-dependently reduced the activity of cytosolic protein kinase C and tyrosine
protein kinase.

The work [146] demonstrates that fullerenol under in vitro blocks the action of hydrogen
peroxide, which inhibits signaling in rat hippocampal neurons.

The authors of the work [43] showed for the first time a correlation between the

development of cytomegalovirus infection and the intensity of lipid peroxidation in infected
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human lung fibroblast cells. It was found that Ceo fullerene adducts with sodium salts of y-
aminobutyric and e-aminocaproic acids reduce the rate of formation of malonic acid dialdehyde
in mitochondria.

1.6.5. Radioprotective properties

Efficiency of fullerenol Cso(OH)24 (C = 10 and 100 mg/kg) was compared to the standard
radioprotector amifostine (C = 300 mg/kg) in protecting rats from exposure to ionizing radiation
[147]. It was found that the radioprotective effect of fullerenol was manifested in the spleen,
small intestine and lungs. In turn, amifostine was superior to fullerenol in radioprotective
properties in protecting the liver, heart, and kidneys. Fullerenol, in comparison with amifostine,
more effectively prevented the radiation-induced decrease in the level of leukocytes.

The ability of fullerenol Cso(OH)3s to reduce damage caused by high-energy electrons
when exposed to human erythrocyte membranes was studied in [148]. It was found that
fullerenol prevented post-irradiation haemolysis, potassium efflux and oxidation of thiol groups,
as well as prevented an increase in membrane fluidity and changes in protein conformations.
Presumably, the radioprotective properties of fullerenol are due to its ability to absorb ROS.

The capture of free radicals and the cytoprotective effect of Ceo(OH)s-12, Cso(OH)32-34,
and Ceo(OH)44 fullerenols using human keratinocytes (NaCaT) exposed to UV irradiation were
studied [149]. As a result of UVB irradiation, the level of oxidative stress rapidly increased in
NaCaT cells, cyclobutanepyrimidine dimers in the DNA molecule were formed and chromatin
condensation occurs. It has been determined that damage to NaCaT caused by UV irradiation is
suppressed by all the studied fullerenols, the cytoprotective effect of which is associated with
the absorption of ROS.

1.6.6. Interaction with proteins

Fullerenes form supramolecular complexes with proteins, as has been shown in works
[150,151]. In particular, carboxyfullerene C; with four proteins (HIV protease, fullerene-specific
antibodies, HSA and BSA) docking was carried out and a high degree of binding site homology
was found [151]. Fig. 17a shows a general view of the HSA-carboxyfullerene complex. Fig. 17b
shows the interaction of carboxyfullerene with the Trp214 amino acid fragment of HSA

subdomain ITA.



Fig. 17. General view of the HSA complex with carboxyfullerene C; (a); interaction of
carboxyfullerene with amino acid fragment Trp214 of subdomain ITA of HSA (b) [150].

The interaction of BSA proteins and y-globulin with fullerenol Cso(OH)44 was studied in
[152]. The ability of Cso(OH)s4 to effectively quench the internal fluorescence of proteins by a
dynamic mechanism was discovered; the calculated binding constants from the fluorescence
quenching data are of the order of 10%. It was found that the binding of fullerenol to proteins is

an exothermic process.
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Chapter 2. Experimental part
2.1. Synthesis and identification of C7o-Lys and C7o-Thr adducts

To carry out the synthesis of adducts C7o with L-lysine (C7o-Lys) and L-threonine (Cro-
Thr), C7o fullerene (purity 99.9 wt %) produced by CJISC "ILIP" (St. Petersburg) was used, L-
lysine (Panreac, chemical pure), L-threonine (Panreac, chemical pure), toluene (Vekton, high
purity 22-5), deionized water (18 MQ-cm), sodium hydroxide (Vekton, chemical pure), ethanol
(Rosbio, 95%). The synthesis of C7o-Lys and C7o-Thr adducts was carried out according to the

method developed in our scientific group earlier (Fig. 18).

0 NaOH, EtOH

o

R = -(CH,),NH,; n=3
R = -CH(CH;)OH; n=2

n

Fig. 18. Synthesis of fullerene C7o adducts with amino acids scheme.

Amino acids (0,1 mol) and NaOH (0,2 mmol) were dissolved in 30 ml of water. Alkali
was used to create a highly alkaline environment and convert the amino acid into a salt form.
Then, a saturated solution of Cro fullerene in toluene (1 g in 600 ml) and ethanol (200 ml) were
added to the solution to ensure mutual solubility of the phases. Next, the resulting reaction
mixture was stirred on a magnetic stirrer at room temperature for seven days. The solvent was
distilled off from the reaction mixture on a rotary evaporator, and the resulting precipitate was
dissolved in water. Then the solution was filtered from insoluble impurities of the reagents. Next,
the fullerene adduct was recrystallized from ethanol. After that, the resulting precipitate was
washed with ethanol until the neutral reaction (pH = 7). The compounds obtained were dried at
60°C. The yield of the obtained products was ~85%.

Identification of the obtained compounds was carried out using a complex of
physicochemical methods: *C NMR spectroscopy (Bruker Avance III 400 WB, USA) by
CP/MAS (cross-polarization/magic angle spinning) and DE (direct excitation), IR spectroscopy
(Nicolet 8700, USA), UV spectroscopy (SOLAR CM 2203, Belarus), thermogravimetric
analysis (NETZSCH TG 209 F1 Libra, Germany), elemental analysis C, H, N (Euro EA-3000,
Italy) and high performance liquid chromatography (HPLC, Shimadzu LC-20 Prominence,
Japan).
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2.2. Physicochemical study of solutions containing adducts C7-Lys and C7o-Thr

Aqueous solutions of C7o-Lys and C7o-Thr were prepared using an analytical balance
(Sartorius CP2248S, USA, accuracy 1077 kg). Deionized water was used for physicochemical
studies. Water purification was carried out using the Millipore Simplicity UV (USA) purification
system.

Solution densities were measured on an Anton Paar DSA 5000 (Austria) density analyzer.
The measurement repeatability is 1-107° g-cm ™, the density measurement accuracy is 5-107¢
g-cm . The temperature measurement accuracy was 0.01 K. The instrument was calibrated with
water and dry air.

The values of the of the binary systems C7o-Lys — H20 and C7o-Thr — H2O viscosities in
the temperature range (293,15 — 333,15) K were obtained on a Lovis 2000M Anton Paar
(Austria) microviscometer. The capillary was calibrated using deionized water, filled with the
sample, and then thermostated for 15 min. The temperature control accuracy is 0,02 K, the
viscosity determination accuracy is 0,5%.

Refractive indices concentration dependences of the Co-Lys and C7o-Thr aqueous
solutions at a temperature of 298,15 K were obtained using an automatic multi-wavelength
refractometer Abbemat WR/MW Anton Paar (Austria) at a wavelength of 589.3 nm. The
temperature measurement accuracy is 0.03 K, the refractive index determination accuracy is
4-10 7,

The Cyber Scan PC-300 device (USA) was used to determine the electrical conductivity
of aqueous solutions of fullerene adducts. The relative error in determining the specific electrical
conductivity was 1%.

The surface properties of fullerene adducts aqueous solutions study at 298,15 K was
carried out using various physicochemical methods such as the Wilhelmy plate method,
Brewster angle microscopy (BAM) and atomic force microscopy (AFM). The morphology of
films formed on the surface of aqueous solutions of adducts was studied in situ using a Brewster
angle microscope (NFT, Germany) equipped with a 10-mW helium-neon laser. Additionally,
the morphology of adduct films transferred from the solution surface to a solid substrate by the
Langmuir-Schafer method was studied. The experiments were carried out on a scanning probe

microscope Nano Scope IV (Digital Instruments, USA).
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Size distributions of C7o-Lys and C7o-Thr nanoparticles and electrophoretic mobility in
aqueous solutions were measured on a Malvern Zetasizer 3000 (Great Britain) instrument. The
values of the polydispersity index were 0,24-0,47.

2.3. Study of biocompatibility of adducts C7o-Lys and C7o-Thr

The studies were approved by the Local Ethics Committee of the First St. Petersburg
State Medical University. acad. 1. P. Pavlov, the experimental procedures were in accordance
with the university guidelines and ethical standards [153].
2.3.1. Haemocompatibility
2.3.1.1. Spontaneous haemolysis

Spontaneous haemolysis was studied by measuring the optical density of supernatants at
a wavelength of 540 nm using an Allsheng AMR-100 microplate reader (China). To prepare the
samples, a mixture was prepared containing 1 ml of Cro-Lys and C7o-Thr fullerene adduct
solution (C = 1-100 uM) and 1 ml of a suspension of erythrocytes in an isotonic NaCl solution.
After that, the samples were incubated at 37 + 0.2°C for 1 and 3 h, and then centrifuged for 1
min at 3000 rpm.
2.3.1.2. Platelet aggregation

After obtaining informed consent, blood for the study was taken from donors (n = 8),
aged 20-30 years, who had not received drugs that affect platelet function for 7-10 days. Blood
was taken into vacutainers (BD, USA) containing sodium citrate as a stabilizer (C = 0,129 M)
in a sodium citrate:blood ratio of 1:9. Stabilized blood was centrifuged for 7 min at room
temperature and 1000 rpm (150 g). Part of the platelet-rich plasma was taken into a plastic tube
in the amount necessary to perform the analysis. Platelet-poor plasma was obtained from the
remaining blood by centrifugation for 30 min at 3600 rpm (2500 g). Platelet-poor plasma was
used to calibrate the aggregometer (SolarAP 2110, Belarus). Plasma was standardized to obtain
a platelet concentration of (2,00-2,50)-10'!/L, considering the addition of test substances.

Platelet aggregation in platelet-rich plasma was studied using the following aggregation
inducers: ADP (final concentration C = 10 uM), collagen (final concentration C = 2 mg-ml™!)
and adrenaline (final concentration C = 10 pg'ml™!), (Chrono-Par Reagents, Chrono-Log
Corporation, USA). The effect of fullerene adducts on induced platelet aggregation was
determined by mixing 270 ul of platelet-rich plasma and 30 pl of test substance solution in
cuvettes at a final concentration of 5, 10, 25, 50, 75, and 100 uM, respectively. The inducers

were introduced into the cuvettes 5 min after the mixture was incubated. Aggregation was
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recorded until the curve reached a plateau. Data were presented as "mean = standard error of the
mean".
2.3.1.2. Plasma coagulation haemostasis

The effect of C70-Lys and C7o-Thr adducts on plasma coagulation haemostasis was
studied by adding a test substance solution to plasma in the APTT (activated partial
thromboplastin time) and PT (prothrombin time) tests. Reagent kits were used to determine
APTT and PT (Technology-Standard, Russia). The measurements were carried out on an APG2-
02-P coagulometer (EKMO, Russia). Commercial plasma of healthy donors (Technology-
Standard, Russia) was used for the studies. Three measurements were made for each
concentration of adducts. To do this, 50 pl of plasma and 50 pl of a substance solution were
mixed at a final concentration of 5, 10, 25, 50, 75, and 100 uM, incubated at 37 °C for 60 s, and,
in accordance with the study protocol, the clot formation time was determined on the analyzer
in APTT and PT tests.
2.3.1.3. Binding to albumin

Study of fullerene adducts binding with human serum albumin (ChSA; Biolot, Russia)
were carried out on a spectrofluorimeter Solar (Belarus). Emission spectra were recorded in the
wavelength range of 310-450 nm and in the temperature range of 298,15-318,15 K; the
excitation wavelength was 290 nm. The HSA concentration was 3 pM, the concentration of
fullerene adducts varied in the range C = 0,3—1,5 uM with a step of 0.3 uM and in the range C
= 6,0-24,0 uM with a step of 3,0 uM. The measurements were carried out in the absence and
presence of binding site markers, which were warfarin (Sigma, USA), ibuprofen (Sigma, USA),
digitonin (Sigma, USA) with a final concentration of C =3 pM.
2.3.1.4. Esterase activity

To assess the effect of fullerene adducts on the esterase activity of HSA, solutions were
prepared: p-nitrophenylacetate (NFA; Sisco Research Laboratories, India) in ethanol, HSA, Co-
Lys and C70-Thr in phosphate-buffered saline (PBS; Paneko, Russia) with pH=7,02. After
mixing the solutions, the final concentration of NPA was 100 uM, HSA 3 uM, C7o-Lys and C7o-
Thr from 0 to 24 pM. The hydrolysis rate of NPA was estimated by the formation of p -
nitrophenol by spectrophotometric method at a wavelength of 405 nm. As a result, the kinetic
dependences of the hydrolysis reaction of NFA HSA were obtained in the absence and in the

presence of fullerene adducts.
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2.3.2. Antiradical activity

The study of the antiradical activity of C7o-Lys and C7o-Thr adducts with the stable radical
2,2-diphenyl-1-picrylhydrazyl (DPPH; Sigma, USA) was carried out on a Thermo Scientific
Evolution 300 (USA) spectrophotometer. For this, a solution of DPPH in ethanol with a
concentration (130 uM), solutions of C7o-Lys and C7o-Thr adducts in water with a concentration
(200 uM) were prepared. A solution of DPPH (1 ml) and a solution of C7-Lys and C7o-Thr (1
ml) were added to a quartz cuvette. A mixture of ethanol and water (1:1) was placed in the
reference cuvette. To obtain the DPPH reduction kinetic curve, the optical density was recorded
at a wavelength of 515 nm in the temperature range of 298,15-318.15 K in the dark every minute
for 30 minutes, and also 6 days after the start of the reaction. The temperature control accuracy
was 0,1 K.

2.3.3. Cytotoxicity and proliferation
2.3.3.1. Cytotoxicity

Cytotoxicity of Cro-Lys and C7o-Thr adducts was studied using the MTT test (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Paneko, Russia) on human embryonic
kidney cells HEK 293 (bank of cell cultures of the Institute of Cytology, Russian Academy of
Sciences). The cells were cultured in a CO; incubator at +37°C in a humidified atmosphere
containing air and 5% CO; in a DMEM nutrient medium (Paneco, Russia) containing 10%
thermally inactivated fetal bovine serum (Gibco, USA), 1% L-glutamine (Paneko, Russia), 50
U-ml™! penicillin (Paneko, Russia) and 50 pg-ml! streptomycin (Paneko, Russia).

As a result of the action of NAD(P)H-dependent cellular oxidoreductases on MTT, a
colored product (formazan) is formed with an absorption maximum at a wavelength of 540 nm,
the content of which is proportional to the number of viable cells.

For the experiment, the cells were seeded in a 96-well plate and placed overnight in a
COz incubator: during this time, the cells attached to the surface of the wells (5000 cells were
added to each well in 200 pul of DMEM medium). The number of cells was counted on a BioRad
TC10 cell viability analyzer (Bio-Rad Laboratories, USA), after which a solution containing
fullerene adducts was added to the wells. The cells were incubated in the plates for 48 h ina CO»
incubator at +37°C. At the end of the incubation period, the DMEM culture medium was
discarded by inverting the plate. Next, 100 ul DMEM medium and 20 pl of the MTT reagent
were added to the wells and plates with cells were incubated for 1 h in a CO> incubator at +37°C.

After removal of the supernatant, the resulting formazan crystals were dissolved for 15 min with
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stirring in 200 pl of dimethyl sulfoxide (Vekton, Russia) per well. Next, the optical density of
the obtained solutions was measured on an Allsheng AMR-100 microplate reader (China) at
wavelengths of 540 nm and 690 nm. For background correction, absorbances at 540 nm were
subtracted from absorbances at 690 nm for the respective wells. Data were normalized as a
percentage of control cells [152].
2.3.3.2. Cell proliferation

Cell proliferation was assessed using sulforodamine B (Sigma, USA). HEK293 cells were
seeded on a 96-well microplate at a concentration of 2-10* cells per well. Cells were incubated
for 48 hours with or without C7o-Lys and C7o-Thr adducts (control), and then 100 pul of 10 wt. %
trichloroacetic acid (Sigma, USA). The plates were incubated at 4°C for 1 h, washed with
distilled water, and dried at room temperature. After adding 100 pl of 0,057 wt. % solution of
sulforodamine B in 1 wt. % acetic acid (Vekton, Russia), the plates were incubated at room
temperature for 30 min and washed four times with 1 wt. % acetic acid to remove unbound dye.
Optical density measurements were performed at 510 nm using an Allsheng AMR-100 plate
reader (China) after adding 200 pl of 10 mM Tris buffer solution (pH = 10,5; Paneko, Russia)
to each well.
2.3.4. Interaction with DNA
2.3.4.1. Binding to DNA

UV absorption spectra of solutions of C7o-Lys and DNA (Fluka, USA), C7o-Thr and DNA
in the wavelength range of 220-340 nm were recorded on a Beckman Coulter DU 800 (USA)
spectrophotometer versus control in a quartz cell (/=1 cm). Working solutions were obtained
by mixing solutions of DNA and C7-Lys, C70-Thr at room temperature. The final DNA
concentrations were 1,67-107%-3,89-10"® mol-L™!; adduct concentrations - 4-10® mol-L-!. The
experiments were carried out in physiological saline.
2.3.4.2. Genotoxicity

Genotoxicity of C7o-Lys and C7o-Thr adducts was evaluated by the DNA comet method
using human peripheral blood mononuclear cells (PBMC) using alkaline gel electrophoresis
[154]. DNA comets were visualized using a Micromed 3 LUM fluorescent microscope (Russia).
DNA comet tail lengths were measured using the CASP software (version 1.2.2). Tail DNA
content and tail length were determined experimentally; tail moment was calculated as the
percentage of DNA in the tail times the length between the center of the comet's head and its tail

[155].
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Chapter 3. Results and discussion
3.1. Synthesis and identification of adducts C7o-Lys and C7o-Thr
3.1.1. C NMR spectroscopy

As an example, in Fig. 19 shows the NMR spectrum of the C70-Thr adduct. The analysis
of the spectrum makes it possible to characterize the C7o-Thr sample: (/) the peak in the region
of 177 ppm can be attributed to the carbon atoms of the fullerene core associated with the amino
acid molecule (Fig. 19, a); (2) an intense peak at 166 ppm corresponds to the carbon atom in the
carboxyl group of the amino acid (Fig. 190) ; ( 3 ) peaks with chemical shifts of 105 and 74 ppm
can be attributed to the carbon atoms of the fullerene core bonded to the hydrogen atom (Fig.
19, ¢ and c*), the simultaneous presence of two peaks can be explained by the migration of the
hydrogen atom during the attack of L-threonine at the C=C bond; (4) a chemical shift of 62 ppm
can be identified as a signal of carbon atoms in the amino acid associated with hydroxyl groups
(Fig. 19, d); (5) the peak around 45 ppm can be attributed to the carbon atoms that are attached
to the nitrogen atom (Fig. 19, e); (6) the peak with a chemical shift of 18 ppm refers to the carbon
atom of the methyl group of the L-threonine molecule (Fig. 19, f). For comparison, in Fig. 19
shows the '*C NMR spectra obtained using the CP/MAS method for pure C7o fullerene (red) and
pure threonine (green). A significant shift in the chemical shift of the carbon atom (compared to
pure L-threonine, Fig. 19, ¢) may be due to the fact that this atom is bonded to the nitrogen atom
attached to the fullerene core.
3.1.2. FT-IR spectroscopy

The obtained data of FTIR spectroscopy allow to characterize adducts Co-Lys (Fig. 20,
a) and C7o-Thr (Fig. 20, b). Peaks in the long wavelength region of the spectrum (500-1100 cm~™
1) correspond to vibrations of the C—C bonds of the fullerene molecule. In the interval 1335—
1345 cm! there is a peak corresponding to stretching vibrations of C—O bonds. The peak at
about 1400-1410 cm™! refers to bending vibrations of the OH groups of amino acid residues.
The peak in the range 1577-1585 c¢cm™! can be attributed to bending vibrations of the amino
group. The low-intensity peak in the region of 28502950 ¢cm ~! refers to stretching vibrations
of methylene groups in amino acid residues. Finally, a broad peak in the range of 3300-3500

cm! corresponds to stretching vibrations of the OH groups of amino acid residues.
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Fig. 19. 3C-NMR spectra of C7o-Thr ( — ), C7o fullerene ( — ) and L-threonine ( — ) obtained by
CP/MAS and "*C-NMR spectrum of the C7o-Thr adduct ( — ) obtained by the DE method.
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Fig. 20. FTIR spectra of (a) C70-Lys and (b) C7o-Thr adducts.
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3.1.3. Thermogravimetric analysis

Fig. 21 shows the results of thermogravimetric analysis of C7o-Lys and C7o-Thr adducts.
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Fig. 21. Results of thermogravimetric analysis: temperature dependence of weight loss of Cro-

Lys (a) and C7o-Thr (b) adducts (solid line) and differential curve (dashed line).
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Based on the obtained data, the following conclusions can be drawn: (/) first, water is desorbed
from crystalline hydrates of fullerene adducts; (2) with a further increase in temperature, the
amino acid residues of the adducts decompose, accompanied by the processes of
denitrogenation, dehydration, and decarboxylation; (3) at much higher temperatures, partial
oxidation of the fullerene core occurs.
3.1.4. Spectroscopy in the UV and visible region

The results of UV-vis spectroscopy are shown in Fig. 22. It can be concluded that (/)
there are no visible absorption bands in the electronic spectrum of the C7o-Lys and C7o-Thr
samples; (2) there are no absorption peaks characteristic of C7o fullerene in the region of 335,
385, and 472 nm; (3) comparison of the spectra indicates the absence of unreacted initial Cro

fullerene.
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Fig. 22. Electronic absorption spectra of samples C7o-Lys ( =-= ), C70-Thr ( - ) with concentration

C = 0,1 g-dm™ and initial fullerene C7o (solution in o-xylene) with concentration C = 0,029

g.dm—3 ( . )
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Despite the fact that the spectra of aqueous solutions of C7o-Lys and Cro-Thr are not
informative, they can be used for spectrophotometric analysis of fullerene adducts in water and
aqueous solutions [156].

3.1.5. elemental analysis

The results of elemental analysis of adducts C7o-Lys and C7o-Thr are presented in Tab. 4,
which shows a good agreement between the calculated and experimental values. Based on the
elemental analysis data, the composition of the synthesized adducts was determined: the tris
adduct in the case of C7o-Lys (C70(CsH14N203)3, CssHa2N6Os, M =1279,31 g-mol ') and a bis-
adduct in the case of C7o-Thr (C7o(C4HoNO3),, C78HisN20g, M=1078,99 g-mol™!)

Tab. 4. Elemental analysis results for C7o-Lys and C7o-Thr adducts.

Theoretical content (wt.%) Experimental content (wt.%)
Substance C H N C H N
Cro-Lys 82,6 3.3 6,5 82,6 £0,2 32+0,3 6,3+0,3
Cro-Thr 86,8 1,7 2,6 86,9 + 0,3 1,5+0,2 2,5+0,1

3.1.6. HPLC
Fig. 23 shows HPLC results for C7-Lys (Fig. 23, @) and C7o-Thr (Fig. 23, b). Based on

the data obtained, it can be seen that the purity of the obtained compounds is at least 99,5%.
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3.2. Physicochemical Properties of Aqueous Solutions of C7p-Lys and C7o-Thr Adducts
3.2.1. Densities of aqueous solutions

Fig. 24 and Tab. 5 and 6 show the concentration dependences of the densities of aqueous
333,15 K.
(a)

solutions of C7o-Lys (Fig. 24, a) and C7o-Thr (Fig. 24, b) in the temperature range 7 = 293,15—

1,004
1,002

1,000

0,998

cm”

2 0,996

p’g

0,994
0,992

0,990

0,988

(b)

C, g-dm™

Fig. 24. Concentration dependence of the density (p) of of C7-Lys (a) and C7o-Thr (b) aqueous

solutions at 293,15 K (IV), 298,15 K (I1I), 313,15 K (1), 333,15 K (/). C. q,and C_ ,  are the
volume concentrations of C7o-Lys and C7o-Thr, respectively.
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Tab. 5. Temperature and concentration dependences of the C7o-Lys aqueous solutions density

(p). C 1s the volumetric concentration of C7o-Lys in an aqueous solution.

p, gem
C gdm™  x., -10%  29315K 298,15 K 313,15K 333,15K
0,00 0,0000 0,9982 0,9971 0,9935 0,9889
0,01 0,0014 0,9982 0,9971 0,9936 0,9889
0,03 0,0042 0,9982 0,9971 0,9936 0,9890
0,05 0,0070 0,9982 0,9971 0,9936 0,9890
0,10 0,0141 0,9983 0,9971 0,9936 0,9890
0,30 0,0422 0,9984 0,9972 0,9938 0,9891
0,50 0,0704 0,9984 0,9973 0,9938 0,9892
1,0 0,1408 0,9987 0,9976 0,9941 0,9894
3,0 0,4234 0,9998 0,9987 0,9952 0,9905
5,0 0,7070 1,0004 0,9995 0,9957 0,9910
7,0 0,9918 1,0017 1,0005 0,9969 0,9922
10,0 1,4212 1,0032 1,0020 0,9984 0,9937

The concentration dependence of the average molar volume ( 77 ) of the solution was
calculated according to Eq. 1:
po—" (1),

My,0 + 1, Lys(Thr

where V' is the volume of an aqueous solution of the fullerene adduct, 1, , and 71¢ ) are the

amounts of water and fullerene adduct substances in 1 dm? of the solution. In accordance with

Eq. 2 and 3, the partial molar volumes of the solution components (¥, and Ve ) Were

calculated [157]:
oV oV
Vio=| 5 — Ve = (2),
2 aﬂ C70-Lys(Thr) 8}1
H,0 TsP’nCm»Lys(Thr) € -Lys(Thr) T Pag
o [ ) 8
2 C70-Lys(Thr) ax C70-Lys(Thr) 2 6x
Co-Lys(Thr) T.P H,0 T,P

As an example, Fig. 25, 26 shows the concentration dependences of the partial molar volumes

of C7o-Lys, C70-Thr and water at 298,15 K.
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Tab. 6. Temperature and concentration dependences of the C7o-Thr aqueous solutions density

(p). C 1s the volumetric concentration of C7o-Thr in an aqueous solution.

p, gem”

C, g'dm™ xCO_Thr-lO‘4 293,15 K 298,15K 313,15K 333,I15K

0,00 0,0000 0,9982 0,9971 0,9936 0,9888
0,01 0,0017 0,9982 0,9971 0,9936 0,9889
0,03 0,0050 0,9982 0,9971 0,9936 0,9889
0,05 0,0083 0,9983 0,9971 0,9936 0,9890
0,10 0,0167 0,9983 0,9971 0,9937 0,9890
0,30 0,0501 0,9984 0,9973 0,9938 0,9892
0,50 0,0835 0,9986 0,9974 0,9939 0,9893
1,0 0,1670 0,9989 0,9977 0,9943 0,9896
3,0 0,5020 1,0001 0,9990 0,9954 0,9906
5,0 0,8383 1,0017 1,0005 0,9969 0,9922
7,0 1,1760 1,0031 1,0017 0,9981 0,9933
10,0 1,6851 1,0050 1,0038 1,0001 0,9953

It should be noted the complex nature of the concentration dependence of the partial
molar volume of C7o-Lys and C7o-Thr.

The high absolute values of the partial molar volumes in dilute solutions show that the
addition of even small portions of C7o-Lys and C7o-Thr adducts leads to significant densification
and structuring of the aqueous solution. It can be concluded that the molecules of the studied
fullerene adducts are incorporated into the structure of an aqueous solution. Similar effects were
previously found in binary systems containing such water-soluble fullerene adducts as
carboxylated fullerenes (Cso[ C(COOH)2]3, C70[ C(COOH)2]3) [158,159], fullerenols (Cso(OH)22-
24, C70(OH)12) [160,161], adducts of light fullerenes with L-arginine (Cso(CsH13N4O2)sHsg), L-
threonine (Ceo(C4H9oNO3)2), L-lysine (Cso(CsH14N202)2) and L-hydroxyproline (Ceo(CsHoNO3)2)
[98,100,105,106].
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Fig. 25. Dependence of the partial molar volume of water (a) and Cro-Lys (b) on the mole
fraction of the C70-Lys adduct.
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fraction of the C7o-Thr adduct.



191

(a)

0,00520 , : , : , : ,

0,00500 |
T
A 0,00480 [
0,00460 |

0,00440

0,00420 [ J

(dV/dT)p, cm*mol™

0,00400

0,00380 Ll . 1 . 1 . 1
0,00000 0,00004 0,00008 0,00012 0,00016

X C,y-Lys

(b)

0,00450

0,00445

0,00440

0,00435

0,00430

0,00425

(dV/dT)p, cm*-mol "K'

0,00420

0’00415 1 : " 1 " 1 " 1 " 1 " 1 " 1
0,00000 0,00003 0,00006 0,00009 0,00012 0,00015 0,00018

me—Thr

: : o oy .
Fig. 27. Concentration dependences of derivatives (—j in the temperature range 293,15—
P

oV, ov. oV, ov.
333,15 K: — 3150 (] SIS (] 335 | EEENERN
(“)(')[aTl (I)[aTl (I)(aij (V)[aT]P

(b) I — [%j s 11 - (8V3°5‘65j ; 11- (an”j . O is an extremum point.
or ), or ), or ),



192

Since the higher order of the Gibbs potential derivatives, which are the first derivatives
of entropy or volume, are much more sensitive to changes in the structure of the solution
compared to lower partial derivatives, mixed derivatives of the Gibbs potential of the second

order were determined. In accordance with the Maxwell relations:

&G &G (v __(a_sj @
oror eroP \or ), — \oP),, ’

where G,V,S is the mean Gibbs molar potential, volume and entropy of the solution,

respectively.

It is clearly seen that the function oV /oT )p(Xc, 1,5mmy) P@sSSES through a minimum at the

concentration of adducts xc , ~4- 10™and X, e ® 2 10~ at all considered temperatures (Fig.

27). At these concentrations of C7o-Lys and C7o-Thr in aqueous solutions, loss of stability and
phase separation occurs. This fact is associated with a complex type of association Cro-Lys and
C70-Thr in an aqueous solution and the formation of associates of the second type with linear
dimensions of hundreds of nanometers [105].

Similar results were obtained using another mixed derivative of the Gibbs potential:

oG _&G _(ov Otc., 145y Oty 0
= = — = 7 2 =V i 5
OPox  OxoP [ ox jT » [ OP , OP : Co-Lys(Thr) H,0 ( ),

where V;is the partial molar volume, w;is the chemical potential of the i-th component.

It is clearly seen that the dependence (817/Gx)P’T(me_Lys(Thr))also passes through a

minimum at concentrations X ~ 4-10°and Xe., he © 2-10°° (Fig. 28).
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3.2.2. Viscosities of aqueous solutions

The concentration dependences of the dynamic (#(C)) and kinematic (7« (C)) viscosities
of C70-Lys and C7o-Thr aqueous solutions at 293,15, 313,15 and 333,15 K are presented in Tab.
7, 8. An increase in dynamic and kinematic viscosity with an increase in the concentration of
adducts in the temperature range of 293,15-333,15 K is observed.

The temperature dependence of dynamic viscosity in binary systems C7o-Lys — H2O and

C70-Thr — H20 was determined based on the Frenkel- Andrade equation:

Eﬂ

n=Ase™ (6)
where E, is the activation energy of the viscous flow, Asis the pre-exponential factor.

To determine the activation energy of the viscous flow, as well as the pre-exponential

factor, the logarithmic form of Eq. 6:

E 1
Inn=InA4, +—=2— 7).
n STR T ()

As a result, the following values of the viscous flow activation energy (£.) and pre-
exponential factor (4s) for the C7-Lys adduct were obtained: E .= 15,8 + 0,4 kI'-mol ™!, 4s=
0,0046 + 0,0007 mPa-s; and C7-Thr: E 2= 15,2 + 0,6 kJ-mol™!, 4s = 0,0020 + 0,0001 mPa-s.
Thus, the Frenkel- Andrade equation will be the following for the binary system C7o-Lys — H>O:

(1900£50)

17 =(0,0046£0,0007)e 7 (8),

and for the binary system C7o-Thr — H2O:

(183070)

1 =(0,0020+0,0001)e 7 9).

The temperature dependence of viscosity in binary systems C7o-Lys — H2O and C7o-Thr

— H>0O was also described by the van't Hoff equation:

A

%71 /N (10),
r

<]

or in numerical form for the C7o-Lys adduct:

yn:%:l,nio,m (11),
T
and C7o-Thr adduct:

y :%:1,2&0,04 (12),
T
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where y, s the van't Hoff viscosity coefficient. Fig. 29, 30 shows the comparatively high stability
of the van't Hoff viscosity coefficient for the C7o-Lys — H2O and C7o-Thr — H>O binary systems.

2,0 I . I . I . I . I . I

1,6 -

N
0.8 4
04 .
0,0 1 L 1 L 1 L 1 L 1 L 1
0 2 4 6 8 10
C, gdm™

Fig. 29. Concentration dependence of the van't Hoff viscosity coefficient (y,) for the Co-Lys—

1 1 1
H:0 binary system. (A) (B315y2; (v) (Bisisy2(0) (PBisys | C s the volumetric concentration of

35315 33315 35315

C70-Lys in aqueous solution.



Tab. 7. Temperature dependences of dynamic () and kinematic (#x) viscosity in the C7o-Lys—H>O binary system. p is the density of the

solution, C is the volume concentration.

C, g«dm™ n, mPas 7k, mm?-s~!
293,15K 313,15K 333,15K | 293,15K 313,15K 333,15K
0,00 1,0008 0,6542 0,4721 1,0027 0,6584 0,4758
0,01 1,0013 0,6550 0,4740 1,0031 0,6596 0,4799
0,03 1,0032 0,6560 0,4741 1,0048 0,6600 0,4795
0,05 1,0016 0,6553 0,4730 1,0034 0,6596 0,4789
0,10 1,0036 0,6563 0,4737 1,0053 0,6605 0,4790
0,30 1,0044 0,6569 0,4744 1,0060 0,6611 0,4800
0,50 1,0065 0,6580 0,4750 1,0081 0,6621 0,4801
1,0 1,0089 0,6600 0,4770 1,0101 0,6639 0,4820
3,0 1,0262 0,6716 0,4882 1,0259 0,6749 0,4929
5,0 1,0330 0,6747 0,4873 1,0325 0,6776 0,4914
7,0 1,0669 0,6927 0,4959 1,0651 0,6948 0,4997
10,0 1,0736 0,7021 0,5088 1,0702 0,7031 0,5120

961



Tab. 8. Temperature dependences of dynamic () and kinematic (#7x) viscosity in the binary system C7o-Thr—HO. p is the density of the

solution, C is the volume concentration.

C, g«dm> n, mPas 1k, mm?-s !
293,15K 313,15K 313,15K 293,15K | 313,15K 298,I15K 293,15K 313,15K
0,00 1,0050 0,8937 0,6560 0,4688 1,0068 0,8963 0,6603 0,4741
0,01 1,0054 0,9087 0,6840 0,4872 1,0072 09114 0,6884 0,4926
0,03 1,0065 0,912 0,6845 0,488 1,0083 0,9147 0,6889 0,4934
0,05 1,0076 0,9135 0,6848 0,4886 1,0094 0,9162 0,6892 0,4941
0,1 1,0133 0,9149 0,6876 0,4903 1,0150 0,9175 0,6920 0,4957
0,3 1,0146 09161 0,6884 0,4907 1,0162 0,9186 0,6927 0,4961
0,5 1,0226 0,9231 0,6932 0,4941 1,0241 0,9255 0,6974 0,4994
1,0 1,0309 0,9298 0,6964 0,4962 1,0320 0,9319 0,7004 0,5014
3,0 1,0359 0,9334 0,7012 0,4977 1,0358 0,9344 0,7044 0,5024
5,0 1,0422 0,9407 0,7052 0,4982 1,0405 0,9403 0,7074 0,5021
7,0 1,0467 0,9432 0,7070 0,4999 1,0437 0,9416 0,7084 0,5033
10,0 1,0517 0,9475 0,7087 0,5018 1,0465 0,9439 0,7086 0,5042

L6l
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Fig. 30. Concentration dependence of the van't Hoff viscosity coefficient (y,) for the C7o-Thr—

731315 733315 1733315

1 1 1
H>O binary system. (A) (7729315}2 ; (V) (7731315}2 ;(0) (7729315)4 . C is the volumetric concentration
of C7o-Thr in aqueous solution.
3.2.3. Refractions of aqueous solutions
In Tab. 9, 10 shows the concentration dependence of the refractive indices of aqueous

solutions of C7o-Lys u C7o-Thr at 298,15 K.



Tab. 9. Concentration dependence of the refractive index (np), specific refraction (), molar refraction (R) of C7o-Lys adduct aqueous

solutions, specific (7 ;) and molar (R ;) refractions of the C7o-Lys adduct at 298,15 K. C'is the volumetric concentration

C, g:dm™ np r,em®g! R, cm’mol™ Teyiys > CIO3gT! 1y CI'mol !
0,0 1,332879 0,20624 3,71232 — —
0,01 1,332882 0,20623 3,71218 — —
0,03 1,332888 0,20624 3,71243 — —
0,05 1,332892 0,20623 3,71232 — —
0,10 1,332905 0,20624 3,71269 0,206 263
0,30 1,332951 0,20624 3,71342 0,206 263
0,50 1,332972 0,20624 3,71416 0,206 263
1,00 1,333113 0,20626 3,71635 0,226 289
3,00 1,333614 0,20631 3,72461 0,229 293
5,00 1,333826 0,20635 3,73271 0,228 292
7,00 1,334460 0,20641 3,74119 0,230 294

10,0 1,335121  0,20647 3,75339 0,229 293

661



Tab. 10. Concentration dependence of the refractive index (np), specific refraction (r), molar refraction (R) of C7o-Thr adduct aqueous

solutions, specific (rc,,.tnr) and molar (R¢, -ty ) refractions of the C7o-Thr adduct at 298,15 K. C is the volumetric concentration.

C, g:«dm> np r,em*g ™t R, em*mol™  re, oy, cm’ g Re,o7hy, cm’mol ™!

0,00 1333359 0,20650  3,71700 — —
0,0 1333365 0,20650  3,71704 — —
0,03 1333367 020650  3,71711 — —
0,05 1333374 020651  3,71736 — —

0,10 1333382 0,20650  3,71737 0,208 224
0,30  1,333433 0,20650  3,71810 0,206 222
0,50 1333473 0,20650  3,71883 0,206 221
1,00  1,333583 020649  3,72049 0,196 211
3,00 1333961 020645  3,72711 0,190 204
500  1,334444 0,20641  3,73373 0,189 202
7,00  1,334820 0,20637  3,74036 0,188 202

10,0 1,335480 0,20630 3,75013 0,187 201

00¢



201
Based on the obtained experimental data, the concentration dependences of the specific
and molar refraction of aqueous solutions of C7o-Lys u C7o-Thr at 298,15 K were calculated

using the Lorentz-Lorentz equation:

-1 1
r= f — (13),
ny+2 p
-1.M
R=( )— (14),
n,+2" p

where 7, R are specific (cm®-g™!) and molar (cm?-mol ™) refractions, 7 is the average molecular
weight of the solution: M = X0 " My0 + X Lysmy * M,y Lyscrim) (g'mol™). The concentration
dependences of molar and specific refraction are presented in Tab. 9, 10. According to the
additivity rule of solution refraction (Eq. 15, 16), one can easily calculate the molar (») and

specific (R) refractions of C7o-Lys and C7o-Thr adducts using the refraction values of water

1
r=(ry ,0 " Wh,o T7e, Lyscrhe) “ We,, Lys(Thr)) 100 (15),

R= RH20 Yo T Rc70 Lys(Thr) " XCy Lys(Thr) (16),
where 7, R; are the specific and molar refractions of the i-th component, w;, x; are the mass and
molar fractions of the i-th component.

For the C7o-Lys adduct, the molar (RC70 Lysriy) @0 (7o 1) Specific refractions were
275 + 25 cm* mol ™" and 0,218 + 0,020 cm’-g™"; for the C7o-Thr adduct, the molar (Rc,,-7y) and
(Tc,o-Thr) Specific refractions were 212 £ 12 cm® mol ™" and 0,218 + 0,020 cm*-g™". Taking into
account the low accuracy of refraction values at low concentrations (Ce_ ;) <0,05 g-dm™),
they were not used for calculations.

In addition, the molar refraction of C7o-Lys and C7o-Thr adducts was calculated using

Eisenlohr's additivity rule (taking into account atomic refractions Rjj; i-th atom in the j-th

functional group):

R* =88R +42R,, +6Ry_y  +3R o om +3Rp o) +3R. ~294£5 cm > mol ! (17),
R ~T8R, +16R, + 2Ry ) +4Room + 2Ry o)+ 2R. =227+ 5¢m > mol ! (18).

The discrepancy in the calculation of molar refraction is associated with the choice of
spectral lines (H,[A = 658,3 nm] u H,[1 = 436,1 nm]).
The specific refractions of the C70-Lys and C7o-Thr adducts were calculated according to

Eq. 19 and 20:
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Radd 3 _1
Fi = ~0.230+4cm’'g (19),
Cyo-Lys
Radd
add _ ~0210+3cm3 g (20).
Cyo-Thr

The values of specific and molar refractions calculated using the Eisenlohr additivity rule
are in good agreement with the data calculated from the refractive indices of solutions.
3.2.4. Electrical conductivity of aqueous solutions

As an example, consider the data on the electrical conductivity of C7o-Lys adduct aqueous
solutions. The concentration dependence of the electrical conductivity of Cro-Lys adduct
aqueous solutions at 298,15 K was calculated from experimental data by means of the specific

resistance of the solutions (p) according to Eq. 21:

o=l 21).
Yo,

From the obtained data (Tab. 11) it follows that the concentration dependence of electrical
conductivity k(Cwm) (Cwmis the molar concentration of Cro-Lys aqueous solution) increases with
increasing of concentration. The molar electrical conductivity ( 4 ) of aqueous solutions of C7o-
Lys was calculated according to Eq. 22:

_ 1000
CM

A

(22)

where C mis the molarity of the solution, « is the electrical conductivity of the solution.
Experimental data on the molar electrical conductivities of C7o-Lys aqueous solutions in

the concentration range (0 - 5 g-dm™>) are presented in Tab. 11. The determination of molar

electrical conductivity in infinitely dilute solutions (4o0) was carried out by extrapolating the

dependence A(Cm'?) to Cm'? = 0 according to the Onsager equation:
A=A -A4-Cy (23)
where 4 is a constant under experimental conditions.

The apparent degree of dissociation () was calculated from Eq. 24:
o=— (24).

The calculated values of the apparent degree of dissociation are presented in Tab. 11 (4o

= 0,9:10° Sm-cm? ‘mol ). Tab. 11 analysis shows that over the entire range of concentrations
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Cro-Lys is an electrolyte of medium strength. For the dissociation of the adduct, a proton
dissociation mechanism is assumed according to the following equation:
C,0(CsH,N,COOH);H; 2 C;y(CsH,N,COOH),H;CsH,N,COO™ + H* (25).
The concentration dependence of the dissociation constant K4 on the concentration was
calculated by Ostwald dilution law, (without taking into account the activity coefficients of ions

and undissociated molecules: y; =y« = 1):

K, = % (26).

The thermodynamic dissociation constant (Kq"™) was calculated by extrapolating the

K4(Cwm) dependence to the region of an infinitely dilute solution:
K™ =lim K, (27).

Given that C70-Lys aqueous solutions form associates and amino acid fragments can be
hidden during the formation of associates in solution, the value of the dissociation constant is
conditional. For the Cro-Lys adduct, the value of the thermodynamic dissociation constant
(pK4™™) is 3,4. For comparison with the C7-Lys adduct, the pKa value of the carboxyl group
of L-lysine is 2,18. So the fullerene core reduces the dissociation of the carboxyl group and

reduces the acidity of the carboxyl group in the C7o-Lys.
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Tab. 11. Experimental data on the C70-Lys aqueous solutions electrical conductivity at 298,15
K. C — volume concentration, Cm — molar concentration, x — electrical conductivity, A —

molar electrical conductivity, « — apparent degree of dissociation, K¢« — dissociation constant.

C, Cwm, K, A, Sm-cm? ‘mol”! a pKa

g:dm> mol'dm—3 Sm-cm’!

0,0000 0,0000 — 900,0 1,000 3,4
(extrapolation) (extrapolation) (extrapolation)
0,0781 6,911:10° 4,899-107° 708,8 0,787 3,7
0,1563  1,383-10* 8,301-107° 600,2 0,666 3,7
0,3125 2,765-10* 1,175-10°* 425,0 0,472 3,9
0,6250  5,531-10% 2,128-10°* 384,7 0,427 3.8
1,2500 0,00111  3,673-10°* 332,1 0,368 3,6
2,5000 0,00221  6,419-10* 290,1 0,322 3,5
5,0000  0,004425 8,942-10* 202,1 0,224 3,5

3.2.5. Surface properties of aqueous solutions

Let's consider the obtained results of Cro-Thr adduct as an example. Fig. 31 shows an
example of the kinetic dependence of the change in surface tension in an C7o-Thr adduct aqueous
solution. The absence of surface activity of C7-Thr aqueous solutions (in the concentration
range up to 1 g-L ') during 16 h of kinetic experiments was established. During this time, the
surface tension corresponded to the surface tension of pure water (72,8 mN'm™!) within the
measurement accuracy (£0,5 mN-m™"). After that, a slight decrease in the surface tension of C7o-
Thr aqueous solutions to 72,2 mN-m ™! was observed. In more concentrated solutions, a more

significant decrease in surface tension was observed.
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Fig. 31. Kinetic dependence of the change in surface tension in an aqueous solution of C7o-Thr:

, , -
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(m) 0,1 g«dm>, (@) 2 g-dm™.

The concentration dependence of the surface tension of C7o-Thr aqueous solutions shows
that with an increase in the concentration of C7o-Thr, the surface activity increases and, at the
same time, the surface tension values decrease (see Fig. 32). The long induction period on the
kinetic dependences of the surface tension indicates that the adsorption layer is inhomogeneous
and probably consists of associates of individual molecules of the C7o-Thr adduct . At the same

time, the slow rate of change in the surface tension of C7o-Thr aqueous solutions indicates that

1100

1200 1300

the adsorption kinetics is not controlled by diffusion from the bulk phase to the surface.
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Fig. 32. Concentration dependence of the surface tension of C7o-Thr aqueous solutions.

BAM images (Fig. 33) demonstrate the formation of a dense film consisting of associates
of the C7o-Thr adduct. In turn, the AFM image of surface films of C7o-Thr aqueous solutions
reveals the formation of a continuous adsorption film consisting of low-density regions and
associates Cr7o-Thr having a maximum linear size of 200 nm. As an example in Fig. 34 shows an
AFM image of a film obtained from an aqueous solution of C7o-Thr at a concentration of 0,1
g-L 7" In the latter case, the associates are clearly visible C7o-Thr with linear dimensions of 15—

50 nm.
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(a)

(b)

Fig. 33. BAM images of the surface of pure water (a) and the surface of an aqueous solution of

C70-Thr (C =2 g-L™") 2 h after the start of the experiment (b).

Fig. 34. AFM image of surface film from C7o-Thr aqueous solution (C = 0,1 g-L ™).
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3.2.6. Excess thermodynamic functions
To calculate excess thermodynamic functions and limits of stability to phase separation
of water-soluble C7o-Lys, C7o-Thr fullerenes adducts solutions, an approach based on the use of
the semi-empirical model VD-AS (Virial Decomposition Asymmetric Model) of the virial
expansion of the excess molar Gibbs energy of the solution in mole fractions of the components
was used [162—164]:

Zzninz’ Ay

GT = (nl +n2)Zfox§ ./’i’ij ==l (28)

R i=1 j=1 (n, +n, )Hj_l

where G* is the total molar excess Gibbs energy of the solution, R = 8,31 J-K™!, T is the
temperature (K), n; and x; are the number of moles and the mole fraction of the i-th component
(subscript / refers to fullerene adduct, index 2 refers to water), 4; is the virial coefficient in the

G ex

expansion in mole numbers of components (upper limits of summation are generally not

limited and can be arbitrary), A; is identified with the reduced (to RT) nonspecific interaction
energy of i particles 1st component and j particles of the 2nd component.

It should be noted that when only one term is used in such an expansion, the well-known
model of strictly regular solutions is realized, when the temperature dependence of a single virial
coefficient is assumed, the model of quasi-regular solutions is realized, when third virial
coefficients are used, the model of subregular solutions and the EFLCP model, and finally, with
the additional use in the expansion of the contribution of electrostatic non-specific interactions
according to the Debye-Hiickel theory - the Pitzer model in various modifications.

The experimental values of ice freezing temperature decrease for C7o-Lys—H>0O and Cro-
Thr—H>O binary systems are shown in Fig. 35, 36 and in Tab. 12, 13. The non-linear behavior
of the function AT{(x) indicates the non-ideality of C7o-Lys u C7o-Thr aqueous solutions. In
addition, for the C70-Lys—H20 and C7o-Thr—H>O binary systems, the decrease in the freezing

point of ice significantly exceeds the corresponding values obtained for ideal solutions.
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0,00000 0,00004 0,00008 0,00012
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Fig. 35. Decrease in the freezing point of ice (A7) for the binary system Cro-Lys—H20. x. . -

mole fraction of C7o-Lys in aqueous solution. The dotted line corresponds to the decrease in the

freezing point of ice for ideal solutions of non-electrolytes.
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Fig. 36. Decrease in the freezing point of ice (A7) for the binary system C70-Thr—H20. x. . 1s

the mole fraction of C7o-Thr in aqueous solution. The dotted line corresponds to the decrease in

the freezing point of ice for ideal solutions of non-electrolytes.



Tab. 12. Cryoscopic data and excess thermodynamic functions of the C7o-Lys-H>O binary system. x. , - mole fraction of Cs-Lys in

asymm.

aqueous solution, AT - lowering the freezing point of ice, Ina, ,, Inyy, ,— logarithms of activity and water activity coefficient, In Yero-lys—

logarithm of C7o-Lys activity coefficient in the "asymmetric" scale of normalization of activity coefficients.

Xe, Lys AT K In ay0 Iny, H,0 In Vg:g T}IZ
1,083-10°° 0,005 —-5,86:107° —-5,75-107° 3,38
2,166-107° 0,013 —-1,44-10* —1,42-107% 6,65
4,332-10°° 0,020 -2,22-107* -2,18-107* 12,9
8,66:107° 0,030 -3,33-10* -3,25-107% 24,3

1,73:107 0,050 -5,49-10* -5,32:107* 42,2
3,46:107° 0,075 —8,22:107* —7,87-107% 66,0
6,92:107 0,11 —0,00122 —0,00116 72,5

1,38-107* 0,16 —0,00178 —0,00164 73,1

01¢



Tab. 13. Cryoscopic data and excess thermodynamic functions of the C7o-Thr-H>O binary system. x. .- mole fraction of C7o-Thr in aqueous

solution, AT - lowering the freezing point of ice, Ina, ,, Iny, ;- logarithms of activity and water activity coefficient, In ygsg nTlhmr- logarithm

of C7o-Thr activity coefficient in the "asymmetric" scale of normalization of activity coefficients.

me “Thr AT; K In aHZO In }/HZO In ]/Ca:(}]’_r?rl,:;
1,67-107° 0,005 -5,56-107 —-5,40-107° 5,64
5,00-10°¢ 0,015 -1,67-10* -1,62-10* 16,2
1,00-107° 0,025 —2,78-107* —2,68-107* 30,1
1,67-107° 0,050 -5,56-10* -5,40-107* 45,4
2,50-107 0,074 —8,22-107* -7,97-107* 59,5
3,33:107° 0,110 —0,00122 —0,00119 68,5
4,17-107 0,155 —0,00173 —0,00168 72,9
5,00-107 0,205 —0,00228 —0,00223 73,1
6,67-107 0,315 —0,00351 —0,00345 62,8

8,33-107° 0,415 —0,00463 —0,00455 41,1

11¢
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Water activity coefficients were calculated according to Eq. 29:

—AH}, (AT — AC,AT?

29
R(Ty AT @

Ina, , =

where AHY, ,is the enthalpy of ice melting (5990 J-mol™"), AC, is the change in isobaric heat

capacity for the ice melting process (—38,893 J-mol !-K™"), 7o' is the melting temperature of pure
ice (273,15 K), AT = To'— T, T is the temperature of the onset of the crystallization process in
solution, R is the universal gas constant.

Based on Eq. 30 calculated coefficients of water activity:
ln7/H2o :hlaHzo_lanzo =1naH20—ln(l—x1) (30).

Thermodynamic description of C70-Lys—H>O and C7-Thr—H2O binary systems was
performed using the semi-empirical asymmetric virial decomposition model (VD-AS). This
model has previously been successfully used for the thermodynamic description of aqueous
solutions of water-soluble adducts of light fullerenes, including carboxylated adducts
Ceo[C(COOH)2]3 and C70[C(COOH)2]3 [165], adducts of fullerenes with L - amino acids
Cs0(CsH14N202)2, Ceo(CsHoNO3)2, C70(CsH1aN202)3 [167]. For aqueous solutions of carbon
nanoclusters, this model was first applied by N. A. Charykov, professor of the Department of
Physical Chemistry [168] at St. Petersburg State Technical University.

Based on the VD-AS model, the following equations were obtained for calculating the

excess thermodynamic functions in the "asymmetric" normalization scale:

Iny = 2A,x, + 3A3x12 + 4A4x13 (31.1),
In y5* = —Ax, —2Ax —3A,x; (31.2),
where

A(T) = Zzﬁ (32).

Sustainability limits of C7o adducts solutions to phase separation were calculated

according to Eq. 33 using Eq. 31.1 and 31.2:

82 Gmix
mix RT 3 2
g == 12A,x) +6A,x7 +2A,x, +1=0 (33)
X

According to the obtained data Iny>(X1) for binary systems C7o-Lys—H>O and C7o-Thr—

H>0O using the VD-AS model according to Eq. 33 the following values of the parameters 4> =
1,58:10%, A3 = —1,40-10'°, A4 = 4,15-10"3 (C70-Lys) and 4> = 1,73-10°, A3 = —1,55-10', A4 =
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3,27-10" (C7-Thr) were obtained. In general, the high numerical values of the parameters are
not surprising, because they represent the sum of thousands of terms corresponding to the
interaction of nanoclusters with a large number of water molecules. The calculated concentration
dependences of activity and activity coefficients C7o-Lys and C7o-Thr are presented in Tab. 12,

13 and in Fig. 37, 38.

80 1 T T T T T T

70 F -

50 =

40 | _

asymm.
Iny C,y-Thr

20 - =

10 -

. 1 . 1 . 1
0,0 0,4 0,8 1,2

107

me—Thr'

Fig. 37. Concentration dependence of the logarithm of the activity coefficient Cso-Lys

(11’1 asymm.

Yep9-Lys ) I aN aqueous solution. Xe, mole fraction of C7o-Lys in aqueous solution.
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" 1 " 1 " 1 " 1
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4
X, e 10

Fig. 38. Concentration dependence of the logarithm of the activity coefficient C7o-Thr

asymm. - . . . . .
(Inye_ - 74y) in an aqueous solution. Xc. e 1S the mole fraction of C7o-Thr in aqueous solution.

Fig. 39 and 40 shows the intersection of the function F(x,)=12A,x) +6Ax] +2A,x, +1with the

x-axis. Additionally, it can be concluded that in the concentration range up to xis# = 6,0 -
1075 (Cro-Lys) and xI"%@P = 4,7 . 1075 (C70-Thr), the formation of stable aqueous solutions of
fullerene adducts is observed. The point of intersection of the ordinate axis with the zero value
of the function corresponds to the concentration value at which the solution becomes unstable.
Concentration range x1 > x1™% corresponds to the stratification of solutions (solutions lose their

stability).
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Fig. 39. Concentration dependence F(x)=12A,x) +6Ax’ +2A,x, +1 for the Cro-Lys—H20

binary system. X;— mole fraction of C7o-Lys in aqueous solution.
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Fig. 40. Concentration dependence F(x,)=12A,x) +6A,x} +2A,x, +1 for the Cro-Thr—H,0

binary system. X;— mole fraction of C7-Thr in aqueous solution.
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3.2.7. Nanoparticles size distribution and ¢ -potentials

In Tab. 14, 15 and Fig. 41, 42 present experimental data on the size distribution of Cro-
Lys and C7o-Thr associates in aqueous solutions at 7= 298,15 K. An analysis of the obtained
values allows us to draw the following conclusions: (/) Cs-Lys and C7o-Thr monomeric
molecules with linear dimensions of 2 nm were not detected in the entire range of concentrations;
(2) in the concentration range less than 0,5 g-dm™>, the formation of associates of the first order
with linear dimensions of 30—50 nm and the second order with dimensions of 100—300 nm was
observed; (3) at concentrations above 0,5 g-dm >, the formation of associates of the third order
(700900 nm) and the fourth order (5-6 pm) was observed. The formation of third-order
associates corresponds to the loss of stability of fullerene adducts solutions.

According to Eq. 32, the number of associates i-th type, packed into associates (i + 1)-th

type N; - i+1was calculated:

3
d,
]\[i—>i+1:[ (11 1 j ’ KynaK. (34)9

where K pack. 1s the formal coefficient of packing "small spheres" into a "large sphere".

Due to the relatively large size and the same charge of C7o-Lys and C7o-Thr particles in
aqueous solutions, leading to repulsion, the packing factor corresponding to the cubic cell was
chosen (Kpack. = 0,52). For comparison, the value of Kpack. = 0,74 corresponds to the densest

packing of spheres (face-centered cubic cell).

6000 . ; . r . r . r . ;

Inép,

5000

4000

nm

3000
2000

1000 Ing,

]
Ing;,

0 2 4

- 2
InCe. 10 In[g-dm ]

Fig. 41. Concentration dependence of the linear dimensions of C7o-Lys associates in an aqueous

solution at 298,15 K. C ;- volumetric concentration of C7o-Lys in an aqueous solution.

-Lys
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Fig. 42. Concentration dependence of the linear dimensions of C7o-Thr associates in an aqueous

solution at 298,15 K. CCm—Thr' volumetric concentration of C7o-Thr in an aqueous solution.



Tab. 14. C7o-Lys associates size distribution in aqueous solutions at 298,15 K. d; is the average diameter of i-th type associates. N, is the

average number of C7o-Lys associates of the i-th type in associates j-th type, { ;— zeta potentials of i-th type associates.

C, o, o,nM  On,nM S, NM ov, Nost Nos2 Nows  Nowa Niez Naoz Nzog (i, Cm, Qv
g-dm™ nm pum mV mV mV
0 2 — — — — — — — — — — — — — —
0,01 — 40-60 150-300 — — 810> 4-10° — — 50 — 170 —20 — —
003 — — 150-300 — 5-6 — 4-10° — 1,510 — — 170 —20 — =50
0,05 — — 150-300 — 5-6 — 4-10° — 15100 — — 170 —20 — =50
01 — — 150-300 — 5-6 — 4-10° — 1,510 — — 170 —20 — =50
03 — — 150-300 — 5-6 — 4-10° — 15100 — — 170 —20 — =50
05 — — 150-300  700-900 5-6 — 4-10° 9-10% 1,5-10° — 20 170 —20 -30 =50
1.0 — — 150-300 700900 5-6 — 4-10° 9-10% 1,5:10° — 20 170 —20 -30 =50
30 —  — 150-300  700-900 5-6 — 4-10° 9-10% 1,5:10° — 20 170 —20 -30 =50
50 —  — 150-300  700-900 5-6 — 4-10° 9-10% 1,5:10° — 20 170 —20 -30 =50
70 — — 150-300  700-900 5-6 — 4-10° 9-10% 1,5:10° — 20 170 —20 -30 =50
100 — — 150-300  700-900 5-6 — 4-10° 9-10% 1,5:10° — 20 170 —20 -30 =50

81¢



Tab. 15. C70-Thr associates size distribution in aqueous solutions at 298,15 K. d;is the average diameter of i-th type associates. N;—;is the

average number of C7o-Thr associates of the i-th type in associates j-th type, { ;— zeta potentials of i-th type associates.

C, do,nm JS,nm  Jdyg,nm O, um Noo1r1073 Noox'107* Noo3 1072 Nioo 107 Noos 107 G, mV (i, i,
g-dm™ mV mV
0 2 — — — — — — — — — — —
0,001 — 30-50 100-200 — 2-8 3-30 — 3-1000 — —20 — —
0,01 — 30-50 100-200 — 2-8 3-30 — 3-1000 — —20 =35 —
0,1 — 30-50 100-200 — 2-8 3-30 — 3-1000 — —20 —35 —
0,2 — 30-50 100-200 — 2-8 3-30 — 3-1000 — —20 =35 —
0,3 — 30-50 100-200 — 2-8 3-30 — 3-1000 — —20 —35 —
0,4 — 30-50 100-200 5-6 2-8 3-30 2-3 3-1000 — —20 =35 —
0,5 — 30-50 100-200 5-6 2-8 3-30 2-3 3—-1000 — —20 —35 —
1,0 — — 200—400 5-6 — 30-200 2-3 — 1-10 —20 =35 =55
3,0 — — 200—400 5-6 — 30-200 2-3 — 1-10 —20 =35 =55

5,0 — — 200400 5-6 — 30-200 2-3 — 1-10 —20 =35 =55

61¢
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In addition, based on the experimental values of the electrophoretic mobility, the
concentration dependence of the { potential was obtained using the Helmholtz—Smoluchowski
equation, since in the case of aqueous solutions of C7o-Lys and C7o-Thr ka >> 1 (a is the radius
of the particle and « is reversal Debye length or reversal electrical double layer thickness):
¢==1 (35),

&g,

where u. 1s the electrophoretic mobility, ¢ is the relative permittivity of the electrolyte solution,
€o1s the permittivity of the vacuum, 7 is the dynamic viscosity of the liquid medium.

The ionic strength of the aqueous solution was determined from the dissociation of

fullerene adducts. Debye length values were determined using the following equation:

5= eg,D

(36),

K
where D is the proton diffusion coefficient, x is the electrical conductivity, ¢ is the relative
permittivity of the electrolyte solution, and & ¢ is the permittivity of vacuum. According to
calculations, the Debye lengths are on the order of units of nanometers.

Analysis of the presented data (Fig. 43, 44) shows that over the entire range of
concentrations, Cro-Lys and Cro-Thr solutions are aggregative stable over the entire range of
concentrations. In addition, the distribution of { potentials corresponds to the nanoparticles size

distribution.
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Fig. 43. Concentration dependence of {-potentials of C7o-Lys associates in an aqueous solution

at 298,15 K. C. - volume concentration of the C70-Lys adduct in an aqueous solution.
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Fig. 44. Concentration dependence of {-potentials of C7o-Thr associates in an aqueous solution

at 298,15 K. C. g, - volume concentration of the C7o-Thr adduct in an aqueous solution.
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3.2.8. Correlation between density and viscosity experimental data
The temperature and concentration dependences of density and viscosity were described

using the following fourth order polynomial function, M(7, x):

4 4
M=A4+)b-T'+>b,-C’ (37),

i=1 Jj=1
where M is the property of the solution (density, dynamic viscosity), C is the volume
concentration of C7o-Lys and C7o-Thr, T is the absolute temperature, 4, bi (i = 1-8) are empirical
parameters calculated using the method of least squares in MATLAB. The results obtained are

shown in Fig. 45, 46 and in Tab. 16.
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Fig. Temperature (7) and concentration (C) dependence of density (p) of aqueous solutions of

Cro-Lys (a) and C70-Thr (b). Experimental data are red spheres, calculated data are surfaces.
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Tab. 16. Correlation parameters A4, bi (i = 1-8) of the polynomial equation (35) describing the temperature and concentration dependences of

the densities (p) and dynamic viscosities (77) of aqueous solutions of C7o-Lys and C7o-Thr. R? - coefficient of determination.

Solution A b1 b b3 bs bs bs b7 bs R?
property
Cro-Lys
p/ -1,607-10% 2,774-107!
. 0,761 6,805-10* —1,007-10* 1,51810° —7,006-1077 0,00185 -1,231-10°° 0,99948
g:cm
n/ -1,361-107  7,096:107'°
9,253 0,0109 —0,0035 6,434-10* —3,495-10° —0,0109 —7,976:107 0,99902
mPa-s
Cr0-Thr
p/ 2,843-10° —2,538-107"2
., 1,052 6,035-10* 1,536:10° -1,101-10°® 1,151-10°% —-1,621-10° —1,187-107° 0,99948
g:cm
n/ 2,455-10® —3,533-107°
47,505 0,0283 —0,0103 0,00147 -6,863:107° —0,263 -6,067-107° 0,99883

mPa-s

¢ee
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3.3. Biocompatibility of C7o-Lys and C7o-Thr adducts
3.3.1. Haemocompatibility

3.3.1.1. Spontaneous haemolysis

To assess the biocompatibility of C70-Lys and C7o-Thr adducts, its effect on haemolysis
was studied. In the case of substances compatible with the blood, the erythrocyte membrane
remains intact and the contents of the cell are not released. In this case, the toxicity of C7o-Lys
and Cro-Thr was determined by assessing the released hemoglobin.

The results of percent haemolysis of erythrocytes incubated with C7o-Lys and C7o-Thr
adducts are shown in Fig. 47. The amount of haemolysis is less than 5%, which indicates the

haemocompatibility of the obtained nanomaterials [169].
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C, uM

Fig. 47. Effect of adducts Cr0-Lys (a) u C7o-Thr (b) on haemolysis after incubation for o - 1 h,
-3 h.
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3.3.1.2. Platelet aggregation

Results of measurements of the influence of C7o-Lys and C7o-Thr adducts on human
platelet aggregation in the presence of inducers of platelet aggregation are presented in Tab. 17.
The adduct C7o-Lys in the concentration range of 1-100 um showed antiplatelet activity in tests
of ADP-, collagen- and adrenaline-induced aggregation. At the same time, the C7o-Thr adduct
has antiplatelet activity in tests for platelet aggregation induced by ADP and collagen in the
concentration range of 1-100 pM. In contrast, epinephrine-induced aggregation has no
statistically significant changes in the studied concentration range.
3.3.1.3. Plasma coagulation haemostasis

Results of measurements of the influence of C7o-Lys and Cro-Thr adducts on the
parameters of plasma coagulation haemostasis are presented in Tab. 18. C7o-Lys and C7o-Thr
adducts exhibit anticoagulant properties that are statistically significantly different from control,

increasing APTT and PT at all concentrations studied.



Tab. 17. Effect of C70-Lys and C70-Thr on ADP, collagen, adrenaline-induced platelet aggregation in platelet-rich plasma.

Amplitude, %

C (adduct), uyM

Adduct Inductor Control 10 25 50 75 100
ADP 70,2 £2.8 66,1 + 1,5% 66,7 + 1,3* 70,7 £ 1,4* 62,4 + 1,8* 66,7 + 1,0*
Cr0-Lys Collagen 87,0+ 2,1 66,9 £2,1* 77,4 £2,5% 77,6 £4,2% 76,3 £1,8%* 73,3 £2.4%
Adrenalin 79,8 £ 3,8 82,4 +3,9 78,0+ 5,1 73,8 £0,9* 73,2+ 1,7* 72,5+ 1,4*
ADP 65,0+1,8 60,3 +1,1 55,8 +£1,3* 53,4+1,9* 47,7+ 1,3* 459 +1,3*
C70-Thr Collagen 744+ 1,7 70,3 +£2,7 64,6 £1,7* 60,2+ 1,1* 54,1 +£1,3* 54,0 £1,8*
Adrenalin 71,8 +£4,9 71,2+4,4 68,8 +5,3 69,2 £4,5 69,4+5,4 654+5,1

* — statistically significant in relation to control (p < 0,05)

8¢CC



Tab. 18. Influence of C7o-Lys u C7o-Thr on parameters of plasma -coagulation haemostasis.

C (adduct), uM

Adduct Test Norm Control 1 5 10 50 75 100
Clotting time, s
APTT, s 2840 32,8+1,0 368+0,5 395+14" 403+09° 425+12" 468+2,0" 449+1%8"
Crorlys PV,s 13-18 173+1,8  18,9+1,7° 174+21° 19,0+23" 206+0,7° 247+1,8 28,6+1,7"
APTT, s 2840 36,5+0,9 456+0,8" 46,0+1,77 473=+1,5 483=+1,6° 52,6+2,5 578+1,3"
Cro-The PV,s 13-18 136+1,5 20,1+1,4" 21,3+20° 21,0+2,1° 221+12" 21,1+15" 21,2+0,6

* — statistically significant in relation to control (p < 0,05)

6CC
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3.3.1.4. Association with HSA
HSA has three main ligand binding sites: (/) site I located in subdomain ITA (warfarin
binding site); (2) site II located in subdomain IITA (ibuprofen binding site); (3) Site I located in
the IB subdomain (digitonin binding site). Competitive binding experiments were performed in
the presence of binding site markers to identify Cso-Lys and C7o-Thr binding sites with HSA.
The Scatchard equation was used to determine the binding constants (Kp) as well as the

stoichiometry of the binding reaction (n):

F,—F
F

Ig =IgK, +nlgQ (38),

where F ¢ 1s the fluorescence intensity of HSA in the absence of C7o-Lys and C7o-Thr, F' is the
fluorescence intensity of HSA in the presence of Cro-Lys and C7o-Thr, Q is the molar

concentration of C7o-Lys and C7o-Thr.

Fig. 48 shows HSA binding to C70-Lys and C7o-Thr in Hill coordinates (Ig FOI;F from

lg Q). It can be seen that in the case of C7o-Lys and C7o-Thr, the resulting dependence has an
inflection point, which corresponds to the presence of two binding sites. At the same time, in the
concentration range C = 0,3-10 ©—1,5-10 ° M, binding occurs with the first site, and in the

concentration range C = 6-10 ~¢-24-10 “5 M, with the second.

0,0 - -

le[(Fy — F) / F]
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Fig. 48. Dependence of the process of HSA binding to C7o-Thr (m) and C7o-Lys (@) in Hill's
coordinates: ® — the first section; o - second section; ® — inflection point.

Binding parameters Cro-Lys and C7o-Thr (n and 1gKs) with the second FSA site were
determined as the difference between the slope coefficients of the straight lines and the values
of the segments cut off by the straight lines for two concentration ranges: C = 6-10 ¢-24-10
M and C=0,3-10 °—1,5-10 ®M. From the obtained data (Tab. 19) it can be seen that: (/) at the
concentration range of C = 0,3-10 %—1,5 -10 °® M for C7-Thr, a decrease in 1gK b and # is
observed with the addition of warfarin, for C7-Lys - with the addition of digitonin; (2) in the
concentration range C = 6:1075-24-107° M, a decrease in log K » and 7 is observed for C7o-Thr
with the addition of digitonin, and for C7o-Lys, with the addition of ibuprofen. Based on the
values of the binding constants (Tab. 20), it can be concluded that C7-Thr forms a strong
complex with HSA in the IIA subdomain and binds weakly in the IB subdomain, C7o-Lys forms
a strong complex with HSA in the IB subdomain and weakly binds in the IIIA subdomain.



Tab. 19. Logarithms of the binding constants (1gKy ) and stoichiometry of the binding reaction () C7o-Lys and C7o-Thr with HSA.

Site Marker C=310"-1,510°M C=610°2410"M
1gKs, IgM ™! 1gKs, 1gM ™! n
Cro-Lys Cr0-Thr Cro-Lys Cr0-Thr Cro-Lys C70-Thr Cro-Lys C70-Thr
W/o markers | 4,26+0,03  5,52+0,03 | 0,84 +0,01 1,08 £ 0,06 1,93+0,05 0,36+0,12 | 0,35+0,08 0,15+0,02
Warfarin 424+0,20 2,78+0,07 | 0,89+0,03 0,50+ 0,02 2,08+ 0,18 0,34+0,13 | 0,37+0,04 0,22+0,05
Ibuprofen 485+0,35 5,67+0,11 | 0,97+0,01 1,14 + 0,08 1,16+0,11  0,31+0,07 | 0,22+0,02 —
Digitonin 3,75+0,17 5,07+0,12 | 0,78+0,02 1,05+0,03 | 2,11+0,13 026+0,02 | 0,38+0,05 —
Tab. 20. Binding constants (K») and number of binding sites (n) C7o-Lys and C7o-Thr with HSA.
T,K C=310"-1,510°M C=610°2410°"M
Ky 103, M Ko, M! n
C7o-Lys C70-Thr Cro-Lys Cr0-Thr C7o-Lys C70-Thr Cro-Lys Cr0-Thr
298,15 18,20 £ 0,09 331,13+£0,33 | 0,84+0,01 1,08 £ 0,06 85,88 +20,1 6,76 + 0,08 0,35+0,02 0,15+0,02
303,15 | 194,98 + 3,82 14,45+ 0,79 | 0,99 + 0,06 0,83 +0,13 67,63 £13,3 38592+0,15| 0,17+0,04 0,22 + 0,06
308,15 | 1412,54 +22,1 7,08 0,23 1,14 £ 0,04 0,78 £ 0,04 51,75+ 10,7 781538+0,9 | 0,33+0,02 0,25+ 0,03
313,15 | 5128,61+17,39 4,47+ 0,48 1,27 £0,03 0,77 + 0,08 14,57+6,7  10053,1+0,1 | 0,19+0,03 0,31 +0,08

(454
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Changes in the enthalpy and entropy of the binding reaction of C7o-Lys and C7o-Thr with

HSA were calculated using the van't Hoff equation, neglecting the effect of temperature (Fig.

49):
InK, =——+— (39),

where AH and AS - is the change in the enthalpy and entropy of the binding reactions of C7o-Lys
and C7o-Thr with HSA, R is the universal gas constant, 7 is the absolute temperature.

Changes in the Gibbs energy (AG) of the binding reaction of Cso-Lys and C7o-Thr with
HSA in the temperature range of 303,15-318,15 K were calculated using the formula:
AG=AH -TAS (40).

Negative values of AG (Tab. 20) in the temperature range of 303.15-318.15 K indicate
that the binding of C70-Lys and C7o-Thr to HSA is thermodynamically favorable process. In the
first concentration range for C7o-Thr and in the second concentration range for C7o-Lys AH and
AS have negative values, which is typical for the formation of hydrogen bonds, therefore, the
binding of C7o-Thr in the subdomain IIA and C7o-Lys in subdomain IIIA with HSA occurs at the
expense of amino acid residues. In the first concentration range for C7o-Lys and in the second
concentration range for C7-Thr AH and AS have positive values, which is characteristic of
hydrophobic interaction, therefore, the binding of C7o-Thr and C7o-Lys subdomain IB with HSA

occurs due to the fullerene core.
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Fig. 49. Dependence InK, C7o-Lys (a) u C70-Thr (b) on the inverse temperature (7 ~'): m — the

first section; A — the second section.



Tab. 21. Thermodynamic parameters of C7o-Lys and C7o-Thr binding to HSA. AH is the enthalpy change, AS is the entropy change, AG is

the Gibbs energy change.
C=310"-1,510°M C=610%2,410"M
Adduct AH,kJmol™' AS,Jmol "K' AG,kJmol™ AH,kJmol™' AS, Jmol 'K! AG, kJ mol !
T K
298,15 —23,6 £ 8,1 —-11,6 £3,7
303,15 304 + 48 1168 + 156 —29.4+52 —92,7+21 272+ 15 ~102+4,7
C7o-Lys
308,15 ~353+6,1 —8,8+5,7
313,15 —41,1+£5,0 —75+2,7
298,15 288+ 11,7 —32+0.7
303,15 ~172 + 54 —482 + 17 26,4+ 82 148 + 35 507 + 11 —5.8+0,5
Cr0-Thr
308,15 24,0 = 10,1 —83+0,3
313,15 -21,6 £11,9 -10,9+2,7

3 %4
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3.3.1.3. Esterase activity
To determine the rate constant of NPA hydrolysis, the first order reaction equation was
used:

A=A
1n(1 1'86j K @1),

where 1,86 is the optical density of a p-nitrophenol solution with a concentration of 100 uM; A4,
is the optical density of the reaction mixture at time #; Ao is the optical density of the reaction
mixture at the initial moment of time; k is the reaction rate constant, min!; ¢ is the time since

the beginning of the reaction, min.

To determine the rate constant (k) dependences ln(l— 4 ;AO j on ¢ were plotted. As an

example in Fig. 50 shows data for the hydrolysis of NPA with albumin in the absence and
presence of 24 uM Cro-Lys and 24 uM Cro-Thr.
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Fig. 50. Kinetic dependences In (1 —%) of the hydrolysis reaction of NPA with albumin in

the absence (A ) and in the presence of 24 uM of C7o-Lys (0) and 24 uM Cro-Thr ().
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Then, the values of the reaction rate constants were obtained from the graphs (Fig. 51).
Fig. 51 shows that C7o-Lys and C7o-Thr in the entire studied concentration range slightly reduce
the esterase activity of HSA.

k-10%, min™!
[38)

0 0,3 1,2 2,1 3 9 15
C, M

Fig. 51. Values of the rate constants of the hydrolysis reaction of NFA HSA in the absence and
presence of Cro-Lys (light gray) and Cro-Thr (dark gray).
3.3.2. Antiradical activity

The reaction mechanism of DPPH with C7o fullerene amino acid adducts includes two
stages: the fast stage is the transfer of hydrogen from the amino acid residue to the DPPH radical;
the slow stage is the nucleophilic attack of the radical on the C=C bond of the fullerene core.

The proposed reaction mechanism for the example of the C7o-Thr adduct is shown in Fig. 52.
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Fig. 52. Proposed mechanism of interaction of the C7o-Thr adduct with DPPH.
To quantify the rate of the reaction between the fullerene adduct and DPPH, a two- stage

pseudo-first- order kinetic model was used, represented by the equation:

A=) _ (42),

(4,—4,)
where A«, As, Ao are the optical densities of the solution after "infinity" (six days after the start
of the experiment), at time ¢ and at the initial time, respectively. The time dependence
1nwis shown in Fig. 53.

(4,-4,)

Apparent rate constants were calculated from the slopes of the two segments of the kinetic

curves (Tab. 22). It can be seen that the C7o-Lys adduct has a higher antiradical activity than Cro-
Thr. An analysis of the literature [170,171] showed that the values of the rate constants of the

first and second stages are comparable with other fullerene adducts.
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Fig. 53. Kinetic dependence of DPPH reduction with adducts C7o-Lys (m) and C7o-Thr (0) at a

temperature of 298,15 K.

Tab. 22. Rate constants of DPPH reduction by C7o-Lys and C7o-Thr adducts in comparison with

literature data.

Substance k1, min~ k>, min™!
Cro-Lys 0,0313 £0,0021 0,00238 + 0,00009
C70-Thr 0,0112 +£0,0006 0,00127 +0,00004
Coo-Gly [171] 0,0352 0,00112
Ceo-Hyp [171] 0,0835 0,00131
Ceo-Met [171] 0,0301 0,00112
Ce0-Cys [171] 0,0931 0,00105
Ceo[C(COOH)]3 [171] 0,0311 0,00100
Cs0(OH)30 [170] 0,0063 0,0014
Ceo (C =100 MxM) [170] - 0,0007
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3.3.3. Proliferation and cytotoxicity
3.3.3.1. Proliferation
Analysis of the obtained data showed that in the studied concentration range (C = 0.1—
100 uM) the adduct C7o-Lys causes a greater decrease in the proliferative activity of HEK293
cells compared to C7o-Thr (Fig. 54).

100 - -

Proliferation, %
N
S
T

N
(]
T

0 0,1 1 10 100

C, uM

Fig. 54. Dependence of cell proliferation on the concentration of C7o-Lys (light gray) and C7o-
Thr (dark gray).
3.3.3.2. Cytotoxicity

The cytotoxic effect of C7o-Lys and C7o-Thr adducts (C = 0,1-100 pM) on HEK293 cells
was measured using the MTT reagent, which is used to assess the metabolic activity of cells.
NADP-H-dependent oxidoreductase enzymes that react with the MTT reagent reflect the
number of viable cells under the action of a cytotoxic agent (Fig. 55). Combined with the
proliferation data (Fig. 54), it can be concluded that C7o-Thr is a less toxic adduct compared to

C70-Lys for the HEK293 cell line.
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Fig. 55. Dependence of the metabolic activity of cells on the concentration of Cso-Lys (light
gray) and Cro-Thr (dark gray).

3.3.4. Interaction on DNA

3.3.4.1. Binding to DNA

The absorption spectra of DNA in the presence of C70-Lys and C7o-Thr are shown in Fig.
56.

To study the C7o-Lys and C7o-Thr binding to DNA, the method of electron absorption
spectroscopy was used. From Fig. 56 it can be seen that a strong hyperchromic effect is observed
when C7o-Lys and C7o-Thr are added to DNA (Fig. 57), while there is no noticeable change in
the DNA absorption band. Hyperchromism is explained by the presence of non-covalent
interactions of C7o-Lys and C7o-Thr with DNA: external contact due to the formation of hydrogen
bonds and binding on the surface of grooves outside the DNA helix. The absence of
bathochromic or hypsochromic shifts indicates that there is a groove binding of C7o-Lys and Cro-
Thr adducts to DNA.

The binding constant (K,) was calculated using the Wolfe-Shimmer equation:
[DNA] _ [DNA] 1
Eq—Ef ep—&f  Kp(ep—ef)

(43),
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where [DNA] is the concentration of DNA, &, &1, &b are the apparent extinction coefficient, the
extinction coefficient for adducts, and the extinction coefficient for adducts in bound form,
respectively. The value of erfor C7o-Lys is 106 L-mol !-cm ™!, for C7o-Thr it is 3-10°L-mol '-cm™.
The binding constant (K 1) was obtained from the relationship [DNA] / (e¢a— &r) — [DNA]
(Fig. 58). Next, the values of the changes in the Gibbs energy of the interaction of C7o-Lys and
C70-Thr with DNA were calculated using Eq. 44:

AG=-RTIhK, (44).

The value of the binding constants and changes in the Gibbs energy of the interaction of

Cr0-Lys and C7o-Thr with DNA are presented in Tab. 23.
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Fig. 56. Absorption spectra of DNA (C = 1,67-10%-3,89-10 M) in the presence of C7-Lys (a)
and C7o-Thr (b) (C=4-10°M).



244

0.8 T T T T T T T T T T
0,7 b

0,6 r 7 T

220 240 260 280 300 320 340

A, HM

Fig. 57. Absorption spectra of solutions: 1,67-10 8 mol-L ' DNA ( - ); 1,67 10 ¥ mol-L ™! DNA in
the presence of 4-10 8 mol-L™! C7o-Lys (- - -); 1,67-10" mol-L"! DNA in the presence of 4-1078
mol-L ™' C7-Thr (----).
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Fig. 58. Dependence of [DNA]/ (ea— &r) on [DNA] interaction of C7o-Lys ( m ) and C7o-Thr (0)
with DNA.
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Tab. 2 3. Values of binding constants (Kb) and changes in the Gibbs energy of the interaction of
C70-Lys and C7o-Thr with DNA.

Substance Ky-107, L'mol ! AG, kJ-mol™
Cro-Lys 7,83 £0,74 —45,1 £4,0
Cr0-Thr 5,70 +£ 0,49 —44.3 £ 3,8

3.3.4.2. Genotoxicity

Average values of % tail DNA, tail length and tail moment observed from human PBMC
in the presence of H>O» (100 uM, positive control) and adducts Cro-Lys and C7o-Thr are
presented in Tab. 23. The amount of DNA damage in human PBMC:s in the presence of H2O: is
significantly greater than in control cells (negative control). C7o-Lys and C7o-Thr adducts at the
highest concentration studied (100 uM) showed a low difference in % tail DNA, tail length and
tail moment compared to control. The results show that C7o-Lys and C7o-Thr dose-dependently
damage human PBMC DNA. As an example, Fig. 50 shows photographs of DNA comets in the

presence of H>O» (positive control), PBS (negative control) and Cro-Thr.
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(b)

(d)

(d)

(h)

Fig. 59. DNA comets after cell electrophoresis in microgel: (a) positive control (H203), (b)
negative control (PBS), (¢ — &) - C70-Thr (C = 1-100 pM).



Tab. 24. Effect of C70-Lys and C7o-Thr adduct on % tail DNA, tail length and tail moment.

Negative Positive control KonuenTtpauus, uM
Characteristic control (PBS)  (H202, 100 uM) 1,0 5,0 10,0 25,0 100,0
under study
Cr0-Lys
DNA tail, % 25,46 + 2,74 155,87 £5,22 23,44+237 29,56 +£3,11 47,93 £4,23 60,74 £ 5,26 83,77 £ 13,56
Tail length 90,41 + 14,11 189,56 £23,73 94,59+ 11,28 101,13 +17,66 134,19+ 19,01 157,7+2434 177,2+25,6
Tail moment 23,02 + 0,39 295,47 + 1,24 22,17+0,27 29,89 +£0,55 64,32 + 0,80 95,79 £ 1,28 148,44 + 3,47
Cr0-Thr
DNA tail, % 14,39 + 2,74 75,64 + 5,22 10,34+2,24 17,73 +£2,85 15,64 +2,86 2423+440 4287+11,92
Tail length 70,29 + 13,20 117,31 +36,94 71,57+10,33 80,87 £ 15,24 95,51 +£4,08 105,7+16,12 157,9+21,0
Tail moment 10,11 + 0,36 88,73 £ 1,93 7,40 £0,23 14,34 + 0,43 14,94 + 0,12 25,61 +0,71 67,67 +2,50

LYC
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Main results and conclusions
1. Scalable single-stage synthesis procedures with a yield of more than 85% for water-soluble
C7o fullerene adducts with L-lysine and L-threonine have been developed. The obtained
compounds were identified using a complex of physicochemical methods of analysis: '°C NMR,
IR, UV spectroscopy, thermogravimetric analysis, elemental analysis and HPLC.
2. A physicochemical study of C7o fullerene adducts with L-lysine and L-threonine was carried
out: densities, viscosities, refractive indices, electrical conductivity, surface properties, excess
thermodynamic functions, nanoparticle size distribution, and { -potentials were studied. It was
found that Cyo fullerene adducts with L-lysine and L-threonine have large negative values of
partial molar volumes in aqueous solutions, which indicates a strong structuring of solutions. It
has been determined that aqueous solutions of fullerene derivatives are associated. The size of
associates varies from 30 nm to 6 um depending on the concentration. Fulfillment of the rule of
additivity of specific and molar refractions of aqueous solutions of substances is established.
The values of dissociation constants demonstrate that the studied adducts are weak electrolytes.
3. Using the VD - AS model, the concentration of adducts corresponding to the loss of stability
against phase separation by Cro-Lys and C7o-Thr aqueous solutions of ( xci?OS_t'Lys = 6,0 - 10 >and
X = 4,7 - 107°) was determined.
4. Interaction of Cro fullerene adducts with the stable DPPH radical was studied. The reaction
rate constants obtained for the constants showed that the adducts under study have antiradical
activity, which is comparable to such water-soluble Cgo fullerene adducts as fullerenols,
carboxylated fullerenes, and Ceo derivatives with L-amino acids.
5. C7-Lys and C70-Thr adducts biocompatibility was studied, namely: haemocompatibility
(spontaneous haemolysis, platelet aggregation, plasma coagulation haemostasis, binding to
human serum albumin and its esterase activity), effect on cell lines (cytotoxicity, proliferation),
as well as effects on DNA (binding to DNA and genotoxicity). It has been shown that the
synthesized adducts have antiaggregant and anticoagulant activity; experiments on the binding
of C70 adducts with human serum albumin indicate that the values of affinity constants are
optimal for the transport function of albumin in the bloodstream: C7o-Thr forms a strong complex
in the IIA subdomain and weakly binds to the IB subdomain ; C7-Lys forms a strong complex
with the IB subdomain and weakly binds to the IIIA subdomain. Moderate cyto- and

genotoxicity of adducts Cro-Lys and Cro-Thr were demonstrated.
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